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Figure 1: Evolution of hierarchical models of hematopoiesis. A) HSCs were originally represented as a 
homogeneous population, downstream of which the first lineage bifurcation separates the myeloid and 
lymphoid branches . B) the HSC pool is accepted to be more heterogeneous both in terms of self-renewal 
(vertical axis) and differentiation properties (horizontal axis), the myeloid and lymphoid branches remain 
associated further down in the hierarchy via the lymphoid-primed multipotential progenitor (LMPP).  C) 
From 2016 onwards, single-cell transcriptomic snapshots indicate a continuum of differentiation. Each 
red dot represents a single cell and its localization along a differentiation trajectory. (Laurenti and 
Gottgens 2018)!

!



! *%!

%
R$% $8)% 2$)"FC>2$"$)o% (/02% "#)% *+2$1C% \D-)2.)9$o% *)"9-9H% $8"$% $8)C% .C.1)% @)#C%
-9<#)\D)9$1C%"9F%"#)%,#-*"#-1C%-9%$8)%h"%,8"2)%+<%$8)%.)11%.C.1)%KX+22-o%/)-$"o%)$%"16%5IIZM6%
78)C% "12+%*"-9$"-9% "9% "D$+,8"HC>F),)9F)9$o% H1C.+1C$-.% 2$"$)% .8"#".$)#-;)F% BC% 1+?%
*-$+.8+9F#-"1% ".$-@-$C% "9F% $-H8$1C% #)HD1"$)F% 1)@)12% +<% ,#+$)-9% 2C9$8)2-2o% ?8-.8% "#)%
1+?)#% $8"9% $8+2)% <+D9F% -9%+$8)#% $C,)2%+<%8)*"$+,+-)$-.% .)112% K/-*2)J%5I4Iz%7"JDB+%
5I4:z%m"##%5I4:z%f"99-9-%5I4Ez%0"B);"2>m"112.8)-F%5I4Zz%(+%5I4ZM6%78-2%-2%9).)22"#C%
$+% ,#+$).$% $8)*% "H"-92$% H)9+$+Y-.% -92D1$o% "9F% -2% .+*,1)*)9$)F% BC% 2,).-<-.% 2$#)22%
#)2,+92)%*).8"9-2*2%$8"$%,#)2)#@)%(/0%-9$)H#-$C%-9%."2)%+<%AVR%+#%,#+$)-9%F"*"H)o%
"9Fb+#%*)$"B+1-.%2$#)22%KP"D#)9$-%"9F%h+$$H)92%5I4GM6%%(+?)@)#o%-$%-2%-*,+#$"9$%$+%B)"#%
-9% *-9F% $8"$% $8)2)% x(/0% .8"#".$)#-2$-.2y% "#)% 9+$% "B2+1D$)6% (/02% ."9% +.."2-+9"11C%
F-@-F)%"9F%H)$%".$-@"$)F%FD)%$+%2$#)22%"9F%)9$)#o%"1B)-$% $#"92-)9$1Co% $8)%,#+1-<)#"$-@)%
2$"$)% KP"D#)9$-% "9F% h+$$H)92% 5I4GM6% &9% .+9$#"2$o% (/0% ,#+H)9-$+#2% "#)% 8-H81C%
,#+1-<)#"$-@)%"9F%*)$"B+1-."11C%".$-@)%.)112%$8"$%F),)9F%+9%+Y-F"$-@)%*)$"B+1-2*%"9F%
*-$+.8+9F#-"1%<D9.$-+9%KP"D#)9$-%"9F%h+$$H)92%5I4GM6%_+#%$8)2)%#)"2+92o%$8)%BD1J%+<%
8)*"$+,+-)2-2%-2%".$D"11C%)92D#)F%BC%F+?92$#)"*%,#+H)9-$+#26%%
%
R%."#)<D11C%."1-B#"$)F%B"1"9.)%B)$?))9%2)1<>#)9)?"1%"9F%F-<<)#)9$-"$-+9%*D2$%$8)#)<+#)%
B)% "$$"-9)F% $+% )92D#)% 8)*"$+,+-)$-.% 8+*)+2$"2-2% "9F% ,#)@)9$% "B)##"9$% (/0%
F)@)1+,*)9$%"9%)@)9$D"1%F-2)"2)%-9-$-"$-+96%_+#%-92$"9.)o%)Y.)22-@)%F-<<)#)9$-"$-+9%+#%
-92D<<-.-)9$% 2)1<>#)9)?"1%?-11% #)2D1$% -9% $8)%F),1)$-+9%+<% $8)%(/0%,++16%L9% $8)% +$8)#%
8"9Fo% -92D<<-.-)9$% F-<<)#)9$-"$-+9o% D9#)2$#"-9)F% 2)1<>#)9)?"1o% +#% $8)% )Y-2$)9.)% +<%
.+**-$$)F% ,#+H)9-$+#2% $8"$% #)$"-9% 2)1<>#)9)?"1% .",".-$-)2% ."9% 1)"F% $+%
*C)1+,#+1-<)#"$-@)%F-2)"2)2%+#%1)DJ)*-"%K/)-$"%"9F%m)-22*"9%5I4Iz%!-98+%)$%"16%5I4GM6%%
%
R$% $8)% .)11D1"#% 1)@)1o% 2?-$.8-9H% +<<% 2)1<>#)9)?"1% .+-9.-F)2%?-$8% $8)% x$D#9-9H% +9y% +<%
1-9)"H)% ,#+H#"*26%O+1).D1"#1Co% 8+?)@)#o% #).)9$% 2$DF-)2% 8"@)% 28+?9% $8"$% $8)%(/0%
$#"92.#-,$+*)%-2%28",)F%BC%"%.+11).$-+9%+<%*)$"B+1-.%"9F%.)11D1"#%,#+,)#$-)2%$8"$%"#)%
9+$% -98)#)9$1C% 1-9J)F% $+% $8)-#% ,1D#-,+$)9.C% KP"D#)9$-% "9F% h+$$H)92% 5I4GM6% % &9% <".$o%
",,#+Y-*"$)1C% ZI{% +<% $8)% $#"92.#-,$-+9"1% F-<<)#)9.)2% B)$?))9% (/02% "9F% )"#1C%
,#+H)9-$+#2% F+% 9+$% F),)9F% +9% 1-9)"H)% .8+-.)% KP"D#)9$-% 5I4:M6% 78)% 2"*)% -2% $#D)%
.+9.)#9-9H%.8#+*"$-9%"..)22-B-1-$C%"9F%*)$8C1"$-+9%KQ-%5I4Iz%0+#.)2%5I4Ez%_"#1-J%5I4EM6%
%
78)% 1)@)1%+<% 2)1<>#)9)?"1% .",".-$C%+<%"9%(/0% -2%B"2)F%+9% $8)%9D*B)#%+<% 2C**)$#-.%
F-@-2-+92%$8"$%"9%(/0%."9%,)#<+#*%$8#+DH8+D$%-$2%1-<)6%(/0%)9H#"<$*)9$%+D$.+*)2%"9F%
2)1<>#)9)?"1% "#)% .1+2)1C% #)1"$)F% Ka)9@)9-2$)% )$% "16% 5I4IM6% (/02% ."9% B)% .1"22-<-)F%
"..+#F-9H%$+%$8)%2D2$"-9"B-1-$C%"9F%#+BD2$9)22%+<%$8)%H#"<$%#)2,+92)%$8)C%,#+FD.)%-9%
$#"92,1"9$"$-+9% "22"C2% KP"D#)9$-% "9F% h+$$H)92% 5I4GM6% % (/02% $8"$% ."9% F#-@)%
#),+,D1"$-+9% -9%,#-*"#C%"9F% 2).+9F"#C% $#"92,1"9$"$-+9%"22"C2% <#+*%4E% $+%D,% $+% ==%
?))J2% ,+2$>$#"92,1"9$% "9F% ,#+FD.)% .-#.D1"$-9H% *+9+.C$)2o% H#"9D1+.C$)2o% "9F%
1C*,8+.C$)2%"#)%J9+?9%"2%1+9H>$)#*%(/02%KP7>(/0M%Ka)9@)9-2$)%)$%"16%5I4IM6%P-J)%P7>
(/02o%28+#$>$)#*%(/02%K/7>(/0M%."9%H-@)%#-2)%$+%"11%8)*"$+,+-)$-.%.)112o%8+?)@)#%$8)-#%
H#"<$2%,)"J%"<$)#%5>:%?))J2%,+2$% $#"92,1"9$"$-+9o%?-$8%.-#.D1"$-9H%*C)1+-F%.)112% $8"$%



! *&!

,)#2-2$%<+#%=>E%?))J2%"9F%1C*,8+-F%.)112%$8"$%F)."C%21-H8$1C%21+?)#%Ka)9@)9-2$)%)$%"16%
5I4IM6%%&9%#).)9$%C)"#2o%"%$8-#F%J-9F%+<%(/0o%$8)%-9$)#*)F-"$)>$)#*%(/0%K&7>(/0Mo%8"2%
B))9% 28+?9% $+% ,#+FD.)% .1+9)2% $8"$% ,)#2-2$% B)$?))9% E>G% *+9$82% "9F% $8"$% "#)%
,8)9+$C,-."11C%F-<<)#)9$%<#+*%P7>(/02%"9F%/7>(/02%Ka)9@)9-2$)%)$%"16%5I4IM6%%
%
()$)#+H)9)-$C%-9%2)1<>#)9)?"1%.",".-$C%8"2%B))9%"22+.-"$)F%$+%8+?%*D.8%$-*)%(/02%
2,)9F%-9%\D-)2.)9.)%KP"D#)9$-%"9F%h+$$H)92%5I4GM6%/)@)#"1%2$DF-)2%8"@)%28+?9%$8"$%
$8)%*+2$% F+#*"9$%(/02% "#)% .","B1)% +<% ,#+FD.-9H% $8)%*+2$% #+BD2$% "9F% ,#+1+9H)F%
#),+,D1"$-+9%#)2,+92)2%,+2$>$#"92,1"9$%Km-12+9%5IIGz%_+DF-%5IIWz%a)#9-$;%)$%"16%5I4EM6%%
i,+9%#).),$-+9%+<%*-$+H)9-.%2-H9"12o%(/02%*D2$%)Y-$%\D-)2.)9.)o%)9$)#%$8)%.)11%.C.1)%
"9F% D9F)#H+% F-@-2-+9o% ?8-.8% #)\D-#)2% ".$-@"$-9H% 2)@)#"1% ,-).)2% +<% *)$"B+1-.% "9F%
.)11D1"#%*".8-9)#C%KP"D#)9$-%)$%"16%5I4TM6%_#)\D)9.C%+<%F-@-2-+9%"9F%$8)%$-*)%-$%$"J)2%
<+#%"%2-9H1)%(/0%$+%)Y-$%\D-)2.)9.)%"$%!"'(&o%"#)%$8)#)<+#)%$?+%.)11>.C.1)%,"#"*)$)#2%$8"$%
"#)%-9@)#2)1C%.+##)1"$)F%$+%#),+,D1"$-+9%.",".-$C%KP"D#)9$-%"9F%h+$$H)92%5I4GM6%&9%<".$o%
$8)%FD#"$-+9%+<%"%F-@-2-+9%2$"#$-9H%<#+*%h"%"<$)#%2$-*D1"$-+9o%-2%28+#$)#%-9%/7>%"9F%&7>%
(/02%$8"9% -9%P7>(/02%Ka)9@)9-2$)%)$%"16%5I4IM6%A+#*"9$%(/02%$8"$%"#)% <+#.)F% -9$+%
".$-@"$-+9%BC%2$#)22%2-H9"12%."9%#)$D#9%$+%F+#*"9.Co%8+?)@)#%-$%8"2%B))9%28+?9%$8"$%
(/02% $8"$% D9F)#H+% <+D#% F-@-2-+92% -9% "FD1$8++F% 2D<<)#% "9% -##)@)#2-B1)% 1+22% +<% 2)1<>
#)9)?"1%Ka)#9-$;%)$%"16%5I4EM6%%
%
78)2)%<-9F-9H2%2DHH)2$%$8"$%$8)%<-#2$%2$),%-9%(/0%F-<<)#)9$-"$-+9%-2%9+$%$8)%1+22%+<%$8)%
"B-1-$C% $+% 2)1<>#)9)?o%BD$% #"$8)#% $8)% 1+22%+<%*).8"9-2*2% $8"$% 2$"B-1-;)% 2)1<>#)9)?-9H%
B)8"@-+#%$8#+DH8+D$%2$)*%.)11%F-@-2-+92%Ka)9@)9-2$)%)$%"16%5I4IM6%

!
#.! ?@%+*)LK%!*2!:3$'+%!OPH,!
!

78)%<-#2$%+<<-.-"1%*+D2)%(/0%,8)9+$C,)%?"2%,#+,+2)F%BC%/,"9H#DF)%)$%"1%-9%4WGG6%aC%%
2)1).$-9H% $8)% <#".$-+9% +<% B+9)%*"##+?% .)112%?8-.8%F-F%9+$% % )Y,#)22% $8)% .)11% 2D#<".)%
*"#J)#2% <+#% a% .)112% Ka55IMo% 7% .)112% K0A=% "9F% 0AGMo% H#"9D1+.C$)2% Kh#>4Mo% "9F%
*C)1+*+9+.C$-.%.)112%KO".>4Mo%K1-9)"H)%*"#J)#%9)H"$-@)%.)112oP-9#Mo%$8)C%?)#)%"B1)%$+%
-2+1"$)%*+D2)%(/026% 78)2)% .)112% "#)%P-9#% BD$% )Y,#)22% $8)% .)11% 2D#<".)%*"#J)#2%78C>
4$%&/.">4'%"9F%#),#)2)9$)F%",,#+Y-*"$)1C%I6IT{%+<%$+$"1%*+D2)%B+9)%*"##+?6%78)2)%
(/02%?)#)%.","B1)%+<%#),+,D1"$-9H%$8)%B+9)%*"##+?%+<%1)$8"11C%-##"F-"$)F%*-.)%<+#%"%
,#+1+9H)F%,)#-+F%K+@)#%:%*+9$82M%"9F%,#+FD.)%*C)1+*+9+.C$-.%.)112o%a%.)112o%"9F%7%
.)112%K/,"9H#DF)%)$%"16%4WGGM6%%
%
/-9.)% $8)9o% "9% -9.#)"2-9H% 9D*B)#% +<% .)11>2D#<".)%*"#J)#2% 8"2% B))9% -9.+#,+#"$)F% -9%
+#F)#%$+%<D#$8)#%,D#-<C%*+D2)%(/02%QR'93$%!>!S6%&9%$8)%)"#1C%WI2o%$8)%,+,D1"$-+9%-2+1"$)F%
BC%/,"9H#DF)%?"2%<D#$8)#%.8"#".$)#-;)F%"9F%28+?9%$+%-9.1DF)%"$%1)"2$%$8#))%F-<<)#)9$%
$C,)2%+<%.)112'%P7>(/02o%/7>(/02o%"9F%*D1$->,+$)9$%,#+H)9-$+#2%KO!!2M%?8-.8%."99+$%
2)1<>#)9)?% KO+##-2+9%"9F%m)-22*"9%4WW=M6% &9%4WWE%LH"?"%)$%"1% 28+?)F% $8"$%P-9#.>
S-$'/."'% KP/SM%.)112% .+9$"-9)F%,#-*-$-@)%(/026%P/S%.)112% $8"$%"#)%"12+%0A:=$%&%?)#)%
<+D9F%$+%.+9$"-9%P7>(/026%&9%<".$o%2-9H1)>.)11%$#"92,1"9$"$-+9%-9$+%1)$8"11C%-##"F-"$)F%%



! *'!

%
#).-,-)9$2% 28+?)F% $8"$% +9)% -9% $8#))% P/S>0A:=$%&% .)112% ?)#)% .","B1)% +<% 1+9H>$)#*%
#).+92$-$D$-+9%KLH"?"%4WW:M6%aC%$8)%)"#1C%5III2o%08#-2$)92)9%"9F%m)-22*"9%28+?)F%
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Figure 2: Phenotype of murine HSCs. Phenotypic or functionally defined murine HSC subsets based on 
combinations of cell-surface markers and/or function  (Adapted from Laurenti and Gottgens 2018)!
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Figure 3: Model of the hematopoietic hierarchy compairing hematopoietic cell phenotype between 
mouse (left) and human (right) (Seita and Weissman 2018)!
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Figure 4: Cellular and molecular constituents of the HSC niche. Various cell types have been implicated in 
regulating HSC activity. The target plot illustrates how bone marrow niche cells contribute to HSC regulation 
indirectly or directly by synthesizing niche factors in the form of cell-bound or secreted molecules. The 
colour of the radial spokes indicates the HSC activity that is affected. (Pinho 2019) 
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Figure 5: TPO signaling pathway. (A) Mpl (in yellow) exists as a monomer, and signaling molecules like 
JAK2 and STAT are inactive. (B) Upon TPO binding, Mpl dimerizes and this conformational change results 
in JAK2 phosphorylation which leads to Mpl phosphorylation. This leads to phosphorylation of STAT5 and  
STAT3, resulting in their dimerization and entry into the nucleus, where they activate downstream 
signaling pathways like the MAPK and PI3K pathways. STATs also induce transcription of the SOCS 
proteins which are generally not expressed and which act as negative feedback regulators off JAK2 and 
MPL activation  (de Graaf and Metcalf 2011). 
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Figure 6: Signal transduction via JAK. (1) When a cytokine engages its receptor, JAKs become activated 
and phosphorylate each other, as well as the intracellular tail of their receptors. (2) This creates a 
docking site for STATs, which are now able to bind to the cytoplasmic domain of the receptor. (3) The 
STATs, in turn, are phosphorylated and activated, which allows them to dimerize. (4) The STAT-STAT 
dimer translocates to the nucleus, where it can directly bind DNA and regulate gene expression. (O’shea 
2015). 
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Figure 7: Biological significance of non-phosphorylated U-ISGF3-induced gene expression (A) U-ISGF3 
prolongs anti-viral effects. IFNb induces the expression of a large number of ISGs quickly through the 
action of ISGF3 which binds to standard ISREs in ISG promoters. ISGs induced by an initial treatment 
with IFNb include STAT1, STAT2, and IRF9, and the encoded proteins accumulate in their 
unphosphorylated forms for days after IFN stimulation. The accumulated STAT1, STAT2, and IRF9 
proteins form U-ISGF3, which selectively binds to the distinct ISREs in promoters of a subset of ISGs, 
most of which are anti-viral genes. The expression of these genes is prolonged, whereas the expression 
of the genes induced by ISGF3, but not by U-ISGF3, is terminated rapidly. (B) U-ISGF3 induces resistance 
to DNA damage. Chronic exposure to low doses of IFNb increases the levels of U-ISGF3 and the U-ISGF3- 
induced proteins, with no increase in STAT phosphorylation. The proteins induced by U-ISGF3 increase 
resistance to DNA damage. (Cheon 2013). 
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Figure 8: Epigenetic modifications and their effect on DNA accessibility. (Left) Condensed chromatin is 
transcriptionally silent and characterized by DNA methylation and repressive histone modifications. (Right) 
Open chromatin is associated to active transcription and characterized by DNA demethylation and 
activating histone modifications (Buisman 2019). 
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Figure 9: DNA methylation and demethylation. De novo DNA methylation patters are established by 
DNMT3a and DNMT3b. This process is enhanced by catalytically active DNMT3L. During replication the 
original DNA methylation pattern is maintained by DNMT1. DNA methylation can be eras by active or 
passive demethylation. Active demethylation occurs by enzymatic replacement of a methylated cytosine 
by an unmethylated residue without cell division, and is mediated by TET proteins and AID. Passive 
demethylation occurs during successive replications when maintenance of DNA methylation is abrogated. 
Black circles represent methylated CpG sites and open circles represent unmethylated CpG sites (De 
Carvalho 2010). 
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Figure 10: Histone modifications. A) Active genes: Open chromatin structure of transcriptionally active 
gene with loosely spaced nucleosomes. Acety-lation of lysine neutralizes the positive charge, reducing 
affinity between histone and DNA, which functions as platforms for the recruit- ment of transcription 
factors or chro- matin remodelers, thus histone modifications directly effects nucleosomal architecture. 
H3K4me3 is en-riched around transcription start sites. H3K4me1 is enriched around enhancers and 
downstream. H3K27ac is enriched around active enhancers and transcription start sites. B) Bivalent 
genes: In undifferentiated stem cells, both H3K4me3 and H3K27me3 (active and inactive marks, 
respectively) are enriched around transcription start sites on many genes. The multiple coexisting histone 
modifications are associated with activation and repression. C) Inactive genes: H3K9me3 is broadly 
distributed on inactive regions. H3K27me3 and H3K9me3 are usually not colocalized in the same region 
of genes. Proteins associated for transcription silencing are SUV39H1, SETDB1, KAP1, HP-1-
Heterochromatin protein and CAF-1-Chromatin assembly factor1. (Modified from Sharma and Gurudutta 
2016). 
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Figure 11: Regulation of HSC aging and rejuvenation. Aged HSCs have the hallmarks of low repopulation 
capacity, low homing ability, high mobility, myeloid skewing, and high ROS, among others. HSC aging is 
driven by DNA damage, ROS scavenging, polarity shift, epigenetic modulation, and senescent cells 
clearance (Lee 2019). 
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Figure 12 : Structure of an LTR retroelement. The structure of LTR retroelements resemble that of 
exogenous retroviruses, where gag, pol and env proteins are flanked by two long-terminal repeats 
(Adapted from Muñoz-Lopez, 2016).  
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Figure 13 : Structure of Alu and SVA non-LTR retroelements. Alu elements contain  an RNA Pol III 
promoter (A and B in red), left and right 7SL monomers separated by an adenosine-rich region. SVA 
elements harbor a variable number of tandem repeats, a SINE-r domain and a cleaveage 
polyadenylation-specific factor. (Adapted from Muñoz-Lopez, 2016).  
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Figure 14 : Structure of LINE-1 elements. LINE-1 elements contain a 5’UTR region that harbors a sense 
and antisense promoter, two open reading frame proteins (ORF1 and ORF2), a coiled-coil moti, and RNA 
recognition motif, a carboxyl-terminal domain, a C-rich domain, and a poly-A tail. (Adapted from Muñoz-
Lopez, 2016).  
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Figure 15 : Retrotransposition cycle of LINE-1. Full-length active L1 RNA is transcribed and transported 
into the cytoplasm where pORF1 and pORF2 are translated. These proteins bind to encoding mRNA and 
genereate a ribonucleoprotein particle that is imported into the nucleus. Endonuclease activity of ORF2 
generates a single-stranded nick in genomic DNA that is used by the reverse transcriptase activity of 
ORF2 to generate the first strand of cDNA. How second strand synthesis occurs remains unanswered.  
(Adapted from Garcia-Perez, 2018).  
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Figure 16 : Phylogenetic tree of mouse L1 families. The tree is based on the longest non-recombining 
region of ORF2, including the reverse transcriptase domains. Red arrows indicate the acquisition of a 
new 5’UTR (Sookdeo, 2013).  
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Figure 17 :Different mechanisms of RTE influence on gene transcription and expression. Red boxes 
represent RTE, green boxes are gene exons, green arrows represent transcription start sites, pink ovals 
are enhancers. (Adapted from Gogvadze and Buzdin, 2009).  
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Figure 18 : Different mechanisms of RTE silencing. Different kinds of RTEs are silenced by different 
mechanisms, such as DNA methylation (orange) mediated by DNMT enzyms, or H3K9me3 (green), whose 
deposition at RTEs can be mediated through different methyltransferases (SUV39H1, SETDB1) and co-
repressors such as KAP1. 
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Figure 19: A) Model for the acquisition of H3K27me3 following genome-wide demethylation conditions 
at L1 and ERV. B) Upon loss of DNA methylation, H3K27me3 appears at GC-rich regions lacking 
H3K9me3. Line-1elements exhibit H3K9me3 enrichlent at their 5’ end and gain H3K27me3 at their 3’ 
end.  (Adapted from Walter 2016) 
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Figure 20 : Viral mimicry as described by Chiappinelli et al. DNMTIs upregulate ERVs in tumor cells to 
induce a growth-inhibiting immune response. High expression of the genes associated with the antiviral 
response potentiate a response to immune check-point therapy. (Chiappinelli, 2015). 
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Alcam F CGA TAC CCT GCC TGT GTC AT L1Md_T 
Snx27 

F AGCCACTATACCCAGCTACATA 
R GAA AAG GAA GGG CTG GAC CG  R GACGGTGGCTGGCTGT 

Ghr F TGG ATA CCC TAC TGC ATC AAG C L1Md_F2 
Rbms3 

F GTC CCG GAA CCA AGG TGG 
R CTC CAC GAA TCC CGG TCA AA R GGT AAT TGC CAC ATT AAC AGA CA 

HPRT F TGATTATGGACAGGACTGAAAGA L1Md_T 
Ghr Fw 

F GGA GGG ATG CAA AGG CAG ATA 
R AGCAGGTCAGCAAAGAACTTATAG R CTT AGG CCA TGG TGG TCT GAT 

L1Md_
A 

F GGATTCCACACGTGATCCTAA L1Md_T 
Mapre2 

F GAA GCT CTG CGA CTC TCT CG 
R TCCTCTATGAGCAGACCTGGA R CAG CTT AGT GTC GGT TTG TGG 

Mapre2 F CCA GGA GAC TAT GAG CAG GC L1md_A 
Alcam 

F CGATTCGCATTCTTCTACACG 
R TAA TAC AGC CCG GGA AGA GC R ACACCTGCACAGGATTCCC 

Mpl f AAA CCA GGC ACA AGT CAC CA L1md_F2 
Rmdn2 

F TGT GTT GTC AAG CTG CTA GTG 
r GCT TCT CTC CTC GGT AGG CA R CAC CAG GGT GTG CTA AGT GAT 

Mecom  F CCA GAC CCA CTC CCT TCT TC L1Md_T 
Mecom 

F CCT GTG CCA CAA ACC TCT CAG 
R AAA GCT TCA AGC GGG TCA GT R AGT ATA CCC CCA TTG TCA CCC A 

PPIA F GGC CGA TGA CGA GCC C Spi1_TSS F TGG GTG CTG GAC TTA GAA CCT TGA 
R TGT CTT TGG AAC TTT GTC TGC AA R AGA CAC AGA CCC TGG CTT TCA TGT 

Rmdn2 F TTC CAC TCG GCC ATC CTC T L1Md_A F GGATTCCACACGTGATCCTAA 
R GGT ACC AGA AGG CCA GCA AG R TCCTCTATGAGCAGACCTGGA 

Rpl32 F GAA ACT GGC GGA AAC CCA RNA 5s F TACGGCCATACCACCCTGAA 

R GGA TCT GGC CCT TGA ACC TT R CCTGCTTAGCTTCCGAGATCA 

Stat1 F TCACAGTGGTTCGAGCTTCAG       
R GCAAACGAGACATCATAGGCA     

Stat2 
F GATCTCTGGAAGGATGGGCG 

  
    

R ATAGAGGAAGCGGAGTGGGT     

Snx27 F GCA AAG GTT GGC ATG GAC AG       

R CTT GCG AAT GGT CAG GCA AG     
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Figure 1. Irradiation induces a global increase in L1Md expression which correlates to  loss of H3K9me3 
at L1Md promoter. A) Experimental setup. B) Top row: L1Md expression quantified by RT-qPCR (n=1-5 
independent experiments, each dot represents an individual mouse) Ct values were normalized to !-actin. 
Results are expressed as fold change from the mean value of the NIR condition and represented as means 
+/- SEM. (****p<0,0001 Mann-Whitney). Bottom row:  H3K9me3 enrichment at L1Md promoters 
analyzed by ChIP-qPCR  (n=1-3 independent experiments, each dot represents pools of 3 (NIR) or 4 (IR) 
mice) Ct values normalized % of input of negative control repetitive 5S ribosomal RNA.  Results are 
expressed as fold change from the mean value of the NIR condition and represented as means +/- SEM 
(*p<0,05 Mann-Whitney).  



! '#!

<$$(8'()'*+!1%(8,!)*!Y=D8!8%$%K$%,,'*+!(+8!',!5*$$%1()%8!)*!1*,,!*2!OV[;:%V!()!
Y=D8!K$*:*)%$,!!
!
AD)% $+% $8)-#% #),)$-$-@)% 9"$D#)o% X7U% )Y,#)22-+9% ."9% B)% "% *"^+#% 2+D#.)% +<% H)9+*-.%
-92$"B-1-$C6% m)% 8"@)% ,#)@-+D21C% 28+?9% $8"$% -9% $8)% B"2"1% 2$"$)o% (/02% KP-9>% /."./0.%
S-$'0A:=#)_1J5#M%)Y8-B-$%8-H8%1)@)12%+<%)@+1D$-+9"#C%#).)9$%"9F%".$-@)%X7U2%.+*,"#)F%
$+% ,#+H)9-$+#26% 78-2% ?"2% +B2)#@)F% BC% X7>\!0X% D2-9H% ,#-*)#2% #).+H9-;-9H% $8)%
,#+*+$)#2% +<% $8)%*"^+#-$C% +<% $8)%P4OF% 2DB<"*-1-)2% KP4>T[i7XMo% "9F%"12+% <+#%P4ÉRo%
P4Éh<o% "9F%P4É7<% 2DB<"*-1-)26% UY,+2D#)% $+% $+$"1% B+FC% -##"F-"$-+9% K7a&M% 1)"F2% $+% "9%
-9.#)"2)%-9%)Y,#)22-+9%%+<%$8)2)%P4OF2%+9)%*+9$8%,+2$>&X%%QR'9.!="S%?8-.8%-2%1-9J)F%$+%
".$-@)%#)$#+$#"92,+2-$-+9%"9F%$+%$8)%"..D*D1"$-+9%+<%AVR%F"*"H)%-9%(/02%Ka"#B-)#-%
)$%"16%5I4GM6%()$)#+.8#+*"$-9o%$8#+DH8%AVR%*)$8C1"$-+9%"9F%$#-*)$8C1"$-+9%+<%1C2-9)%
W%+<%8-2$+9)%(:%K(:SW*):M%,1"C2%"%*"^+#%#+1)%-9%#),#)22-9H%#),)"$)F%2)\D)9.)26%&$%8"2%
B))9%28+?9%$8"$%-9%*D#-9)%"9F%8D*"9%(/02o%$8)#)%-2%"%H1+B"1%F).#)"2)%+<%(:SW*):%
?-$8%"H)%$8"$%.+##)1"$)2%$+%"9%-9.#)"2)%+<%X7U%)Y,#)22-+9%KA^)H81+D1%)$%"16%5I4EM6%%m)%
?)#)%$8)#)<+#)%-9$)#)2$)F%-9%J9+?-9H%-<%.8"9H)2%-9%X7U%)Y,#)22-+9%<+11+?-9H%&X%.+D1F%
"12+%B)%#)1"$)F%$+%"% 1+22%+<%(:SW*):%)9#-.8*)9$%"$% $8)-#%,#+*+$)#26%m)%,)#<+#*)F%
08&!>\!0X%-9%(/02%"9F%"9"1C;)F%(:SW*):%)9#-.8*)9$%<+11+?-9H%&X%H1+B"11C%"$%$8)%
P4OF%,#+*+$)#2%KP4OF>T[i7XM%"9F%*+#)%,#).-2)1C%"$%$8)%,#+*+$)#%+<%$8)%P4OFÉR%
2DB<"*-1C6% X)2D1$2% 28+?)F% "% F).#)"2)F%(:SW*):% )9#-.8*)9$% "$% T[i7X% "9F% P4ÉR%
,#+*+$)#2%<+11+?-9H%&X%QR'93$%!=JS!$8"$%.+##)1"$)2%$+%$8)%-9.#)"2)%-9%P4OF%)Y,#)22-+9%
QR'93$%!="S.%!
! !



! '$!

! !
Figure 2. Irradiation induces a decrease of H3K9me3 mainly at L1Mds A) Mice were subjected to 2Gy total body 
irradiation (IR), or not (NIR). 20000 HSCs were sorted from pools of 4/5 mice. B-D) Quantitative analysis of H3K9me3 
enrichment at peaks was performed both on unique (B) and multiple (C) mapping reads. MA-plots analysis shows a 
major decrease in H3K9me3 enrichment at peaks (blue dots). Significantly (p<0.05) and differentially enriched peaks 
are represented by the pink dots. (D) Heatmap of H3K9me3 enrichment at peaks in NIR and IR conditions. Heatmaps 
show H3K9me3 enrichment 4kb upstream and downstream of the peaks, and in the 2.5kb scaled peak regions 
(2.5kb being the mean size of the peaks) E) genomic coverage at RTEs. Blue = presence and yellow=absence of the 
RTE at the genomic locus.).F) Plot profile representing H3K9me3 enrichment 1kb upstream and downstream as well 
as all along the L1Md sequences in IR (blue) vs NIR (green) conditions.!
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Figure 3. IR induces a strong deregulation of gene expression A) Repartition of differentially expressed genes in IR 
compared to NIR according to their fold change. All genes (p<0.05) (grey), downregulated genes (green) and 
upregulated genes (red). B) Number of genes down- or upregulated, disappearing and appearing in IR. C-F) GSEA 
analysis using Hallmark Gene Sets V7 -log10 pValue is set to 4 when p<0,0001. Gene sets lost (C, D) or gained (E, F) 
in the IR condition compared to NIR. D) Enrichment plots showing loss of NF!B and HSC signatures upon IR.  F) 
Enrichment plot showing gain of oxidative phosphorylation and MYC targets signatures upon IR. 
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Figure 4.  Intronic L1Md are associated with IR induced gene repression. A) Lists of n deregulated genes or 
10000 lists of n random genes were crossed with the lists of genes either hosting or neighboring an L1Md.B-
C) Blue: Distribution of the number of genes found in common between 10000 lists of random genes and 
genes hosting an L1Md. The black vertical line represents (B) the number of genes found in common between 
deregulated genes upon IR and  genes hosting an L1Md (left) and  genes hosting an Lx5 (Right), or (C) between 
genes downregulated (top) or upregulated (bottom) upon IR and containing an intronic L1Md. Significance 
bars (p<0.01) in red. D) Heatmap of the expression of genes from the HSC signature that are significantly 
either up (red) or down (blue) regulated in IR vs NIR. Blue stars indicate the presence of an intronic L1Md in 
these genes.  
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Figure 5. Gene repression upon IR is associated with loss of H3K9me3 at intronic L1Md. A) Integrative genomic viewer representation of 
H3K9me3 enrichment at Mecom’s intronic L1Md in NIR (green) and IR (blue) conditions. At the bottom are represented the RTE. B) Schematic 
representation of primer positioning for ChIP-qPCR experiments allowing the amplification of a unique and specific product (left). C) H3K9me3 
enrichment at the basal state evaluated by ChIP-qPCR at intronic L1Md of HSCs of two independent experiments but representative of all.  Each 
dot represents pools of 3 mice. Results are expressed as % input of the NIR condition D) H3K9me3 enrichment evaluated by ChIP-qPCR at 
intronic L1Md of HSCs sorted one month post IR. (n=1-5 independent experiments, each dot represents pools of 3 (NIR) or 4 (IR) mice) Results 
are expressed as fold change from the mean of % input of the NIR condition. (*p<0,05 Mann-Whitney).  E) Gene expression evaluated by RT-
qPCR in the same cells one month post IR.  (n= 3 independent experiments, each dot represents an individual mouse) Ct values were normalized 
to mean of RPL32 and HPRT. Results are expressed as fold change from the mean value of the NIR condition and represented as mean+/- SEM. 
Rbms3 expression is represented by normalized expression counts from RNAseq data.  F) BM-HPC were submitted to 2Gy IR in vitro and collected 
either 5h or 24h after IR for subsequent H3K9me3 ChIP-qPCR (left) or RT-qPCR (right) experiments. Ct values were normalized to input (ChIP-
qPCR) or to HPRT (qPCR). Results are expressed as fold change from the mean value of the NIR condition and represented as mean +/- SEM. 
L1Md_A expression and H3K9me3 enrichment at L1Md_A promoter (left) normalized to % of input of 5S. Mecom expression and H3K9me3 
enrichment at Mecom intronic L1Md (right) normalized to % of input of Spi1. (*** p<0,001; ** p<0.001;p<0.01; *p<0.05 Mann-Whitney/ t-
test). 
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Figure 6. Motif enrichment analysis show specific enrichment of NFkB motifs. A) De novo motif enrichment analysis 
on L1Md sequences located in introns of A) downregulated genes vs nonderegulated genes performed using the 
BaMM tool. Enriched motifs are matched to known motifs using the GTDR Mouse Dabase. B) Motif-based FIMO 
analysis on L1Md from candidate downregulated genes and control genes studied in Fig.5. C) Motif enrichment 
scan of (top) L1Md sequences that lose H3K9me3 upon IR vs L1Md sequences that gain H3K9me3 upon IR, 
(bottom) L1HS/L1PA sequences of the human orthologous of downregulated genes vs  L1HS/L1PA sequences of 
the human orthologous of non deregulated genes. D) De novo motif enrichment analysis of L1Md sequences in 
genes of the HSC signature involved in the loss of the HSC signature observed upon IR  vs. L1Md sequences of 
genes not involved in the loss of the HSC signature.  
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Figure 1. Schematic representation of the ‘full-fragment’ ABCA minigene constructed by Kaer et al. A 
1036 bp genomic fragment containing intron 22, exon 23 and intron 23 of the ABCA9 gene and a 990 
bp L1 5’ UTR was inserted into the exon trapping vector pSPL3 containing SV40 promoter Splicing of 
exons observed in different transcripts is shown by diagonal lines. Deletions made in ABCA Fl construct 
are marked with lines below the scheme. Intron retention to exon 23 is shown by hatched box with 
downward diagonals. Exonization of intronic sequence upstream to L1 59 UTR is shown with hatched 
box with upward diagonals and marked with Ex. In this exon cryptic acceptor splice site (SA) and polyA 
signal (p(A)) are marked. Additional SV40 polyA signal (marked with lollipop) is located in exon 3. L1 ASP 
drives transcription from the opposite strand and produces transcript containing exons I, II and III (grey 
boxes).!!(Kaer et al. – 2011)!
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Figure 3. Schematic representation of the human Mecom locus. The alternative intergenic splicing 
between the second exon of MDS1 and the second exon of EVI1 is represented by dashed lines. 
The alternative intragenic splicing variants of EVI1 are represented by lines. (Maicas et al. – 201 
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Figure 4. The role of TPO as an epigenetic modulator. A) Experimental setup. Mice were injected with TPO retro-orbitally 1h 
prior (or not) to 2Gy total body irradiation. HSCs were sorted from pools of 3-5 mice. B) Quantitative analysis of H3K9me3 
enrichment at  multiple mapping reads in IR (left) and IR+TPO conditions (right). MA-plots show significantly (p<0.05) and 
differentially enriched peaks in pink dots. C) Heatmap of H3K9me3 enrichment at peaks in NIR, IR and IR-T conditions. 
Heatmaps show H3K9me3 enrichment 4kb upstream and downstream of the peaks, and in the 2.5kb scaled peak regions 
(2.5kb being the mean size of the peaks) . H3K9me3 enrichment at L1Md_A promoters analyzed by ChIP-qPCR  (n=3 
independent experiments, each dot represents pools of 3 mice) Ct values normalized % of input of negative control 
repetitive 5S ribosomal RNA.  Results are expressed as fold change from the mean value of the NIR condition and 
represented as means +/- SEM (*p<0,05 one-way ANOVA). E) Venn diagram showing gene deregulation in the IR vs NIR 
(purple) and IR+TPO vs NIR (yellow) condition. F) Distribution of the number of genes found in common between 10000 
lists of random genes and genes hosting an L1Md. The black vertical line represents the number of genes found in common 
between downegulated genes upon IR (right) and downregulated genes in the IR+T condition (left). Significance bars 
(p<0.01) in red. !
!
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Figure 5. TPO can prevent loss of the NFkB signature only in genes downregulated upon IR that contain an intronic 
L1Md. A) (from left to right) Expression level of genes downregulated in IR (1) , and in the IR+T condition (2), with (3) or 
without (4) intronic L1Md analyzed in the IR+TPO condition. y-axis represents fold change of expression and x-axis 
represents % of deregulated genes in IR+TPO condition. B) GSEA Enrichment plots showing loss of HSC (left) and NFkB 
(right) signature in the IR+TPO condition compared to NIR. C) (left) H3K9me3 enrichment evaluated by ChIP-qPCR at 
intronic L1Md of HSCs sorted one month post IR. (n=1-3 independent experiments, each dot represents pools of 3 (NIR) 
or 4 (IR) mice) Results are expressed as fold change from the mean of % input of the NIR condition. (right) Gene 
expression evaluated by RT-qPCR in the same cells one month post IR(+TPO).  (n= 3 independent experiments, each dot 
represents an individual mouse) Ct values were normalized to mean of RPL32 and HPRT. Results are expressed as fold 
change from the mean value of the NIR condition and represented as mean+/- SEM Gene expression evaluated by RT-
qPCR in HSCs one month post IR with and without TPO.  (n= 3 independent experiments, each dot represents an 
individual mouse) Ct values were normalized to RPL32 and HPRT. Results are expressed as fold change from the mean 
value of the NIR condition.(** p<0,01; *p<0,05 One-way ANOVA).!



! *+$!

4.! H*318!0?W!K$%&%+)!1*,,!*2!91*#(1!OV[;:%V!)@$*39@!'),!<R]U1'6%!,'9+(1'+9!
(+8!)@3,!$%K$%,,!F0\,a!
%

&9%$8)%,#)@-+D2%2$DFCo%&%28+?)F%$8"$%7!L%-2%.","B1)%+<%.+9$#+11-9H%X7U%)Y,#)22-+9%-9%
"%/7R74>%"9F%/7R75>F),)9F)9$%*"99)#%Ka"#B-)#-%)$%"16%5I4GM6%%
%
V+9>."9+9-."1%<D9.$-+92%+<%$8)%QRS>/7R7%,"$8?"C%8"@)%B))9%#),+#$)F%-9%-(&.&+/",#%
"9F% *"**"12% $8"$% "<<).$% .)11D1"#% ),-H)9)$-.% 2$"$D2% BC% H1+B"11C% *+FD1"$-9H%
8)$)#+.8#+*"$-9% 2$"B-1-$C% K/8-% )$% "16% 5IIEz%a#+?9%"9F%j)-F1)#%5IIGM6% &9%-(&.&+/",#o% "%
.+99).$-+9%B)$?))9%QRS>/7R7%2-H9"1-9H%"9F%.8#+*"$-9%#)*+F)1-9H%?"2%2DHH)2$)F%BC%
$8)% +B2)#@"$-+9% $8"$% $8)% $#"92.#-,$-+9"1% #),#)22+#% S)9% #).#D-$2% "% 9D.1)+2+*)%
#)*+F)1-9H%<".$+#o%ViX_o%$+%/7R7bS)9%*D$D"1%B-9F-9H%2)\D)9.)2%$+%#),#)22%/7R7>
*)F-"$)F%$#"92.#-,$-+9%Ka#+?9%"9F%j)-F1)#%5IIGM6%&9%5IIEo%/8-%)$%"16%<-#2$%28+?)F%$8"$%
A#+2+,8-1"%QRS%?"2%-9@+1@)F%-9%$8)%#)HD1"$-+9%+<%8)$)#+.8#+*"$-9%K/8-%)$%"16%5IIEM6%&9%
5IIGo% $8)C% 28+?)F% $8"$% 9+9>,8+2,8+#C1"$)F% A#+2+,8-1"% /7R7% -2% -9@+1@)F% -9%
#)HD1"$-9H%8)$)#+.8#+*"$-9%2$"B-1-$C%@-"% -$2%"22+.-"$-+9%?-$8%(!4o%?8)#)% -$%".$2%"2%"%
*)F-"$+#%(!4%1+."1-;"$-+9%"9F%(:SW*):%<+#*"$-+9%K/8-%)$%"16%5IIGM6%&9%8D*"92o%(D%)$%
"16% 8"@)% 28+?9% $8"$% D9,8+2,8+#C1"$)F% /7R7T"% B-9F2% $+% (!4% $+% 2$"B-1-;)%
8)$)#+.8#+*"$-9o% "9F% $8"$% )Y,#)22-9H% D9,8+2,8+#C1"$)F% /7R7T"% +#%(!4% -98-B-$)F%
.+1+9% ."9.)#%H#+?$8% -9%*+D2)%Y)9+H#"<$%*+F)12% K(D%)$% "16% 5I4:M6%08)+9%)$% "16% "12+%
#),+#$)F% $8"$% 9+9>,8+2,8+#C1"$)F% /7R74% "9F% /7R75% ."9% F#-@)% "% 2).+9F"#C%
,#+1+9H)F%&_V%#)2,+92)%1)"F-9H%$+%"%.+92$-$D$-@)%#)2-2$"9.)%$+%AVR%F"*"H)%K08)+9%
)$% "16% 5I4:M6% 78)2)% 2$DF-)2% 2D,,+#$)F% $8)% 8C,+$8)2-2% $8"$% 7!Lo% $8#+DH8% -$2% /7R7>
F),)9F)9$% &_V>1-J)% 2-H9"1-9Ho% *"C% B)% "B1)% $+% .+9$#+1% P4OF% )Y,#)22-+9% $8#+DH8%
),-H)9)$-.%*).8"9-2*26%
%
O"9C%@-#"1%#)2$#-.$-+9%<".$+#2%"#)%&_V>#)HD1"$)F%H)9)2%K/.89)-F)#%)$%"16%5I4=M6%/)@)#"1%
2$DF-)2% 8"@)% #),+#$)F% $8"$% &_V>'% 2$-*D1"$-+9% +#% +@)#)Y,#)22-+9% +<% &_V>2$-*D1"$)F%
H)9)2%K&/h2M%#)FD.)2%X7U%)Y,#)22-+9%"9F%P4%,#+,"H"$-+9%-9%.)11%1-9)2%KS+-$+%"9F%&J)F"%
5I44z%h++F-)#%)$%"16%5I45z%j8"9H%)$%"16%5I4=z%h++F-)#%)$%"16%5I4TM6%&9%,"#$-.D1"#%j8"9H%)$%
"16%8"@)%28+?9%$8"$%$8)%&_V>#)HD1"$)F%LR/>XVR2)%P%2C2$)*%."9%#)2$#-.$%*+B-1-$C%+<%
P4%"9F%&R!%)1)*)9$2o%"2%?)11%"2%#)FD.)%P4%*XVR%1)@)126%dD%)$%"16%8"@)%"12+%28+?9%
$8"$% -9% 8D*"9% .)11% 1-9)2% "FF)F% &_V% 2D,,#)22)2% P4% #)$#+$#"92,+2-$-+9o% ?8)#)"2%
)9F+H)9+D2%&_V%2-H9"1-9H%",,)"#2%$+%#)2$#-.$%$8)%,#+,"H"$-+9%+<%P4%"9F%$8)-#%".$-@-$C%
-9% .D1$D#)F% .)112% $8#+DH8% 2$-*D1"$-+9% +<% $8)% QRS>/7R7% 2-H9"1-9H% ."2."F)% KdD% )$% "16%
5I4TM6%%
%
m)%,)#<+#*)F%*+$-<%)9#-.8*)9$%"9"1C2-2%D2-9H%(LOUX%"9F%+B2)#@)F%$8"$%/7R74%"9F%
&/XU%*+$-<2%K$+%?8-.8%B+$8%/7R74%"9F%/7R75%."9%B-9FM%?)#)%,#)2)9$%-9%%$8)%LX_4%
"9F% LX_5% +<% *+2$% P4OF% 2DB<"*-1-)26% LD#% -9-$-"1% 8C,+$8)2-2% ?"2% $8"$% 7!L% .+D1F%
".$-@"$)%/7R74o%?8-.8%.+D1F%-9$)#".$%?-$8%(!4%"9F%2,).-<-."11C%F-#).$%-$2%1+."1-;"$-+9%
$+?"#F2%P4OFo%"9F%$8D2%,#)@)9$%1+22%+<%(:SW*):%D,+9%&Xo%?8-.8%+..D#2%*"-91C%"$%
$8)2)%H)9+*-.%1+.-6%i9<+#$D9"$)1Co%"92?)#-9H%$8-2%\D)2$-+9%?"2%@)#C%.8"11)9H-9H%"2%



! *+%!

.8#+*"$-9% -**D9+,#).-,-$"$-+9%)Y,)#-*)9$2%+9%$#"92.#-,$-+9%<".$+#2%#)\D-#)%"%8-H8%
9D*B)#%+<%.)112%$8"$%-2%-*,+22-B1)%$+%"$$"-9%-9%(/026%R%,+22-B1)%2+1D$-+9%?+D1F%B)%$+%
D2)%$8)%aO>(!0%.)11%1-9)%*+F)1o%?8-.8%?+D1F%2+1@)%$8)%.)11%9D*B)#%-22D)6%(+?)@)#o%
$8)2)%.)112%F+%9+$%)Y,#)22%$8)%7!L%#).),$+#%O!P6%P-J)%7!Lo%&_V!"%."9%".$-@"$)%/7R74%
"9F%"12+%,#)@)9$%&X>-9FD.)F%P4OF%+@)#%)Y,#)22-+9o%2+%"9%"1$)#9"$-@)%?+D1F%B)%$+%D2)%
&_V% -92$)"F% +<% 7!L% "9F% "22)22% /7R74% )9#-.8*)9$% "$% P4OF% ,#+*+$)#2% -9% .)112%
2$-*D1"$)F%?-$8%&_V%,#-+#%$+%&X6%%
%
&9$)#)2$-9H1Co%,#)@-+D2%?+#J%BC%+D#%1"B%8"2%28+?9%$8"$%&X%-9FD.)2%"%*+F)#"$)%V_>`a%
#)2,+92)%$8"$%-2%,+$)9$-"$)F%BC%7!L%$+%-9.#)"2)%A/a%#),"-#%KF)%P"@"1%)$%"16%5I4=M6%R2%
?"2% F)2.#-B)F% -9% 2).$-+9% =o% .+*,+9)9$2% +<% V_>`a% 2-H9"1-9H% 8"@)% B))9% 28+?9% $+%
-9$)#".$% ?-$8% ),-H)9)$-.% *+FD1"$+#26% /)@)#"1% 2$DF-)2% 8"@)% 28+?9% $8"$% .#+22>$"1J%
B)$?))9% &_V>'% "9F% V_>`a% 2-H9"1-9H% ,1"C2% "9% -*,+#$"9$% #+1)% -9% .+9$#+11-9H% @-#"1%
-9<).$-+96% _+#% -92$"9.)o% XDB-+% )$% "16% 8"@)% 28+?9% $8"$% &_V>'% "9F% V_>`a% 8"@)%
+@)#1",,-9H%<D9.$-+92%"9F%$8"$%)98"9.-9H%V_>`a%".$-@"$-+9%."9%.+*,)92"$)%)@)9$D"1%
F)<-.-)9.-)2%-9%&_V>'%2-H9"1-9H%"9F%.+9$#-BD$)%$+%<-H8$%@-#"1%-9<).$-+96%O+#)+@)#o%+$8)#%
-9F),)9F)9$%2$DF-)2%8"@)%28+?9%$8"$%$8)%V_>`a%,"$8?"C%."9%-9FD.)%&/h2%-9%!"!&%"9F%
"$%!"'(&%-9F),)9F)9$1C%+<%&_V>'%&/h%,#+FD.$-+9%KA-Y-$%)$%"16%5I4Iz%a"1".8"9F#"9%"9F%
a)H%5I44z%a"2"H+DF"9"@"#%)$%"16%5I44z%("2"9%)$%"16%5I4:M6%78)2)%2$DF-)2%.+9$#-BD$)%$+%
$8)% -F)"% $8"$o% $8#+DH8% -$2% &_V>1-J)% 2-H9"1-9H% "9F% -$2% "B-1-$C% $+% ,+$)9$-"$)% V_>`a%
2-H9"1-9Ho%7!L%*"C%B)%"B1)%$+%.+9$#+1%X7U%)Y,#)22-+9%BC%"<<).$-9H%(/0%),-H)9)$-.2o%
?8-.8%-2%-9%1-9)%?-$8%+D#%#)2D1$2%28+?-9H%$8"$%7!L%,#)@)9$2%1+22%+<%$8)%V_>`a%2-H9"$D#)%
-9%H)9)2%F+?9#)HD1"$)F%D,+9%&X%?8+%8"#B+#%"9%P4OF6%%
%
R9+$8)#% ,+22-B1)% )Y,1"9"$-+9% ?+D1F% B)% $8"$% 7!Lo% $8#+DH8% -$2% &_V>1-J)% 2-H9"1-9Ho%
-9FD.)2% $8)% )Y,#)22-+9% +<% &/h2% $8"$% ."9% $8)*2)1@)2% .+9$#+1% P4OF% #),#)22-+96% _+#%
-92$"9.)o%*)*B)#2%+<%$8)%$#-,"#$-$)%*+$-<%K7X&OM%<"*-1Co%+<%?8-.8%*"9C%*)*B)#2%"#)%
-*,+#$"9$%#)HD1"$+#2%+<%&_V>'%#)2,+92)2%"9F%"#)%-9FD.)F%BC%7!Lo%8"@)%B))9%-9@+1@)F%
-9%$#"92.#-,$-+9"1%2-1)9.-9H6%R9%-F)"1%."9F-F"$)%?+D1F%B)%7X&O5Go%"12+%J9+?9%"2%SR!>
4o%?8+%-2%J9+?9%<+#%*)F-"$-9H%(:SW*):%F),+2-$-+9%"$%UXf2%@-"%/U7Aa4%"9F%SXRa>
j_!2%K_"2.8-9H%)$%"16%5I4Tz%U..+%)$%"16%5I4EM6%%_D#$8)#*+#)o%X+BB);>O"22+9%)$%"16%8"@)%
28+?9%$8"$%7X&O5G%."9% -9$)#".$%?-$8% $8)%(i/(%.+*,1)Y% $+%.+>#),#)22%C+D9H%UXf%
"9F%P4%)1)*)9$2%KX+BB);>O"22+9%)$%"16%5I4GM6%(+?)@)#o%$8)C%F+%28+?%$8"$%7X&O5G%
"9F% 7R/LX% K"% *)*B)#% +<% $8)% (i/(% .+*,1)YM% +91C% B-9F% P4% )1)*)9$2% ?)"J1C%
.+*,"#)F% $+% UXf2o% 2DHH)2$-9H% $8"$% )2.",-9H% #),#)22-+9% -2% 2$-11% ,+22-B1)% KX+BB);>
O"22+9%)$%"16%5I4GM6%m)%8"@)%9+$%C)$%)@"1D"$)F%$8)%-*,".$%+<%&X%"9F%7!L%+9%)Y,#)22-+9%
+<%7X&O5G%+#%,#+$)-92% -9% $8)%(i/(%.+*,1)Yo%BD$%*+@-9H% <+#?"#F% $8)2)%?+D1F%B)%
2+*)%+<% $8)%*+2$% -9$)#)2$-9H% $"#H)$2% $+%2$DFC%$8)%*).8"9-2*2%BC%?8-.8%7!L%.+D1F%
.+9$#+1%P4OF6%_D#$8)#*+#)o%-$%?+D1F%"12+%B)%-9$)#)2$-9H%$+%"9"1C;)%$8)%)9#-.8*)9$%+<%
*)*B)#2%+<%$8)%(i/(%.+*,1)Y%"$%P4OF6%LD#%8C,+$8)2-2%-2%$8"$%7!L%.+D1F%-9FD.)%
7X&O5G% )Y,#)22-+9% ?8-.8% .+D1F% .++,)#"$)% ?-$8% $8)% (i/(% .+*,1)Y% "9F% *)F-"$)%
(:SW*):%F),+2-$-+9%"$%P4OFo%1)"F-9H%$+%$8)-#%#),#)22-+96%%_-9"11Co%"9+$8)#%,+$)9$-"1%
$"#H)$%$+%2$DFC%.+D1F%"12+%B)%7X&O::o%?8-.8%8"2%B))9%<+D9F%-9FD.)F%BC%7!L%BC%+D#%



! *+&!

$)"*o%"9F%8"2%B))9%28+?9%$+%,"#$-.-,"$)%-9%$8)%.+9$#+1%+<%UXf%)Y,#)22-+9%-9%*+D2)%
1-@)#%"9F%$)2$-2%K()#\D)1%)$%"16%5I4:z%&2B)1%)$%"16%5I4TM6%%
%%
h-@)9%$8)%)*)#H-9H%,+$)9$-"1%#+1)%<+#%$8)%V_>`a%,"$8?"C%$8"$%?)%8"@)%+B2)#@)Fo%-$%
?+D1F%B)%-9$)#)2$-9H%$+%2$DFC%$8)%#)1"$-+928-,%B)$?))9%&_V%2-H9"1-9H%"9F%$8)%V_>`a%
,"$8?"C%$+%B)%"B1)%$+%D9F)#2$"9F%$8)%*).8"9-2*2%+<%".$-+9%+<%7!L%-9%X7U%.+9$#+16%
% %



! *+'!

%H*+5138'+9!$%:($6,!(+8!,3::($L!8'(9$(:!
%
78)% -*,".$% +<% &X% +9%(/0% ),-H)9)$-.2% "9F% X7U% )Y,#)22-+9% 8"2% B))9% 2+% <"#% 1"#H)1C%
+@)#1++J)F6% &9% ,"#$-.D1"#o% $8)% -*,".$% $8"$% 8)$)#+.8#+*"$-9% FC9"*-.2% "9F% X7U%
F)#)HD1"$-+9%."9%8"@)%+9%(/0%<D9.$-+9%8"2%9)@)#%B))9%"FF#)22)F%B)<+#)6%m)%28+?%
8)#)% <+#% $8)% <-#2$% $-*)% $8"$% &X% -9FD.)2%*"^+#% ),-H)9)$-.% .8"9H)2% -9%(/02o% "9F% $8"$%
$#"92.#-,$-+9"1%F+?9#)HD1"$-+9%D,+9%&X%-2%"22+.-"$)F%?-$8%-9$#+9-.%P4OF%)Y,#)22-+96%
m)%@"1-F"$)F% $8"$%H)9)2% $8"$%"#)%F+?9#)HD1"$)F%D,+9%&Xo%)Y8-B-$% 1+22%+<%(:SW*):%
)9#-.8*)9$%"$%-9$#+9-.%P4OF2%"9F%$8"$%$8-2%-2%9+$%$8)%."2)%-9%H)9)2%?8+2)%)Y,#)22-+9%
-2%9+$%"<<).$)F%BC%&Xo%8-H81-H8$-9H%$8)%2,).-<-.-$C%+<%$8-2%*).8"9-2*6%78)2)%F"$"%+,)9%
D,%9)?%,)#2,).$-@)2%$+%2$DFC%*).8"9-2*2%.+9$#-BD$-9H%$+%$8)%)2$"B1-28*)9$%+<%$8)%,#)>
1)DJ)*-.%.+9$)Y$%"9F%$8)%F)@)1+,*)9$%+<%$8)#",C>#)1"$)F%*C)1+-F%*"1-H9"9.-)26%78)%
<".$%$8"$%*"9C%),-H)9)$-.%<".$+#2%"#)%<#)\D)9$1C%*D$"$)F%-9%$8)2)%,"$8+1+H-)2o%"2%?)11%
"2% -9%.1+9"1%8)*"$+,+-)2-2o%"12+%,#+@-F)2%9)?%$"#H)$2% <+#% $8)%F)@)1+,*)9$%+<%9+@)1%
$8)#",-)26%%
%
m)% 28+?)F% $8"$%7!Lo% $8#+DH8% -$2% /7R74>% "9F%/7R75>F),)9F)9$% &_V% 2-H9"1-9Ho% -2%
.","B1)%+<%.+9$#+11-9H%P4OF%)Y,#)22-+96%m)%8"@)%"12+%28+?9%$8"$%7!L%"12+%,1"C2%"%
#+1)% "2% "9% ),-H)9)$-.% #)HD1"$+#% +<% (/02o% 8+?)@)#% <D#$8)#% 2$DF-)2% "#)% #)\D-#)F% $+%
.8"#".$)#-;)%$8)%*).8"9-2*2%BC%?8-.8%$8-2%+..D#26%
%

%
%
!

Exon 2 Exon 1

L1Md

H3K9me3

Exon 2 Exon 1

L1Md

RnaPol II RnaPol IIRnaPol II

Non-irradiated Irradiated

HSCHSC

Life is good!
Loss of HSC function
Increased risk of MDS and 
secondary leukemias
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Maintenance of genomic integrity is crucial for the preservation of hematopoietic stem cell (HSC) potential. 
Retrotransposons, spreading in the genome through an RNA intermediate, have been associated with loss of self-renewal, 
aging, and DNA damage. However, their role in HSCs has not been addressed. Here, we show that mouse HSCs express 
various retroelements (REs), including long interspersed element-1 (L1) recent family members that further increase upon 
irradiation. Using mice expressing an engineered human L1 retrotransposition reporter cassette and reverse transcription 
inhibitors, we demonstrate that L1 retransposition occurs in vivo and is involved in irradiation-induced persistent γH2AX 
foci and HSC loss of function. "us, RE represents an important intrinsic HSC threat. Furthermore, we show that RE activity 
is restrained by thrombopoietin, a critical HSC maintenance factor, through its ability to promote a potent interferon-like, 
antiviral gene response in HSCs. "is uncovers a novel mechanism allowing HSCs to minimize irradiation-induced injury and 
reinforces the links between DNA damage, REs, and antiviral immunity.

Thrombopoietin protects hematopoietic stem 
cells from retrotransposon-mediated damage by 
promoting an antiviral response
Daniela Barbieri1,2,3*, Emilie Elvira-Matelot1,2,3*�, Yanis Pelinski1,2,3*�, Laetitia Genève1,2,3, Bérengère de Laval4, Gayathri Yogarajah1,2,3, 
Christian Pecquet5,6, Stefan N. Constantinescu5,6�, and Françoise Porteu1,2,3�

Rockefeller University Press

Introduction
!"#$%&'&("%()* +%"#* )",,+* -!./+0* #$(1%$(1* 2&#"&+%$+(+* $13*
4"',"1(+2*5,&&3*$13*%2"*(##61"*+7+%"#*%24&682&6%*,(9":*;$(1%"<
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961)%(&1+:*>?@*3$#$8"* (1*!./+* (+* $++&)($%"3*A(%2*$* 4"36)"3*
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$,:E*FGGPI*M",$1)(&*"%*$,:E*FGRGI*M$(,,("*"%*$,:E*FGRRI*Q=4&17*"%*$,:E*
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Figure 1. Irradiation increases RE transcript levels in HSCs. (A) qRT-PCR analysis of L1 expression in LSK-CD34−Flk2− HSCs and progenitors. Ct values 
were normalized to β-actin. Results are expressed as fold change from the mean value of HSCs. Means ± SEM, n = 6 (5′-UTR and L1_A) or 3 (L1_Tf and Gf) 
pools of six to eight mice; two independent experiments. One-way ANO VA with Dunnett’s multiple comparison test. (B) Experimental design and RE mRNA 
expression in LSK-CD34−Flk2− HSCs cells isolated 1 mo a%er 2 Gy TBI (IR) or nontreated (NIR). Results are expressed as fold change from the NIR mean value 
a%er normalization as in A. Each dot represents an individual mouse. Means ± SEM from two (upper panels) and three (lower panels) independent experiments. 
Mann-Whitney test. (C) Representative images and quanti&cation of L1 ORF1p staining in HSCs (LSK-CD34−Flk2−) isolated 1 mo a%er TBI or le% untreated as 
in B. Bars, 3 µm. ImageJ was used for quanti&cation. For each cell the (uorescence intensity was normalized to the total cell surface and then to the mean 
intensity of NIR cells. Each dot represents a cell. Means ± SEM from two independent experiments. Mann-Whitney test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Irradiation induces L1 retrotransposition in vivo in HSCs
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Figure 2. Irradiation promotes active retrotransposition in HSCs. (A) )e huL1-GFP transgene and position of the primers used to detect retrotranspo-
sition. (B–D) Experimental design and analysis of L1 retrotransposition by Taqman (B and D) or FACS (C) in HSCs and progenitors of L1-GFP mice before (NIR; 
B–D) or a%er TBI (IR; B and C). (B) Means ± SEM, n = 3 (WT), 7 (L1-GFP NIR), and 13 (L1-GFP IR) mice from three independent experiments. Mann-Whitney 
test. (C) Each triangle represents an individual mouse. Means ± SEM from two independent experiments. Mann-Whitney test. (D) n = 7 (HSC, CMP, and 
GMP) and 6 (MEP) mice from two independent experiments; ANO VA with Dunnett’s multiple comparison test. (E) Kinetics of L1 retrotransposition a%er 
TBI by Taqman-based qPCR assay. Le%, experimental design; middle, representative FACS images of HSC sorting just a%er TBI; right, GFP expression 
normalized on 5S rDNA. Means from two independent cultures. Open circles, NIR; closed squares; IR. (F) qPCR analysis of the number of genomic copies 
of L1 ORF2 in HSCs 1 mo a%er TBI (IR) or not (NIR), normalized to 5S rDNA. n = 6 (NIR) and 8 (IR) mice. Means ± SEM from two independent experiments. 
Mann-Whitney test. *, P < 0.05; ***, P < 0.001.
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L1 retrotransposition is involved in persistent DNA damage 
and loss of function of HSCs upon irradiation
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Thrombopoietin restrains L1 expression and 
retrotransposition in HSCs
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Figure 3. Retrotransposition induces HSC damage. (A) Experimental design for RTI treatment. BM, bone marrow; BMMC, BM mononuclear cell. (B and C) 
γH2AX foci positive cells, foci repartition, and representative images (B) and ex vivo proliferation of LSK-CD34−Flk2− HSCs isolated at stage 1 (C). Means ± SEM, 
n = 7 (NIR and PBS) and 8 (ddC) mice from two independent experiments. ANO VA with Dunnett’s multiple comparison test. Bars, 30 µm. (D) Total CD45.2+ 
donor contribution in HSCs and LSK cells at stage 2 in mice transplanted with cells from mice irradiated and treated with ddC or not. Results were normalized to 
the total numbers of CD45.2+ HSCs or LSK cells found in the NIR controls and represent the means ± SEM from 7 (NIR), 9 (IR+PBS), and 10 (IR+ddC) mice from 
two independent experiments. One-way ANO VA with Dunnett’s multiple comparison test. (E, F, and G) Total CD45.2+ donor contribution at stage 3 in HSCs 
and LSK cells (E), myeloid CD11b+ and Gr1+ cells (F), and CD19+ B cells (G). Means ± SEM, n = 4 (NIR and IR+PBS) and 5 (ddC) mice from one representative 
experiment out of two performed. One-way ANO VA with Dunnett’s multiple comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 4. THPO signaling controls L1 expression and retrotransposition in vivo in HSCs. (A) Experimental design and RE mRNA expression in HSCs 
isolated 1 mo a%er 2 Gy TBI with (IR+THPO) or without (IR) THPO injection or nontreated (NIR). Each point represents an individual mouse. Results represent 
means ± SEM and are expressed as fold change from the NIR mean value a%er normalization. Data are pooled from three (upper panels) or four (lower panels) 
independent experiments. One-way ANO VA with Dunnett’s multiple comparison test. (B) RE expression in WT and Mpl−/− HSCs. Means ± SEM normalized to 
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THPO-induced, IFN-like signaling in HSCs is required to limit 
retrotransposon expression upon irradiation
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the mean values of WT mice. n = 10 (5′-UTR, ORF2, and L1_A) and 7 (B2) pools of three WT or &ve Mpl−/− mice from three to four independent experiments. 
Mann-Whitney test. (C) Experimental design and GFP Taqman assays in HSCs isolated from L1-GFP mice 1 mo a%er TBI with or without THPO injection. Means 
± SEM, n = 7 (NIR), 10 (IR), and 11 (IR+THPO) mice from two independent experiments. One-way ANO VA with Dunnett’s multiple comparison test. (D) Experi-
mental design and GFP expression in total cell progeny and in the LSK compartment (FACS) of L1-GFP HSCs isolated immediately a%er TBI with or without THPO 
injection and cultured for 10 d in vitro in the presence (+T) or absence of THPO (−T); two (IR) and three (NIR and IR+THPO) independent cultures. Means ± SEM. 
One-way ANO VA with multiple comparison tests. (E and F) L1 retrotransposition in HSCs and progenitors from L1-Mpl−/−, either nontreated or 1 mo a%er TBI, 
as indicated. Means ± SEM. (E) n = 12 (WT) and 13 (L1-Mpl−/−) mice from four independent experiments. Mann-Whitney test. (F) n = 7 (L1 and L1-Mpl−/− NIR), 
9 (L1 IR), and 8 (L1-Mpl−/− IR) mice from two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 5. THPO induces an IFN signature in HSCs. (A) Experimental design for microarray analysis of THPO di+erentially regulated genes in HSCs. Gray 
objects represent A,metrix Gene Chips (microarrays) used to measure gene expression in cells a%er treatments. (B) Heat map of ingenuity pathway analysis 
p-values for the top canonical pathways of di+erentially regulated genes, obtained using the Perseus so%ware (MaxQuant). (C) Means of triplicate values for 
up-regulated genes calculated and clusterized using the Perseus so%ware.



Barbieri et al. 
THPO restrains retrotransposons in HSCs

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20170997

1472

"N'4"++(&1* &9* 3(99"4"1%* \KJ<)&1%$(1(18* JQ+* -!"4T6",* "%* $,:E*
FGRUI* L+5",* "%* $,:E* FGRW0:* K26+E* %2"* K!`^<(136)"3* .K@KRBF*
+(81$,(18* '$%2A$7*#(82%* 4"+%4$(1* JQ* $))6#6,$%(&1* (1*!./+*
%24&682* %4$1+)4('%(&1$,* 4"86,$%&47*#")2$1(+#+:* K2(+* )&6,3*
"N',$(1* %2"* ,&18<,$+%(18* "99")%* &9* $* +(18,"* K!`^* (1C")%(&1*
&1* JQ* "N'4"++(&1:* e2"%2"4* &1"* +'")(9()* &4* +"="4$,* L.a+*

$4"* 4"T6(4"3* %&* )&1%4&,* JQ* "N'4"++(&1* (1* !./+* 4"T6(4"+*
964%2"4*(1="+%(8$%(&1:
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Figure 6. THPO induces IFN-stimulating gene expression in HSCs. (A) qRT-PCR analysis for THPO–up-regulated genes in HSCs and LSK incubated for  
90 min in vitro in a medium containing THPO (+T) or not (−T). Data normalized to β-actin and/or Gapdh levels. Le%, means ± SEM of 2-ΔCt values from n = 4–5 
pools of three to six mice in two independent experiments. Mann-Whitney test. Right, comparison of ISG expression in HSCs and LSK cells stimulated with 
(+T) or without (−T) THPO. Data were normalized as above and are presented on the same scale. Means ± SEM. n = 4–6 pools of mice for HSCs and 8–11 for 
LSK cells; three to &ve independent experiments. Paired t test. (B) qRT-PCR analysis in HSCs isolated from mice 90 min a%er THPO injection in vivo (+T) or 
not (−T). Data are expressed as fold change from the nontreated mice mean value a%er normalization. Means ± SEM, n = 5 (−T) and 7 (+T) mice from two 
independent experiments. Mann-Whitney test. (C) Basal ISG mRNA expression in WT and Mpl−/− HSCs. Means ± SEM normalized to the mean of WT HSCs,  
n = 3 (Isg15, Rig1, Trim30c, and Sting) or 2 (Trim33 and Trim5) pools of three (WT) to six (Mpl−/−) mice from three independent experiments. Mann-Whitney 
test. *, P < 0.05; **, P < 0.01.
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Figure 7. STAT1 and STAT2 are required for THPO-mediated regulation of RE expression and DNA damage upon irradiation. (A) Representative images 
and quanti&cation of pSTAT1 staining in HSCs, with or without stimulation with THPO in vitro for the indicated times. Each point represents a cell. Means ± SEM. 
One-way ANO VA with Dunnett’s multiple comparison test. Bars, 30 µm. (B) Experimental design and representative FACS images of WT, Stat1−/−, and Stat2−/− 
HSC sorting of the experiments shown in C and D. )e graph on the right shows the total HSC frequency in WT, Stat1−/−, and Stat2−/− mice. Representative 
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4"'4"++(&1*+688"+%+*%2$%*K!`^*$)%(=$%"+*$1*L_?<LV,(D"*+(81$,(18*
(1*!./+:*K2(+*(+*%&*&64*D1&A,"38"*%2"*9(4+%*3"#&1+%4$%(&1*&9*%2"*
(1=&,="#"1%*&9*.K@KF*(1*K!`^*+(81$,(18:*@,%2&682*(1%4(86(18E*
%2(+*4")$,,+*'4"=(&6+*+%63("+*+2&A(18*%2$%*L_?+*$13*K!`^*)$1*
%* 1�!� /%)%(�.� 0.�*/�.%,0%+*�(� �+),(!4!/� �* � 0$�0� ���8X� ��*�
%4(88"4*#"8$D$47&'&("+(+*-J&67"O*"%*$,:E*FGGWI*!$$+*"%*$,:E*FGRW0:*
/24&1()*L_?<L*"N'&+64"*(1*=(=&*2$+*5""1*+2&A1*%&*(136)"*%4$1<
+("1%*!./*'4&,(9"4$%(&1* $13B&4* $'&'%&+(+* -Q++"4+* "%* $,:E* FGGPI*
`("%4$+*"%*$,:E*FGRb0E*A2"4"$+*K!`^*(+*4"T6(4"3*9&4*!./*#$(1%"<
1$1)"*%24&682*4"86,$%(&1*&9*+64=(=$,E*T6("+)"1)"E*&4*+",9<4"1"A$,*
3(=(+(&1+*$13*9$=&4+*%4$1+',$1%$%(&1*-f($1*"%*$,:E*FGGHI*g&+2(2$4$*
"%*$,:E*FGGHI*d&=%&176D*"%*$,:E*FGRS0:*!&A"="4E*&64*4"+6,%+*+68<
#!/0�0$�0�1* !.�/+)!�%*/0�*�!/7�/1�$��/�#!*+0+4%��/0.!//7����8X�
$13*K!`^*#$7*+(#(,$4,7*'4&%")%*!./+*$8$(1+%*JQ+:*K2(+*961)<
%(&1*#(82%*5"*(#'&4%$1%*%&*'4"="1%*>?@*3$#$8"*(1*!./+*364(18*
"#"48"1)7*#7",&'&("+(+:*L1*$33(%(&1*%&*.K@KRB.K@KF*$)%(=$%(&1E*
"$)2* )7%&D(1"* $,+&* $)%(=$%"+* (%+* &A1* +'")(9()* +(81$,(18* '$%2<
A$7+*,"$3(18*%&*61(T6"*8"1"*$13*961)%(&1$,*'4&84$#+*%2$%*#$7*
"N',$(1*%2"(4*3(99"4"1%*9(1$,*"99")%+*&1*!./+:*_&4*"N$#',"E*K!`^*
+%(#6,$%"+*(1%"84(1*(1+(3"<&6%*+(81$,(18*$13*$32"+(&1*$+*A",,*$+*
'$%2A$7+*5,&)D(18*&N(3$%(="*+%4"++*%2$%*2$="*5""1*+2&A1*%&*5"*
4"T6(4"3*9&4*!./*961)%(&1*-d(4(%&*"%*$,:E*FGGWI*�)!)+0+�!0��(97�
FGRF0:*L%*$,+&*(136)"+*%2"*"N'4"++(&1*&9*T6("+)"1)"*8"1"+*+6)2*$+*
'WH*-g&+2(2$4$*"%*$,:E*FGGH<7�3$!.!�/����8X�!4,+/1.!�%* 1�!/��!((�
)7),"*8"1"+*-Q++"4+*"%*$,:E*FGGP0*&4*$*%4$1+("1%*3")4"$+"*&9*T6("+<
)"1)"*4"86,$%&4+E*(1),63(18*'WH*-`("%4$+*"%*$,:E*FGRb0:*@,%2&682*
)&1+%(%6%(="*L_?<L*+")4"%(&1*3&"+*&))64*(1*2"$,%27*#()"E*L_?+*$4"*
+")4"%"3*(1*$5613$1)"E*'4(#$4(,7*(1*4"+'&1+"*%&*=(4$,*(19")%(&1:*
K2"*$5(,(%7*&9*K!`^*%&*5"2$="*$+*$*+%4&18"4*(136)"4*&9*L.a+*(1*
!./+*%2$1*(1*\.d+E*%&8"%2"4*A(%2*(%+*4"+%4()%"3*"N'4"++(&1*(1*%2"*
2"#$%&'&("%()*+7+%"#E*+688"+%+*%2$%*(%*2$+*"=&,="3*$+*$*)&1+%(%6<
%(="*L_?E*#&4"*+'")(9()$,,7*3"3()$%"3*%&*!./+*$13*$,,&A(18*%2"(4*
'4&%")%(&1*$8$(1+%*JQ<(136)"3*%24"$%*A2(,"*#$(1%$(1(18*%2"(4*
+",9<4"1"A$,* $5(,(%7:* M7* (136)(18* .%$%R* $13* .%$%F* "N'4"++(&1E*
K!`^*#$7*$,+&*'4(#"*!./+*%&*4"+'&13*%&*L_?+*6'&1*(19")%(&1:

K4$1+)4('%(&1$,*3"4"'4"++(&1*$13*(1)4"$+"3*#&5(,(O$%(&1*&9*
JQ+*&))64*(1*%2"*8"1&#"*&9*$8(18*+&#$%()*)",,+E*(1),63(18*!./+*
->"*/"))&*"%*$,:E*FGRUI*.61*"%*$,:E*FGRbI*]$1*;"%"4*"%*$,:E*FGRbI*
>C"82,&6,*"%*$,:E*FGRS0:* L1%"4"+%(18,7E* (1*!./+E* %2"*+$#"*4"%4&<
%4$1+'&+&1*#J?@*+'")("+*A"4"*9&613*%&*5"*(1)4"$+"3*A(%2*KML*
$13*$8"E*":8:*"=&,6%(&1$47*4")"1%*$)%(="*\R*9$#(,7*#"#5"4+*-@E*K9E*
$13*a90E*$+*A",,*$+*L@`*4"%4&=(46+"+:*K2(+*+688"+%+*%2$%*%2"*3"4"8<
6,$%(&1*&9*JQ*"N'4"++(&1*A(%2*$8"E*$+*$9%"4*(44$3($%(&1E*)&6,3*5"*
(1=&,="3* (1*!./* ,&++*&9* 961)%(&1*$13*'"4+(+%"1%*>?@*3$#$8":*
_,$)2*"%*$,:*-FGRb0�$�2!�.!�!*0(5�/$+3*�0$�0�0$!�Z
G���"+�%�,.!/<
"1%*(1*&,3*!./+*$4"*4"+6,%(18*94&#*4"+(36$,*4"',()$%(&1*+%4"++*&1*
4(5&+&#$,*>?@*$13*)&,&)$,(O"*A(%2*%2"*16),"&,6+:*e"*A"4"*1&%*

experiment with cells from four (WT) and two pools of six mice (Stat1−/− and Stat2−/−). Means ± SEM. (C and D) ISG mRNA expression in WT, Stat1−/− (C), 
and Stat2−/− HSCs (D) a%er stimulation for 90 min in vitro with (+T) or without THPO (−T). Data are normalized to the mean value of WT HSCs cultured in 
the absence of THPO. Means ± SEM, n = 4 pools of &ve to six mice from two independent experiments. Paired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 8. THPO-induced IFN type I signaling is required for THPO-mediated regulation of RE expression and DNA damage upon irradiation.  
(A) Experimental design for the experiments shown in B–E. (B and C) RE mRNA in WT, Stat1−/− HSCs (B), and Stat2−/− LSK cells (C) from nonirradiated 
mice (NIR) or 1 mo a%er TBI with (+T) or without THPO (−T) injection. Data are normalized to the mean values of nontreated WT mice. Means ± SEM. (B) n = 8–12 
mice. (C) n = 5–7 mice pooled two independent experiments. One-way ANO VA with Dunnett’s multiple comparison test and Mann-Whitney tests.  
(D and E) Representative images and quanti&cation of WT, Stat1−/− HSCs (D), WT, and Stat2−/− LSK cells (E) expressing more than four γH2AX foci 1 mo a%er 
TBI in the presence or absence of THPO. Each point represents an individual mouse. Means ± SEM. One-way ANO VA with Dunnett’s multiple comparison 
test. (D) WT, representative experiments from three similar performed; Stat1−/−, data pooled from two independent experiments. (E) Data pooled from two 
independent experiments. One-way ANO VA with Dunnett’s multiple comparison test. Bars, 30 µm. *, P < 0.05; **, P < 0.01; ***, P < 0.001. ns, not signi&cant.
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��(!�0+� !)+*/0.�0!�/1�$���*1�(!+(�.�(+��(%6�0%+*�+"�Z
G���"+�%�
'"4+(+%(18*R*#&*$9%"4*+65,"%2$,*KML*-_(8:*.W*>0:*K26+E*A2"%2"4*%2"*
3"4"86,$%(&1*&9*JQ+*',$7+*$*3(4")%*4&,"*(1*!./*$8(18*4"#$(1+*%&*
5"*(1="+%(8$%"3*%2&4&682,7:

^64*4"+6,%+*$,+&*+688"+%*%2$%*#$(1%"1$1)"*&9*$*)"4%$(1*,"=",*
&9*K!`^*+(81$,(18*#$7*5"*4"T6(4"3*%&*'4"="1%*4$3(&%2"4$'7<*
(136)"3*#7",&(3*#$,(81$1)("+:*K2(+*(+*(1*$84""#"1%*A(%2*%2"*
9$)%*%2$%*'$%("1%+*A(%2*;`\*,&++<&9<961)%(&1*#6%$%(&1+*2$="*$1*
(1)4"$+"3*'4&'"1+(%7*&9*3"=",&'(18*#7",&37+',$+%()*+7134&#"+*
-;$+"4$%(*"%*$,:E*FGGj0:*K2"+"*&5+"4=$%(&1+*)&6,3*$,+&*5"*2(82,7*
4","=$1%* (1* %2"* )&1%"N%* &9* #7",&'4&,(9"4$%(="* 1"&',$+#+* (1*
3$%�$����8��� )%*%/0.�0%+*�%/�1/! ��/���0.!�0)!*09����8X���1/!/�
'4"9"4"1%($,*3"',"%(&1*&9* l$DF]SRH_<#6%$%"3*!./+*)&#'$4"3*
A(%2*1&4#$,*!./+* -!$+$1* "%* $,:E* FGRUI*;6,,$,,7* "%* $,:E* FGRU0:*
^1*%2"*&%2"4*2$13E*A(%2*'4&84"++(&1*%&*#7",&9(54&+(+E*'$%("1%+*
5")&#"*4"+(+%$1%*%&*%2(+* %4"$%#"1%:*^64*4"+6,%+*+2&A(18*%2$%*
(1)4"$+"3*K!`^*+(81$,(18*$13*L.a*"N'4"++(&1*)$1*'4&%")%*!./+*
94&#*JQ<(136)"3*>?@*3$#$8"*#$7*"N',$(1*%2(+*4"+(+%$1)":*L1*
%2$%*)&1%"N%E*)24&1()* L_?<L* %4"$%#"1%*$13*.K@KRBF* (136)%(&1*
A"4"*+2&A1*%&*(136)"*)2"#&%2"4$'7*4"+(+%$1)"*(1*)"4%$(1*)$1<
)"4+*-d2&3$4"=*"%*$,:E*FGGbI*/2"&1*"%*$,:E*FGRU0:*M")$6+"*#$++(="*
61,"$+2(18*&9*JQ+*2$+*5""1*+2&A1*%&*(136)"*)$1)"4*+%"#*)",,*
$'&'%&+(+*-/2($''(1",,(*"%*$,:E*FGRW0E*+%4$%"8("+*)&#5(1(18*KML*
$13*.K@KRBF*5,&)D$3"*)&6,3*$,+&*5"*)&1+(3"4"3:

Materials and methods
Mice and mice treatments
@,,* #()"* $4"* &1* $* /WHM\BS* 5$)D84&613:* ;',S=S* $13* K2'&S=S*
#()"*A"4"*3"+)4(5"3*'4"=(&6+,7*-3"*\$=$,*"%*$,:E*FGRU0:*.%$%RS=S*
->645(1*"%*$,:E*RPPS0*$13*.%$%FS=S*-`$4D*"%*$,:E*FGGG0*#()"*A"4"*
+�0�%*! � ".+)��9��1((!.� ;�*%2!./%05� +"��!0!.%*�.5��! %�%*!7�
�%!**�7��1/0.%�<� �* ��9�
+(�!� ;�*%2!./%05��!*0!.� "+.��%+)+ <
",+E* ]("11$E* @6+%4($0E* 4"+'")%(=",7:* eK* /WHM\BSl* />bW:F* $13*
/>bW:R*#()"*A"4"*94&#*Q1=(8&*$13*/2$4,"+*J(="4*\$5&4$%&4("+E*
4"+'")%(=",7:* K2"* %4$1+8"1()* #()"* "N'4"++(18* $1* "18(1""4"3*
26#$1* \R* 2$45&4(18* $* a_`<5$+"3* 4"%4&%4$1+'&+(%(&1* 4"'&4%"4*
)$++"%%"* -\R<a_ È* +%4$(1*SHI*^D63$(4$*"%*$,:E*FGRR0*A$+* 94&#*57*
K:*^D$#64$*$13*g:*L+2(O$D$*-?$%(&1$,*/"1%"4*9&4*a,&5$,*!"$,%2*
$13*;"3()(1"E*>"'$4%#"1%*&9*L19")%(&1*>(+"$+"+E*K&D7&E*l$'$10:*
\R<a_`*#()"*A"4"*)4&++"3*A(%2*;',S=S*$13*K2'&S=S*-4"9"44"3*%&*

$+* \R<;',S=S* $13* \R<K2'&S=S* #()"E* 4"+'")%(=",70:* @,,* %2"* #()"*
A"4"*2&6+"3*(1*$*+'")(9()*'$%2&8"1<94""*"1=(4&1#"1%:*@,,*'4&)"<
364"+*A"4"*4"=("A"3*$13*$''4&="3*57*%2"*@1(#$,*/$4"*/&##(%<
%""*1&:*FS*$''4&="3*57*%2"*_4"1)2*;(1(+%47*9&4*J"+"$4)2*-$84""<
)!*0�*1)�!.�*+9�EFLLH9EH<9��*(!//�+0$!.3%/!�/,!�%"%! 7�)%�!�+"�
S<*%&*RG<AD*&9*$8"*A"4"*6+"3:*;()"*A"4"*%4"$%"3*A(%2*&1"*3&+"*
+"��
���;FK�V#='#��+ 5�3!%#$07� %929<�+.����8X�;JE7EEE��7�%929<7�
$1%(<L_?*@J*5,&)D(18*#&1&),&1$,*$1%(5&37*-FGG*p8I*;@JR<W@U0*
5"9&4"*+65,"%2$,*KML*-F*a7I*Jc*(44$3($%&4*c<J@>*UFG0:*33/E*Q_]*
-RG*#8BD8*A"(82%E*+:):I*.(8#$0*&4*%2"(4*4"+'")%(="*3(,6"1%*$,&1"*
;����"+.�  ���* ������"+.����<�3!.!�%*&!�0! �/9�9�F�$��!"+.!�����
-F*a70*$13*%2"1*3$(,7*9&4*R*#&:

Cells and cell culture in vitro
\(1S.)$iD(%i*)",,+*-4"9"44"3*%&*$+*\.d*&4*!.`/0E*!./+*-\.d</>UbS

_,DFS* &4* \.d</>RWGi/>bjS0E* #6,%('&%"1%* '4&8"1(%&4+* -;` È*
\.d</>Ubi_,DFi0E* /;`+* -\(1S.)$RS)<d(%i/>Ub2(/>RSBUFS0* $13*
a;`+*-\(1S.)$RS)<d(%i/>Ub,&A/>RSBUFi0*A"4"*+&4%"3*6+(18*$*)",,*
+&4%"4* -L19,6NI*M>0:*!./+*A"4"*)6,%64"3* (1*+"46#<94""*"N'$1<
+(&1*#"3(6#*-.%"#.'$1I*.%"#/",,*K")21&,&8("+0*+6'',"#"1%"3*
A(%2*4")&#5(1$1%*_,%U<\(8$13*-_\KU<\I*RGG*18B#,0E*L\<U*-RG*18B
#,0E*L\<S*-RG*18B#,0E*$13*+%"#*)",,*9$)%&4*-./_E*RGG*18B#,0*(1*%2"*
,.!/!*�!�;R�
��<�+.���/!*�!�;S�
��<�+"�FEE�*#=)(��
���+.�+"�
FEE�*#=)(����8X9��((��50+'%*!/�3!.!�".+)��!,.+0!�$9��$!*�0$!�
�!((/�3!.!�%..� %�0! �%*�2%0.+7��
���3�/��  ! �0+�0$!�)! %1)�F�$�
5"9&4"E*$+*3"+)4(5"3*-3"*\$=$,*"%*$,:E*FGRU0:*_&4*(1*=(%4&*84&A%2E*
36',()$%"*+$#',"+*&9*RGG*!./+*A"4"*+&4%"3*(1*PS<A",,*',$%"+*(1*
'4&,(9"4$%(&1*#"3(6#[*L;>;*#"3(6#*+6'',"#"1%"3*A(%2*RGX*
���7�FQ�,!*%�%((%*8/0.!,0+)5�%*7��* �F�)��#(10�)%*!��* ��+*<
%$(1(18*FW*18B#,*_\KU<\E*RG*18B#,*L\<UE*FW*18B#,*./_E*FW*18B#,*
�
��7�I��=)(�!.50$.+,+%!0%*�;���<7��* �JE�V��Y8)!.��,0+!0$<
�*+(9��!((�*1)�!./�3!.!�!2�(1�0! ��0� %""!.!*0�0%)!/9���L8�,(�
�!((/�3!.!�#.+3*�%*�X8����)! %1)�/1,,(!)!*0! �3%0$�FEQ�����
$13*F*6B#,*Q` :̂*K2"*)",,+*A"4"*+%(#6,$%"3*57*$33(18*3(4")%,7*%2"*
K!`^*#(#"%()*'"'%(3"*aeUPWGWjE*$+*3"+)4(5"3*'4"=(&6+,7*-3"*
\$=$,*"%*$,:E*FGRU0:

Bone marrow reconstitution
_&4*5&1"*#$44&A*4")&1+%(%6%(&1*"N'"4(#"1%+E*U*q*RGS*/>bW:Fi*
5&1"*#$44&A*)",,+*(+&,$%"3*94&#*#()"*+65C")%"3*%&*KML*-F*a70*$13*
%4"$%"3*A(%2*&4*A(%2&6%*33/*9&4*R*#&*A"4"*(1C")%"3*(1*,"%2$,,7*

Figure 9. IFN-α limits RE expression in HSCs upon irradiation. Experimental design and RE mRNA expression in HSCs isolated 1 mo a%er 2 Gy TBI 
with prior injection of one dose of THPO or IFN-α as indicated. Results represent means ± SEM and are expressed as fold change from the NIR mean 
value a%er normalization. n = 6 (NIR, IR, and IR+THPO) or 7 (IR+IFN) mice per condition, pooled from two independent experiments. Mann-Whitney 
test. *, P < 0.05; **, P < 0.01.
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(44$3($%"3*-P:W*a70*/WHM\BS*/>bW:R*)&18"1()*#()"E*%&8"%2"4*A(%2*
U*q*RGS*)&#'"%(%&4*/>bW:Ri*)",,+:*M&1"*#$44&A+*A"4"*)&,,")%"3*
b* #&* ,$%"4:* @9%"4* 4"3* 5,&&3* )",,* ,7+(+E* %2"* )",,+* A"4"* +%$(1"3*
A(%2*$1%(5&3("+*$8$(1+%*/>bW:FE*/>bW:RE*$13*!./*#$4D"4+*$13*
$1$,7O"3*57*_@/.:*.")&13$47*4")&1+%(%6%(&1+*A"4"*'"49&4#"3*
57*(1C")%(18*W*q*RGS*M;*)",,+*94&#*%2"*9(4+%*4")('("1%+*(1*,"%2$,,7*
(44$3($%"3*/>bW:Ri*4")('("1%+:*M;*A$+*2$4="+%"3*W*#&*,$%"4:

qRT-PCR
K&%$,*J?@*A$+*"N%4$)%"3*6+(18*%2"*J?"$+7*',6+*#()4&*D(%*-f($8"10*
&4*%2"*>(4")%<o&,*J?@*#()4&*'4"'*D(%*-o7#&*J"+"$4)2I*̀ 4&%"(8"1"0*
$13*4"="4+"*%4$1+)4(5"3*A(%2*+6'"4+)4('%*](,&*-K2"4#&*_(+2"40:*
J"$,* %(#"* `/J* A$+* '"49&4#"3* 6+(18* .gMJ* T`/J* '4"#(N* QN*
K$T* -K$D$4$0* &1* $* 4"$,* %(#"* `/J* #$)2(1"* -HWGGI* @'',("3*
�%+/5/0!)/<9��1�*0%"%��0%+*�3�/� +*!�1/%*#� 0$!�WW�08)!0$+ �
3%0$�*+.)�(%6�0%+*�+*�Y8��0%*7�	�, $7��* =+.�
,.0�!4,.!//%+*9�
_&4*$1$,7+(+*&9*JQ*"N'4"++(&1E*%2"*"N%4$)%"3*J?@+*A"4"*+65C")%"3*
%&* $1* $33(%(&1$,* %4"$%#"1%*A(%2* J?$+"<94""* >?$+"* -@#5(&10*
$))&43(18*%&*#$169$)%64"4*(1+%46)%(&1+E*$13*%2"*+$#',"+*A"4"*
%"+%"3*9&4*T`/J*5"9&4"*4"="4+"*%4$1+)4('%(&1*%&*46,"*&6%*3"%")%(&1*
&9*)&1%$#(1$%(18*>?@:*̂ 1,7*%2"*+$#',"+*8(=(18*/%*=$,6"+*),&+"*%&*
%2"*1&*%"#',$%"*)&1%4&,*A"4"*964%2"4*$1$,7O"3:*̀ 4(#"4*+"T6"1)"+*
$4"*+2&A1*(1*K$5,"*.R:

Retrotransposition assays
\R<a_`* #()"* A"4"* %4"$%"3* A(%2* K!`^* &4* `M.* $13* +65C")%"3*
0+����� ;G�	5<� F�$� (�0!.9� F�)+��"0!.����7� 0+0�(��+*!�)�..+3�3�/�
+%$(1"3*A(%2* ,(1"$8"*-/>RR5E*a4RE*/>RPE*/>UE*$13*K"4RRP0<@`/E*
d(%<`"4)'/7W:WE*.)$<`Q/7HE*/>bj<`ME*$13*/>RWG<`Q*$1%(5&3("+E*
$13*a_`*A$+*$1$,7O"3*(1*%2"*\.d<*$13*!./<8$%"3*'&'6,$%(&1+:*
@,%"41$%(=",7E* %2"* '4"+"1)"* &9* a_`* A$+* $++"++"3* 57* K$T#$1<
5$+"3*T`/J*$++$7*6+(18*'4(#"4+* $13*'4&5"* +'$11(18* %2"*a_`*
"N&1V"N&1*C61)%(&1*-L(C(#$*"%*$,:E*FGRU0:*L1*54("9E*HGGVREGGG*)",,+*
3!.!�����8/+.0! � %.!�0(5�%*�FE�V(�+"�'4"'aQ;*%(++6"*"N%4$)%(&1*
5699"4* -o7aQ;0* $13* ,7+"3* $))&43(18* %&* %2"* #$169$)%64"4k+*
(1+%46)%(&1+:*@*1"+%"3*`/J*6+(18*a_`<+'")(9()*'4(#"4+*A$+*6+"3*
%&*'4"$#',(97*%2"*\R*%4$1+8"1"E*$13*%2"*'4"+"1)"*&9*%2"*"N&1V
"N&1*C61)%(&1*A$+*%2"1*$++"++"3*57*T`/J*6+(18*'4(#"4+*$13*$1*
"N&1V"N&1*C61)%(&1*'4&5"*+'")(9()*9&4*a_`*-K$5,"*.R0:*>$%$*A"4"*
1&4#$,(O"3*%&*J?@*W.*>?@:*K&*%"+%*4"%4&%4$1+'&+(%(&1*(1*=(%4&E*
HGG*!./+*A"4"* (+&,$%"3* 94&#* \R<a_`*#()"* (##"3($%",7* $9%"4*
KML* -F*a70*&4*K!`^*(1C")%(&1*$13*KML* %4"$%#"1%*$13*)6,%64"3*
$%* UHr/* (1* L;>;* #"3(6#* +6'',"#"1%"3* A(%2* RGX* _M.E* RX*
,!*%�%((%*8/0.!,0+)5�%*7� �* � F�)��#(10�)%*!7� �* ��+*0�%*%*#�
FW*18B#,*_\KU<\E*RG*18B#,*L\<UE*FW*18B#,*./_E*FW18B#,*K!` Ê*
I�=)(� ���7� �* � JE� V�� Y8)!.��,0+!0$�*+(� /1,,(!)!*0! 7� +.�
1&%E* A(%2* FW* 18B#,* K!` :̂* /",,+* A"4"* 2$4="+%"3* $%* 3(99"4"1%*
%(#"+*$13*>?@*A$+*"N%4$)%"3*$+*$5&=":*K2"*'4"+"1)"*&9*a_`*A$+*
$1$,7O"3*57*"N&1V"N&1*K$T#$1*$++$7:*@%*3$7*RG*&9*)6,%64"E*%2"*
)",,+*A"4"*+%$(1"3*A(%2*d(%<`4)'/7W:W*$13*.)$<`Q/7H*$1%(5&3("+*
$13*a_`*"N'4"++(&1*A$+*$1$,7O"3*57*_@/.E*8$%(18*&1* %2"*\.d*
)",,*)&#'$4%#"1%:

Microarray analysis
K4(',()$%"*+$#',"+*&9*RGEGGGVRWEGGG*\.d</>UbS_,DFS*!./+*A"4"*
+&4%"3*$13*(1)65$%"3*(1*=(%4&*9&4*bW*#(1*(1*)&#',"%"*#"3(6#E*
A(%2* &4* A(%2&6%* K!`^* 5"9&4"* (44$3($%(&1* $%* F* a7:* J?@* A$+*

'64(9("3*bW*#(1*,$%"4*6+(18*%2"*J?"$+7*`,6+*#()4&*D(%*-f($8"10*
$13*A"4"* 2754(3(O"3* &1%&*A2&,"* 8"1&#"* $44$7+* -@997#"%4(N*
;&6+"a"1"F:G.K0:*J$A*3$%$*A"4"*1&4#$,(O"3*6+(18*%2"*4&56+%*
;6,%()2('*@,8&4(%2#*-J;@0*(1*M(&)&136)%&4*J:*f6$,(%7*)&1%4&,+*
$13* +%$%(+%()+* A"4"* '"49&4#"3* 6+(18* `$4%"D* a.:* @* ),$++()$,*
@? *̂]@* 9&4* "$)2* 8"1"* A$+* '"49&4#"3* $13* '$(4A(+"* K6D"7s+*
@? *̂]@*A$+*$'',("3*%&* (3"1%(97*3(99"4"1%($,,7*"N'4"++"3*8"1"+*
(1*K!`^<%4"$%"3*$13*61%4"$%"3*+$#',"+:*_61)%(&1$,*"14()2#"1%*
$1$,7+(+* &9* 3(99"4"1%($,,7* "N'4"++"3* 8"1"+* A$+* '"49&4#"3*
6+(18* (18"16(%7* '$%2A$7* $1$,7+(+* -L18"16(%7* .7+%"#+0:* @,,*
3$%$* 2$="* 5""1* +65#(%%"3* &1* aQ^* ^#1(56+* +(%"* 613"4* %2"*
$))"++(&1*1&:*a.QjbRPW:

Immunofluorescence
UEGGGVWEGGG*!./+*A"4"* )7%&+'61* &1* '&,7,7+(1"<)&$%"3* 8,$++*
+,(3"+E*$13*L_*A$+*'"49&4#"3*$+*'4"=(&6+,7*3"+)4(5"3*-3"*\$=$,*"%*
$,:E*FGRU<9��+*+�(+*�(��*0%8Z
G����*0%�+ 5�;�(+*!����HEF<�3�/�
'64)2$+"3*94&#*;(,,('&4":*K2"*'4"+"1)"*&9*%2"*\R*^J_R*'4&%"(1*
A$+* $++"++"3* (1*!./+* 6+(18* %2"* 4$55(%* $1%(V#&6+"* \R* ^J_R'*
$1%(5&37* -;$4%(1* $13*M4$1)(9&4%"E* RPPUI*;$,D(* "%* $,:E* FGRb0E* $*
8(9%*&9*@:*M&4%=(1*-/$41"8("*L1+%(%6%(&1*9&4*.)("1)"E*M$,%(#&4"E*
;@0:*K2"*$1%(5&37*A$+*6+"3*$%*$*)&1)"1%4$%(&1*&9*U*p8B#,:*K&*
%"+%*.K@KR*$)%(=$%(&1E*94"+2,7*+&4%"3*!./+*A"4"*+%(#6,$%"3*9&4*
=$4(&6+* %(#"+* (1* =(%4&* (1* %2"* '4"+"1)"* &9* K!`^* -RGG*18B#,0E*
)7%&+'61*$+*$5&="*$13*+%$(1"3*A(%2*$1%('2&+'2&<K74-HGR0.K@KR*
$1%(5&37*-),&1"*Wj>S*4$55(%*#@5I*/",,*.(81$,(18*K")21&,&8("+0:*
>"%")%(&1*A$+*'"49&4#"3*6+(18*@,"N$*_,6&4*WWWV)&6',"3*$1%(V
4$55(%* +")&13$47* $1%(5&37:* @,,* +,(3"+* A"4"* =(+6$,(O"3* 6+(18*
.`Q*)&19&)$,*#()4&+)&'"*-\"()$0:*`()%64"+*A"4"*$1$,7O"3*6+(18*
L#$8"l*+&9%A$4"*&4*/",,`4&9(,"4:

qPCR of genomic LINE-1
�1�*0%D��0%+*� +"� #!*+)%�� %*/!.0%+*/� +"� �F�3�/� ,!."+.)! � �/�
3"+)4(5"3*-/&69$,*"%*$,:E*FGGPI*;6&%4(*"%*$,:E*FGRG0:*L1*54("9E*36',(<
)$%"*+$#',"+*&9*FGG*!./+*&4*\.d*)",,+*94&#*eK*&4*;',S=S*#()"*A"4"*
/+.0! � %.!�0(5�%*�FE�V(�+"�'4"'aQ;*K(++6"*>?@*"N%4$)%(&1*5699"4*
-o7aQ;0*$13*,7+"3*$))&43(18*%&*%2"*#$169$)%64"4k+*(1+%46)%(&1+:*
\R*̂ J_F*A$+*$#',(9("3*(1*%4(',()$%"*6+(18*"(%2"4*K$T#$1<*&4*.gMJ<
a4""1V5$+"3*TJK<`/J:*J",$%(="*8"1&#()*^J_F*)&1%"1%*A$+*1&4<
#$,(O"3*%&*%2"*1&1#&5(,"*W.*4(5&+&#$,*J?@*8"1&#()*)&1%"1%*$+*
3"+)4(5"3*-/&69$,*"%*$,:E*FGGPI*;6&%4(*"%*$,:E*FGRG0:

Analysis of expressed L1 mRNAs
J?@*94&#*!./+*$13*Q./+*A"4"*"N%4$)%"3*$13*+65C")%"3*%&*J?$+"*
%4"$%#"1%*$+*$5&=":*J?@+*A"4"*4"="4+"*%4$1+)4(5"3*6+(18*.6'"4<
.)4('%*J"="4+"*K4$1+)4('%$+"*L]*-K2"4#&*_(+2"40*9&4*RW*#(1*$%*
JJO�� �* � FE�)%*� �0� MEO��3%0$� G� V��)���G� .!2!./!� ,.%)!.9�
`/J*$#',(97(18*$*FEFPS*5'*+"T6"1)"*A$+*%2"1*'"49&4#"3*6+(18*
�F8JP8����"+.3�. ��* �)���G�.!2!./!�,.%)!./�;���(!��F<9���0%*�
"N'4"++(&1*A$+*6+"3*$+*$#',(9()$%(&1*)&1%4&,*5")$6+"*61+'")(9()*
$11"$,(18*&9*JK*'4(#"4*'4&36)"+*)>?@*94&#*2(82,7*$5613$1%*
J?@+*-`$4"1%*"%*$,:E*FGRW0:

Statistical analysis
J"+6,%+* A"4"* +%$%(+%()$,,7* "=$,6$%"3* 6+(18* "(%2"4* &1"<A$7*
@?^*]@* &4* %* %"+%* 57* `4(+#* ="4+(&1* W:G* +&9%A$4"* -a4$'2`$3*
.&9%A$4"*L1):0:
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Online supplemental material
_(8:*.R*(+*4",$%"3*%&*_(8+:*R*$13*F:*L%*+2&A+*(1)4"$+"3*\R*"N'4"++(&1*
$13*4"%4&%4$1+'&+(%(&1*(1*!./+*6'&1*(44$3($%(&1:*_(8:*.FE*4",$%"3*
%&*�%#9�HE*+2&A+*%2$%*4"="4+"*%4$1+)4('%(&1*(12(5(%&4+*4"+)6"*(44$<
 %�0%+*8%* 1�! �,!./%/0!*0�Z
G���"+�%�
���(+//�+"�"1*�0%+*9��%#9�
.UE*4",$%"3*%&*�%#9�IE*+2&A+*(1)4"$+"3*JQ*"N'4"++(&1*$13*4"%4&<
%4$1+'&+(%(&1*(1*K2'&S=S*$13*;',S=S*\.d*)",,+*$13*!./+:*_(8+:*.b*
$13*.WE*4",$%"3*%&*_(8+:*WE*SE*$13*H*'4&=(3"+*+6'',"#"1%$47*3$%$*&1*
0$!�%* 1�0%+*�+"���	/��* ��0�0F=G���0%2�0%+*��5��
����* ����8X�
%*�
��/7���
7��* �$1)�*���L8�,(��!((/9����(!��F�/$+3/�1,8��* �
3&A1<4"86,$%"3*8"1"+*3(99"4"1%($,,7*"N'4"++"3*(1*K!`^*+%(#6<
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Supplemental material

Barbieri et al., https:// doi .org/ 10 .1084/ jem .20170997

Figure S1. RE mRNA expression and retrotransposition increase with irradiation. (A) qRT-PCR analysis of the mRNA expression of LINE, SINE, and IAP 
elements in HSCs (LSK-CD34−Flk2−) and various hematopoietic populations, as indicated. Values were normalized to the β-actin and Gapdh levels and to the 
mean value expression in HSCs. n = 4 (B1, ORF2), 5 (5′-UTR), and 8 (IAP) mice from three to four independent experiments. One-way ANO VA with multiple 
comparison test. (B) PCR ampli$cation of full-length L1 from HSC- and ESC-puri$ed RNA. %e schematic positions of the primers used in the RT and PCR 
reactions are shown. Ampli$cation without RT treatment and of actin were used as negative and loading controls, respectively. (C) Representative images of 
IF analysis of ORF1p expression in mouse embryonic $broblasts (MEFs) and ESCs. Bars, 50 µm. (D) Gating strategy for the detection of GFP+ LSK and HSCs 
by FACS analysis in L1-GFP mice, nontreated (NIR), or one 1 mo a'er TBI (IR). (E) GFP+ LSK cells in L1-GFP mice, nontreated and 1 mo a'er TBI. Means ± SEM, 
n = 8 (NIR) and 9 (IR) mice from two independent experiments. Mann-Whitney test. (F) Percentages of LSK and HSCs sorted from L1-GFP mice immediately 
a'er TBI (n = 3). (G) Kinetics of L1 retrotransposition induced by irradiation in L1-GFP mice. Mice were irradiated (2 Gy) and Lin− progenitor cells were sorted 
at di(erent times. GFP expression was detected by Taqman assay using exon–exon probe and primers. n = 2–3 independent mice/time point. %is experiment 
was performed only one time. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S2. Reverse transcription inhibitors rescue irradiation-induced HSC loss of function. (A and B) γH2AX foci and in vitro proliferation of 
LSK-CD34−Flk2− HSCs isolated from mice subjected to TBI or not and treated daily for 1 mo with efavirenz (EFV) or DMSO as a control. Means ± SEM, n = 6 
(NIR), 4 (IR+DMSO), and 5 (IR+EFV) mice. One-way ANO VA with Dunnett’s multiple comparison test. %is experiment was performed only once. Bars, 30 µm. 
(C–E) Quanti$cation of HSCs in the bone marrow 1 mo a'er irradiation and daily injection of ddC or PBS (stage 1, Fig. 3 A). (C) Representative FACS analysis 
for each group. (D) Total cell numbers. (E) Relative frequencies. Means ± SEM, n = 8 (NIR) and 12 (IR+PBS and IR+ddC) mice from two independent experi-
ments. One-way ANO VA with Dunnett’s multiple comparison test. (F and G) CD45.2+ donor contribution 4 and 5 mo a'er primary (F) and secondary recon-
stitution (G), respectively, with cells from mice irradiated treated with ddC or not as in Fig. 3 A. Means ± SEM. One-way ANO VA with Dunnett’s multiple 
comparison test. (F) n = 7 (NIR), 9 (IR+PBS), and 10 (IR+ddC) mice from two independent experiments. (G) n = 4 (NIR and IR+PBS) and 5 (IR+ddC). Represen-
tative independent experiment out of two performed. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S3. THPO signaling restrains L1 expression and retrotransposition in HSCs in the absence of irradiation. (A) RE mRNA expression in LSK cells 
isolated 1 mo a'er 2 Gy TBI with (IR+THPO) or without (IR+PBS) THPO injection or nontreated (NIR). Results represent means ± SEM and are expressed as 
fold change from the NIR mean value a'er normalization. Each dot represents an individual mouse. Data are pooled from three to four independent experi-
ments. One-way ANO VA with Dunnett’s multiple comparison test. (B) qRT-PCR analysis of RE expression in LSK cells from WT and %po−/− mice. Results are 
normalized to the mean values obtained with WT cells. Each dot represents an individual mouse. Mean ± SEM from two to four independent experiments. 
Mann-Whitney test. (C and D) Percent of HSCs and LSK cells measured by FACS analysis at day 10 (C) and total cell counts (D) in in vitro cultures of L1-GFP 
HSCs isolated immediately a'er TBI with or without THPO injection and cultured in the presence (+T) or absence of THPO (−T). Means ± SEM of two to three 
independent cultures. (E) Representative gating strategy and quanti$cation of retrotransposition detected by FACS analysis in HSCs (LSK-CD48−CD150+) 
from L1-GFP and L1-Mpl−/− mice. Means ± SEM from four independent experiments. Mann-Whitney test. (F) Retrotransposition detected by FACS analysis 
in HSCs (LSK-CD48−CD150+) from L1-GFP and L1-%po−/− mice. Each dot represents an individual mouse. Means ± SEM from two independent experiments. 
Mann-Whitney test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S4. THPO induces IFN-regulated genes in HSCs. (A) qRT-PCR analysis of ISG expression in LSK cells cultured for 90 min in a medium containing 
or not containing 100 ng/ml IFN-α. Ct values were normalized to β-actin and/or Gapdh. Results are expressed as fold change from cells isolated from the 
same mice and cultured without IFN-α. Means ± SEM. n = 5 (Rig1 and Pkr), 7 (Trim30c, Zbp1, and IRF7), 10 (Isg15, Oas2, and I$44) mice from two to three 
independent experiments; paired t test. (B) qRT-PCR analysis for THPO–up-regulated genes in HSCs just a'er sorting (Basal) or stimulated for 90 min in vitro 
in medium containing cytokines with or without THPO as in Fig. 6 A. Data normalized to the mean values of expression in unstimulated cells. Means ± SEM; 
n = 3 pools of 5 mice in two independent experiments. Repeated measure ANO VA with multiple comparison test. (C) ISG analysis in HSCs treated as in 
Fig. 5 A. Means ± SEM of Ct values obtained from three pools of six to eight mice, representative experiment out of two performed. (D) THPO-induced ISGs 
in Ifnar−/− HSCs. HSCs from WT and Ifnar1-de$cient mice were incubated for 90 min in vitro in medium supplemented with (+T) or without (−T) before qRT-
PCR analysis. Means ± SEM. n = 4–5 pools of $ve mice in two independent experiments. (E) Experimental design for testing the e(ect of anti-IFN AR blocking 
antibodies on ISG induction by THPO or IFN-α in vivo. Top: n = 7–10 mice from two to three experiments. Bottom: n = 3 mice from a representative experi-
ment. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S5. THPO induces IFN type-I signaling in UT7-Mpl cells. (A) Human UT7-Mpl cells were stimulated for 10 min with THPO peptide (10 nM) or IFN-α 
(50 ng/ml) before lysis and Western blot analysis. Representative experiment out of two performed. (B) qRT-PCR analysis of ISG induction in UT7-Mpl cells 
stimulated with 3 nM THPO peptide or not. Means ± SEM from two independent experiments. (C) qRT-PCR analysis for Mpl mRNA expression in HSCs 
(LSK-CD34−Flk2−) or LSK cells isolated from WT or Stat1- or Stat2-de$cient mice. Results are expressed as fold change from the mean 2-ΔCT values of WT 
mice. n = 2 (Stat1−/− HSC) and 4 (Stat2−/− HSC and LSK) pools of six mice from two to three independent experiments. Unpaired t test. *, P < 0.05. (D) 
Long-lasting TBI-induced γH2AX foci do not colocalize with the nucleolus. LSK cells and HSCs were sorted 1 mo a'er TBI and stained with mouse anti-γH2AX 
and rabbit anti-nucleolin (Ab22758; Abcam) or $brillarin (2639; Cell Signaling Technolgy), as indicated. %e slides were counterstained with Dapi analyzed 
using a confocal microscope. Arrowheads indicate the position of the nucleolus (red) and γH2AX foci (green). Bars, 30 µm.

Tables S1 and S2 are provided online as Excel files.  Table S1 shows up- and down-regulated genes differentially expressed in 
THPO stimulated HSCs (fold change > 1.5; P > 0.05). Table S2 describes the primers used in this study.



!"#$%&'#()*+,&#'-.,/0,1* *********!
!"#$%&'(&%)*+,+-./0&'1'233&04,&'5."%+6&78''
9+0:&';&',<=73&'$0>'?&7.".&7"'95'@AB'1'C@@CD'E$.*:FG04.*H'I7$*%&''

!

!

<"#$%!&#"'#()$%!*=>?@!&
1*+#2)$%$34&!5!64$%$34&0!72'&#4+&0!8*+(2!91:;<=!
!

.#;1&!G&<:&'%=9)>:"#=:$#9"&'(&?:&*+)9@:$#"(&)%>A?(&?B(;C)(==#9"&'(=&<32'&#"'A#$(&C:)&?B#)):'#:$#9"&($&?:&79"*$#9"&
'(=&*(??A?(=&=9A*+(=&+%@:$9C9D%$#EA(=)

"C;:!$'H:!G&&F(??A?(&=9A*+(&+%@:$9C9#G$#EA(H&)($)9%?%@("$H&#)):'#:$#9"H&$+)9@I9C9#G$#"()

-H:8>H!G& NO%E89/#'#9-! P! ?Q#$$2(#2'#9-+! &9BB%! ?9$/! (%/!
$2(#9'*0$28#%/+!2RR%&'%!?O#-'0>$#'0!%'!?2!R9-&'#9-!(%/!&%??:?%/!
/9:&*%/! *0B2'989S0'#T:%/! U=HVWX! NQC)! %/'! (9-&! 2//9&#0%!
2:! (0.%?988%B%-'! (%!B2?2(#%/!BL0?9S(%/! 2#-/#! T:%! 2:E!
/L-($9B%/! BL0?9(L/8?2/#T:%/! UH4"W! %'! ?%/! ?%:&0B#%/!
BL0?9S(%/!2#>:Y/!/%&9-(2#$%/X!12$!&9-/0T:%-'+!?O0':(%!(%/!
B0&2-#/B%/! B9?0&:?2#$%/! T:#! &9-'$#Z:%-'! P! ?2! 8%$'%! (%!
R9-&'#9-! (%/! =HV! #-(:#'%! 82$! ?%! /'$%//+! 89:$$2#'! 2#(%$! P!
#(%-'#R#%$!?%/!82'#%-'/!P!$#/T:%!%'!P!'$9:.%$!0.%-':%??%B%-'!
(%!-9:.%??%/!/'$2'0>#%/!89:$!8$0.%-#$!&%/!B2?2(#%/X!!
G9:/! 2.9-/! $0&%BB%-'! (0&9:.%$'! :-! -9:.%2:!
B0&2-#/B%!$%/89-/2Z?%!(%! ?2!8%$'%!(%! R9-&'#9-!(%/!=HV!
B:$#-%/! /:#'%! P! ?QC)! T:#! #B8?#T:%! ?%/! N<4(+! ?%/! /9:/K
R2B#??%/! [%:-%/! %'! 2&'#.%/! (%/! 0?0B%-'/! NCGAK<X! G9:/!
2.9-/!B9-'$0!T:%! ?O%E8$%//#9-!(%/!N<4(!%/'!2:>B%-'0%!
/:#'%! P! ?OC)! %'! T:%! &%?2! %-'$2\-%! :-%! 2&&:B:?2'#9-! (%!
(9BB2>%/! P! ?OF"G! %'! (%! (0R2:'/! (%/! =HVX!G9:/! 2.9-/!
0>2?%B%-'! B9-'$0! T:%! ?2! '*$9BZ989S0'#-%! U]1^W+! :-%!
&L'9_#-%!(%!-#&*%!(%/!=HV!+!8$0.#%-'!?2!8%$'%!(%!R9-&'#9-!
(%/!=HV! #-(:#'%!82$! ?OC)+! ?O2&&:B:?2'#9-!(%!(9BB2>%/! P!
?OF"G! %'! ?2! (0$08$%//#9-! (%/! N<4(X! F:! (0Z:'! (%! B2!
'*M/%+![O2#!82$'#&#80!P!:-%!0':(%!T:#!2!B9-'$0!T:%!?2!]1^!
&9-'$`?2#'! ?O%E8$%//#9-! (%/! N<4(! 82$! &%''%! .9#%! (%!
/#>-2?#/2'#9-X!!
N%/! N<4(! /9-'! $%&9--:%/! &9BB%! (%/! &9-'$#Z:'%:$/!
B2[%:$/! (%/! $0/%2:E! (%! $0>:?2'#9-! (%/! >M-%/X! N%:$!
%E8$%//#9-! %/'! 0'$9#'%B%-'! $0>:?0%! 82$! (%/! B0&2-#/B%/!
08#>0-0'#T:%/+! '%?/!T:%! ?2!B2$T:%!$08$%//#.%!(%! ?O*#/'9-%!
Vab5B%aX!
N%/!8$#-&#82:E!9Z[%&'#R/!(%!B9-!8$9[%'!(%!'*M/%!/9-'!(9-&!
(%! &9B8$%-($%! ?%/! B0&2-#/B%/! 82$! ?%/T:%?/! ?QC)! 2RR%&'%!
?O08#>0-0'#T:%! (%/! =HV+! %'! %-! 82$'#&:?#%$!
?O*0'0$9&*$9B2'#-%!c! (%'%$B#-%$! &9BB%-'+! ?O%E8$%//#9-!
(%/! N<B(! 8%:'! 2RR%&'%$! ?O%E8$%//#9-! >0-#T:%! (%/! =HV!c!
(%'%$B#-%$!/#!?2!]1^+!.#2!/2!/#>-2?#/2'#9-!(%!'L8%!C@G+!8%:'!
$0>:?%$! ?2! $08$%//#9-! (%/! N<4(! 82$! (%/! B0&2-#/B%/!
08#>0-0'#T:%/X!!
&

"%/! %E80$#%-&%/! (%! =*C1KT1=)! /:$! (%/! =HV! :-! B9#/!
28$M/! C)+! B9-'$%-'! T:%! ?2! (0$08$%//#9-! (%/! N<4(! %/'!
?#0%! P! :-%! 8%$'%! (%! Vab5B%aX! =%/! $0/:?'2'/! 9-'! 0'0!
&9-R#$B0/! 82$! (%/! %E80$#%-&%/! (%! =*C1/%T! B9-'$2-'!
T:O:-%!>$2-(%!B2[9$#'0!(%/!?9&#!N<4(!8$0/%-'2#%-'!:-%!
8%$'%!(%!Vab5B%a!/:#'%!P!?QC)!82$!$2889$'!P!?2!&9-(#'#9-!
-9-!#$$2(#0%X!=%!-O0'2#'!82/!?%!&2/!89:$!?%/!/9:/KR2B#??%/!
(%! $0'$90?0B%-'/!8?:/!2-&#%-/+! &9BB%! ?%!NEd+!9:!89:$!
?%/! $0'$9.#$:/! %-(9>M-%/X! ! N%/! (9--0%/! )GF/%T! 9-'!
B9-'$0! T:%! ?OC)! (0$0>:?%! R9$'%B%-'! ?%! '$2-/&$#8'9B%!
(%/! =HVX! G9:/! B9-'$9-/! 0>2?%B%-'! T:%! ?%/! >M-%/!
$08$#B0/! ?9$/! (%! ?QC)! /9-'! /#>-#R#&2'#.%B%-'! 8?:/!
/:/&%8'#Z?%/! (%! &9-'%-#$! :-! N<4(! (2-/! ?%:$/! #-'$9-/!
T:%!82$!*2/2$(! U8eI+IdWX!=%&#!%/'! /80&#R#T:%!2:E!N<4(!
%'!2:E!>M-%/!T:#!/9-'!$08$#B0/!82$!?QC)X!!=%$'2#-/!(%!&%/!
>M-%/!/9-'!#B8?#T:0/!(2-/!?O9-&9>%-M/%!9:!?2!R9-&'#9-!
(%/!=HVX!NQC)!#-(:#'!:-%!8%$'%!(%!?2!/#>-2':$%!=HVX!C?!%/'!
#-'0$%//2-'!(%!-9'%$!T:%!ddf!(%/!>M-%/!2882$'%-2-'!P!
?2! /#>-2':$%! =HV! %'! T:#! /9-'! $08$#B0/! ?9$/! (%! ?QC)!
&9-'#%--%-'! :-! N<4(! (2-/! ?%:$/! #-'$9-/X! NO9$'*9?9>:%!
*:B2#-! (%! 6df! (%/! >M-%/! $08$#B0/! ?9$/! (%! ?QC)! %'!
*0Z%$>%2-'!:-%!N<4(+!&9-'#%-'!0>2?%B%-'!:-!N<![%:-%!
&*%g! ?Q*9BB%+! /:>>0$2-'! :-%! R9-&'#9--%! &9-/%$.0%!
(2-/! ?2! $0>:?2'#9-! (%! ?O%E8$%//#9-! (%/! >M-%/!
*0B2'989S0'#T:%/X!G9:/!2.9-/!2-2?L/0!8?:/#%:$/! &#Z?%/!
%'! .2?#(0! :-%! (#B#-:'#9-! (%! ?O%E8$%//#9-! %-! C)!
2&&9B82>-0! (O:-%! 8%$'%! (%! Vab5B%a! 2:! -#.%2:! (%!
?%:$!N<4(!#-'$9-#T:%!$%/8%&'#.%X!
=%/! $0/:?'2'/! B9-'$%-'! :-! ?#%-! %-'$%! ?OC)! %'!
?O08#>0-0'#T:%! (%/! =HV+! %'! /:>>M$%-'! :-! $`?%! 89:$! ?%/!
N<4(! (2-/! ?2! $0>:?2'#9-! (%! ?O%E8$%//#9-! (%/! >M-%/!
*0B2'989S0'#T:%/X!
&

!

)

)

)

)

)

)

)



)

!"#$%&'#()*+,&#'-.,/0,1* *********!
!"#$%&'(&%)*+,+-./0&'1'233&04,&'5."%+6&78''
9+0:&';&',<=73&'$0>'?&7.".&7"'95'@AB'1'C@@CD'E$.*:FG04.*H'I7$*%&''

.#;'&!G&F+)9@:$#"&'#=9)>:"#J:$#9"&:=&:&)(>A?:$9)&97&#)):'#:$#9"K#"'A*('&<32'&(;C)(==#9"&:"'&+(@:$9C9#($#*&
=$(@&*(??&7A"*$#9")

I&JKC1L:!G&L(@:$9C9#($#*&=$(@&*(??H&)($)9(?(@("$=H&#)):'#:$#9"H&$+)9@I9C9#($#")

!"#$%&'$( )! AE89/:$%! '9! #9-#g#->! $2(#2'#9-/! UC)W+! ?#_%! #-!
$2(#9'*%$28L+! 2RR%&'/! *%B2'989#%'#&! /'%B! &%??! UVH=W!
#-'%>$#'L!2-(!R:-&'#9-X!F/!2!&9-/%T:%-&%+!C)!#/!2//9&#2'%(!
h#'*! '*%! (%.%?98B%-'! 9R! '*%$28LK$%?2'%(! BL%?9#(!
B2?#>-2-&#%/! /:&*! 2/! BL%?9(L/8?2/'#&! /L-($9B%/! U4"HW!
2-(! /%&9-(2$L! 2&:'%! BL%?9#(! ?%:_%B#2/X! ]*%$%R9$%+!
/':(L#->! '*%! B9?%&:?2$! B%&*2-#/B/! '*2'! &9-'$#Z:'%!
'9h2$(/! /'$%//K#-(:&%(! VH=! ?9//! 9R! R:-&'#9-+! &9:?(! *%?8!
#(%-'#RL!82'#%-'/!2'!$#/_!2-(!%.%-':2??L!R#-(!-%h!/'$2'%>#%/!
'9!8$%.%-'!'*%/%!(#/%2/%/X!!
^:$! '%2B! *2/! $%&%-'?L! :-&9.%$%(! 2! -%h! B%&*2-#/B!
$%/89-/#Z?%!R9$!B:$#-%!VH=!?9//!9R!R:-&'#9-!:89-!C)!'*2'!
#-.9?.%/!N<4(+!'*%!L9:->!2-(!2&'#.%!/:ZR2B#?#%/!9R!N9->!
C-'%$/8%$/%(! A?%B%-'/! NCGAK<X! i%! /*9h%(! '*2'! N<4(!
%E8$%//#9-!#/!#-&$%2/%(!R9??9h#->!C)!2-(!'*2'!'*#/!?%2(/!'9!
2-! 2&&:B:?2'#9-! 9R! "GF! (2B2>%! 2-(! VH=! (%R%&'/X! i%!
*2.%!2?/9!/*9h-!'*2'!'*$9BZ989#%'#-!U]1^W+!2!-#&*%!VH=!
&L'9_#-%! #-.9?.%(! #-! /%?RK$%-%h2?+! 8$%.%-'/! C)K#-(:&%(!
VH=! ?9//!9R! R:-&'#9-+! 2&&:B:?2'#9-!9R!"GF!(2B2>%!2-(!
N<4(!(%$%8$%//#9-X!!
4#&$92$$2L! 2-2?L/#/! *2(! /*9h-! '*2'! ]1^! #-(:&%(! 2-!
%-$#&*B%-'! 9R! C@GKC! /#>-2?#->! >%-%/! #-! VH=/+! B2-L! 9R!
h*#&*!2$%!.#$2?!$%/'$#&'#9-!R2&'9$/X!F'!'*%!Z%>#--#->!9R!BL!
1*"! C! h2/! #-.9?.%(! #-! 2! /':(L! '*2'! /*9h%(! '*2'! ]1^!
&9-'$9??%(! N<4(! %E8$%//#9-! .#2! '*#/! /#>-2?#->! 82'*h2LX!
]*%/%!$%/:?'/!h%$%!8:Z?#/*%(!#-!j!AE8!4%(!#-!;I<J+! #-!2-!
2$'#&?%!#-!h*#&*!C!2B!&9KR#$/'!2:'*9$X!
N<4(! 2$%! $%&9>-#g%(! 2/! B2[9$! &9-'$#Z:'9$/! 9R! >%-%!
$%>:?2'9$L!-%'h9$_/X!]*%#$!%E8$%//#9-! #/! '#>*'?L! $%>:?2'%(!
ZL!%8#>%-%'#&!B%&*2-#/B/+!/:&*!2/!'*%!$%8$%//#.%!*#/'9-%!
B2$_!Vab5B%aX!
]*%! B2#-! 9Z[%&'#.%/! 9R! BL! 1*"! 8$9[%&'! 2$%! '*:/! '9!
:-(%$/'2-(! '*%! B%&*2-#/B/! ZL! h*#&*! C)! 2RR%&'/! VH=!
%8#>%-%'#&/+!2-(!#-!82$'#&:?2$!*%'%$9&*$9B2'#-c!(%'%$B#-%!
#R! ]1^+! .#2! #'/! C@GK?#_%! /#>-2?#->+! B2L! $%>:?2'%! N<4(!
$%8$%//#9-! '*$9:>*!%8#>%-%'#&!B%&*2-#/B/c!(%'%$B#-%! #R+!
2-(! *9h+! N<B(! %E8$%//#9-! B2L! #B82&'! VH=! >%-%!
%E8$%//#9-X!
!

i%! 8%$R9B%(! =*C1KT1=)! %E8%$#B%-'/! 9-! VH=/! 9-%!
B9-'*! 89/'! C)+! 2-(! R9:-(! '*2'! N<4(! (%$%8$%//#9-! #/!
?#-_%(! '9! 2! (%&$%2/%(! Vab5B%a! %-$#&*B%-'! 2'! '*%#$!
8$9B9'%$/+! h*#&*! #/! 8$%.%-'%(! ZL! ]1^X! ]*%/%! $%/:?'/!
h*%$%! R:$'*%$! &9-R#$B%(! ZL! =*C1/%T! %E8%$#B%-'/! '*2'!
/*9h%(! '*2'! 2! .2/'! B2[9$#'L! 9R! N<4(! ?9&#! /*9h%(! 2!
$%(:&%(! Vab5B%a! %-$#&*B%-'! :89-! C)! &9B82$%(! '9!
'*%! -9-K#$$2(#2'%(! &9-(#'#9-+! 2-(! '*2'! '*#/! h2/!
8$%.%-'%(! ZL! ]1^X! ]*#/! h2/! -9'! '*%! &2/%! R9$! 9?(%$!
$%'$9%?%B%-'! /:ZR2B#?#%/+! /:&*! 2/! '*%! NEd+! 9$! R9$!
%-(9>%-9:/!$%'$9.#$:/%/! UA)kWX! !)GFK/%T!(2'2!/*9h%(!
'*2'! C)! /'$9->?L! (%$%>:?2'%/! '*%! VH=! '$2-/&$#8'9B%X!
]*%/%!%RR%&'/!2$%!8$%.%-'%(!ZL!]1^!#-[%&'#9-!<*!8$#9$!'9!
C)X!i%!2?/9!/*9h!'*2'!>%-%/!$%8$%//%(!:89-!C)+!2-(!-9'!
#-!'*%!C)l]1^!&9-(#'#9-+!2$%!/#>-#R#&2-'?L!B9$%!8$9-%!'9!
&9-'2#-! 2-! N<4(! #-! '*%#$! #-'$9-/! '*2-! ZL! &*2-&%!
U8eIXIdWX! ]*#/! #/! /8%&#R#&! R9$! '*%! N<4(! R2B#?L! 2-(! R9$!
>%-%/!'*2'!2$%!(9h-$%>:?2'%(!:89-!C)X!!H9B%!9R!'*%/%!
>%-%/!2$%! #-.9?.%(! #-!9-&9>%-%/#/!9$!VH=! R:-&'#9-X! C)!
#-(:&%/!2! ?9//!9R! '*%!VH=!/#>-2':$%X! C-'%$%/'#->?L+!ddf!
9R! '*%!>%-%/!Z%?9->#->! '9! '*%!VH=!/#>-2':$%!2-(! '*2'!
2$%!$%8$%//%(!:89-!C)!&9-'2#-!2-!N<4(!#-!'*%#$!#-'$9-/X!
]*%!*:B2-!9$'*9?9>9:/!9R!6df!9R!'*%!>%-%/!$%8$%//%(!
:89-!C)!2-(!*9/'#->!2-!N<4(+!2?/9!*9/'!L9:->!*:B2-!
2-(!8$#B2'%!N<+!/:>>%/'#->!2!&9-/%$.%(!R:-&'#9-2?!$9?%!
9R! L9:->! N<! #-! $%>:?2'#->! *%B2'989#%'#&! >%-%!
%E8$%//#9-X!!
i%!*2.%!2-2?Lg%(!#-!B9$%!(%'2#?/!/%.%$2?!'2$>%'!>%-%/+!
2-(! .2?#(2'%(! 2! (%&$%2/%(! %E8$%//#9-! :89-! C)! '*2'! #/!
2&&9B82-#%(!ZL!2! ?9//!9R!Vab5B%a!2'! '*%#$! $%/8%&'#.%!
#-'$9-#&!N<4(X!
]*%/%! $%/:?'/! /*9h! R9$! '*%! R#$/'! '#B%!2! ?#-_!Z%'h%%-! C)!
2-(! VH=! %8#>%-%'#&/+! 2-(! /:>>%/'! 2! $9?%! R9$! N<4(! #-!
$%>:?2'#->!*%B2'989#%'#&!>%-%!%E8$%//#9-X!
!

!

!

!


