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ABSTRACT
%DFNJURXQG�	�$LPV��/LYHU�¿EURJHQHVLV�±�VFDUULQJ�RI�WKH�OLYHU�WKDW�FDQ�OHDG�WR�

FLUUKRVLV�DQG�OLYHU�FDQFHU�±�LV�FKDUDFWHUL]HG�E\�KHSDWRF\WH�LPSDLUPHQW��FDSLOODUL]DWLRQ�
RI�OLYHU�VLQXVRLGDO�HQGRWKHOLDO�FHOOV��/6(&V��DQG�KHSDWLF�VWHOODWH�FHOO��+6&��DFWLYDWLRQ��
7R�GDWH��WKH�PROHFXODU�GHWHUPLQDQWV�RI�D�KHDOWK\�KXPDQ�OLYHU�FHOO�SKHQRW\SH�UHPDLQ�
ODUJHO\�XQFKDUDFWHUL]HG��+HUH��ZH�DVVHVV�WKH�WUDQVFULSWRPH�DQG�WKH�JHQRPH�ZLGH�
SURPRWHU�PHWK\ORPH�VSHFL¿F�IRU�SXUL¿HG��QRQ�FXOWXUHG�KXPDQ�KHSDWRF\WHV��/6(&V�DQG�
+6&V��DQG�LQYHVWLJDWH�WKH�QDWXUH�RI�HSLJHQHWLF�FKDQJHV�DFFRPSDQ\LQJ�WUDQVFULSWLRQDO�
FKDQJHV�DVVRFLDWHG�ZLWK�DFWLYDWLRQ�RI�+6&V�

0DWHULDO�DQG�PHWKRGV��*HQH�H[SUHVVLRQ�SUR¿OH�DQG�SURPRWHU�PHWK\ORPH�RI�SXUL¿HG��
XQFXOWXUHG�KXPDQ�OLYHU�FHOOV�DQG�FXOWXUH�DFWLYDWHG�+6&V�ZHUH�UHVSHFWLYHO\�GHWHUPLQHG�
XVLQJ�$II\PHWUL[�+*�8����JHQHFKLSV�DQG�E\�PHWK\ODWHG�'1$�LPPXQRSUHFLSLWDWLRQ�
FRXSOHG�WR�SURPRWHU�DUUD\�K\EULGL]DWLRQ��+LVWRQH�PRGL¿FDWLRQ�SDWWHUQV�ZHUH�DVVHVVHG�
DW�WKH�VLQJOH�JHQH�OHYHO�E\�FKURPDWLQ�LPPXQRSUHFLSLWDWLRQ�DQG�TXDQWLWDWLYH�3&5�

5HVXOWV��:H�XQYHLO�D�'1$�PHWK\ODWLRQ�EDVHG�HSLJHQHWLF�UHODWLRQVKLS�EHWZHHQ�
KHSDWRF\WHV��/6(&V�DQG�+6&V�GHVSLWH�WKHLU�GLVWLQFW�RQWRJHQ\��:H�VKRZ�WKDW�OLYHU�
FHOO�W\SH�VSHFL¿F�'1$�PHWK\ODWLRQ�WDUJHWV�HDUO\�GHYHORSPHQWDO�DQG�GLIIHUHQWLDWLRQ�
DVVRFLDWHG�IXQFWLRQV��,QWHJUDWLYH�DQDO\VLV�RI�SURPRWHU�PHWK\ORPH�DQG�WUDQVFULSWRPH�
UHYHDOV�SDUWLDO�FRQFRUGDQFH�EHWZHHQ�'1$�PHWK\ODWLRQ�DQG�WUDQVFULSWLRQDO�FKDQJHV�
DVVRFLDWHG�ZLWK�KXPDQ�+6&�DFWLYDWLRQ��)XUWKHU��ZH� LGHQWLI\�FRQFRUGDQW�KLVWRQH�
PHWK\ODWLRQ�DQG�DFHW\ODWLRQ�FKDQJHV�LQ�WKH�SURPRWHU�DQG�SXWDWLYH�QRYHO�HQKDQFHU�
HOHPHQWV�RI�JHQHV�LQYROYHG�LQ�OLYHU�¿EURVLV�

&RQFOXVLRQV��2XU�VWXG\�SURYLGHV�WKH�¿UVW�HSLJHQHWLF�EOXHSULQW�RI�WKUHH�GLVWLQFW�
freshly isolated, human hepatic cell types and of epigenetic changes elicited upon HSC 
DFWLYDWLRQ�



Oncotarget26730www.impactjournals.com/oncotarget

INTRODUCTION

The liver is a complex organ with strong adaptive 
and regenerative capacity. However, persistent injury 
RI�DQ\�HWLRORJ\�FDQ� OHDG� WR� OLYHU�¿EURVLV� DQG�FLUUKRVLV��
FRQGLWLRQV�DVVRFLDWHG�ZLWK�KLJK�PRUELGLW\�DQG�PRUWDOLW\�
[1]. Over 80% of hepatocellular carcinoma (HCC) cases 
have cirrhosis and most of the remainder have moderate 
WR�DGYDQFHG�¿EURVLV��PDNLQJ�LW� WKH�SULPDU\�ULVN�IDFWRUV�
for the development of HCC [2]. These pathologies are 
FKDUDFWHUL]HG�E\�LPSDLUPHQW�RI�KHSDWRF\WH��+(3��IXQFWLRQ�
>�@��OLYHU�VLQXVRLGDO�HQGRWKHOLDO�FHOO��/6(&��FDSLOODUL]DWLRQ�
[4] and activation of hepatic stellate cells (HSCs) and 
Kupffer cells (KCs) [5, 6]. Under physiological conditions, 
WKHVH�FHOO�W\SHV�IRUP�D�FROODERUDWLYH�VLQXVRLGDO�XQLW�WKDW�
ensures functional organ integrity. Accordingly, there is 
evidence that the different liver cell types maintain each 
other’s differentiated phenotype [7–10].

Using cell fate tracing techniques, activated HSCs 
�D+6&V�� KDYH� XQHTXLYRFDOO\� EHHQ� LGHQWL¿HG� DV� WKH�
PDMRU� VRXUFH� RI� H[FHVVLYH� ¿EULOODU� H[WUDFHOOXODU�PDWUL[�
�(&0��LQ�WKH�¿EURWLF�OLYHU�>�@��7KLV�LV�LQGHSHQGHQW�RI�WKH�
XQGHUO\LQJ�GLVHDVH�HWLRORJ\��PDNLQJ�+6&V� WKH�SULPDU\�
WDUJHW�IRU�DQWL�¿EURWLF�WKHUDSLHV�DFURVV�DOO�W\SHV�RI�OLYHU�
GLVHDVH��,GHQWLI\LQJ�WKH�PROHFXODU�GHWHUPLQDQWV�GH¿QLQJ�
the phenotype of the various healthy human liver cell 
types is an essential foundation for the recognition of 
GLVHDVH�DVVRFLDWHG�FKDQJHV��0RUHRYHU��GHVSLWH�H[WHQVLYH�
studies of the process of HSC activation in recent years, a 
comprehensive characterization of human primary HSCs 
LV�VWLOO�ODFNLQJ��,Q�SDUWLFXODU��FKDQJHV�LQ�JHQH�H[SUHVVLRQ�
and the molecular events underlying these changes remain 
largely uncharacterized.

*HQH�H[SUHVVLRQ�LV�UHJXODWHG�E\�D�FRPSOH[�LQWHUSOD\�
EHWZHHQ� WUDQVFULSWLRQ� IDFWRUV�� FKURPDWLQ� UHPRGHOLQJ�
SURFHVVHV� DQG� HSLJHQHWLF� PRGL¿FDWLRQV� RI� '1$� DQG�
KLVWRQHV�� WKH� FRUH� FRPSRQHQWV� RI� FKURPDWLQ�� '1$�
methylation consists in the addition of a methyl group 
on the 5 position of a cytosine within CpG dinucleotides. 
'1$�PHWK\ODWLRQ�LV�UHYHUVLEOH��LW�FRQWULEXWHV�WR�WKH�SURSHU�
regulation of gene expression and gene silencing in normal 
cells and is often associated with long-term developmental 
JHQH�VLOHQFLQJ�>������@��,QFUHDVLQJ�HYLGHQFH�OLQNV�DOWHUHG�
'1$�PHWK\ODWLRQ�WR�WLVVXH�¿EURVLV�>��@��:LGHVSUHDG�'1$�
PHWK\ODWLRQ�FKDQJHV�KDYH�EHHQ�UHSRUWHG�LQ�¿EURWLF�OXQJ�
WLVVXH��LQ�H[SHULPHQWDO�OLYHU�¿EURVLV�DQG�LQ�DGYDQFHG�QRQ�
DOFRKROLF�IDWW\�OLYHU�GLVHDVH�>��±��@��,QYROYHPHQW�RI�'1$�
PHWK\ODWLRQ�LQ�+6&�DFWLYDWLRQ�KDV�DOVR�EHHQ�VKRZQ�>��@��
,QGHHG�� PDLQWHQDQFH� '1$� PHWK\OWUDQVIHUDVH� '107��
DQG�PHWK\O�ELQGLQJ�SURWHLQ�0H&3��KDYH�EHHQ�VKRZQ�WR�
play a role in promoting the activated phenotype of HSCs 
E\�UHSUHVVLQJ�JHQHV�FULWLFDO�LQ�WKH�PDLQWHQDQFH�RI�+6&�
quiescence [16, 18–20]. However, the extent to which 
WKH� '1$� PHWK\ORPH� RI� +6&V� LV� DOWHUHG� GXULQJ� +6&�
activation, and how these potential alterations correlate 
with changes in gene expression, remain unclear.

3RVW�WUDQVODWLRQDO�PRGL¿FDWLRQV�RI�KLVWRQHV��K370V��
DOVR�UHJXODWH�WLVVXH��DQG�FHOO�W\SH�VSHFL¿F�JHQH�H[SUHVVLRQ�
patterns [21], and deregulated expression of factors 
UHJXODWLQJ�WKHVH�PRGL¿FDWLRQV�RIWHQ�OHDG�WR�GLVHDVH�>��@��
+LVWRQH� PRGL¿FDWLRQV� QRWDEO\� LQFOXGH� PHWK\ODWLRQ� DQG�
acetylation of lysines (K) on histone H3. Trimethylation 
of H3K27 (H3K27me3) elicits the formation of 
transcriptionally repressive chromatin. In contrast, H3K27 
DFHW\ODWLRQ��DF��ORRVHQV�KLVWRQH�'1$�LQWHUDFWLRQV��IDYRULQJ�
JHQH�H[SUHVVLRQ�>��@��:KLOH�ERWK�+�.��PH��DQG�+�.��DF�
FDQ�UHFLSURFDOO\�PDUN�SURPRWHUV��+�.��DF�LV�DOVR�IRXQG�
RQ�DFWLYH�HQKDQFHUV��(QKDQFHU�HOHPHQWV�DUH�DOVR�PDUNHG�
E\� +�.�PH�� LUUHVSHFWLYH� RI� DFWLYLW\�� ZKLOH� +�.�PH��
PDUNV� WKH� WUDQVFULSWLRQ� VWDUW� VLWH� �766�� RI� DFWLYH� DQG�
PDQ\�LQDFWLYH�JHQHV�>��@��&RPELQDWLRQDO�DVVRFLDWLRQV�RI�
'1$�PHWK\ODWLRQ�DQG�KLVWRQH�PRGL¿FDWLRQV�DUH�UHDG�E\�
effector proteins to modulate gene expression, providing 
cell type and tissue identity. There is however currently 
QR� LQIRUPDWLRQ� RQ� WKH� QDWXUH� RI� KLVWRQH� PRGL¿FDWLRQV�
associated with genes involved in human HSC activation.

,Q�WKLV�VWXG\��ZH�UHSRUW�WKH�¿UVW�FRPSUHKHQVLYH�DQG�
integrative analysis of the transcriptome and genome-wide 
SURPRWHU�'1$�PHWK\ORPH�WKDW�XQGHUSLQ�WKH�GLIIHUHQWLDWHG�
SKHQRW\SH� RI� +(3V�� /6(&V� DQG� TXLHVFHQW� �T�+6&V�
SXUL¿HG�IURP�KHDOWK\�KXPDQ�OLYHU�WLVVXH��:H�DOVR�SURYLGH�
WKH�WUDQVFULSWRPH��SURPRWHU�'1$�PHWK\ORPH�DQG�ORFXV�
VSHFL¿F�FKDQJHV� LQ�KLVWRQH�PRGL¿FDWLRQV�XSRQ� in vitro 
activation of human primary HSCs. Our data unveil an 
HSLJHQHWLF�UHODWLRQVKLS�EHWZHHQ�WKH�GLIIHUHQW�KHSDWLF�FHOO�
types despite their distinct ontogeny. They also provide the 
HSLJHQHWLF�EOXHSULQW�RI�TXLHVFHQW�DQG�DFWLYDWHG�+6&V�DQG�
LGHQWLI\�QRYHO�SXWDWLYH�HQKDQFHU�HOHPHQWV�IRU�NH\�JHQHV�
LQYROYHG�LQ�OLYHU�¿EURVLV�

RESULTS

&HOO�W\SH�VSHFL¿F�JHQH�H[SUHVVLRQ�SDWWHUQV�RI�
XQFXOWXUHG�KXPDQ�SULPDU\�+(3V��/6(&V�DQG�
+6&V

Using a two-step collagenase perfusion tech nique 
>��@�DQG�ÀXRUHVFHQFH�DFWLYDWHG�FHOO�VRUWLQJ��ZH�LVRODWHG�
+(3V�� +6&V� DQG� /6(&V� IURP� KHDOWK\� FDGDYHULF� OLYHU�
tissue and immediately processed each cell type for gene 
H[SUHVVLRQ� DQG� SURPRWHU� '1$� PHWK\ODWLRQ� SUR¿OLQJ�
(Supplementary Figure S1A–S1B). Cell purity was 
HYDOXDWHG�E\�GLIIHUHQWLDO�H[SUHVVLRQ�RI�GLVWLQFW�OLYHU�FHOO�
W\SH�PDUNHU� JHQHV�� LQFOXGLQJ�CYP3A4, HNF4A� �+(3� 
[25, 26], PDGFRB, VIM (HSCs) [27–29], CD32b and 
LYVE1� �/6(&�� >��±��@� �6XSSOHPHQWDU\� )LJXUH� 6�&���
0LFURDUUD\� JHQH� H[SUHVVLRQ� DQDO\VLV� UHYHDOV� WKDW� ����
of all genes (n = 16565/20816) analyzed have similar 
expression levels (P�!�������$129$��LQ�+6&V��/6(&V�DQG�
+(3V��ZKLOH�����DUH�VLJQL¿FDQWO\�GLIIHUHQWLDOO\�H[SUHVVHG�
in at least one of the three cell types (Supplementary 
)LJXUH� 6�'��� 7R� LGHQWLI\� FHOO� W\SH�VSHFL¿F� JHQHV�� ZH�
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focused on genes with a�����IROG�KLJKHU�H[SUHVVLRQ�OHYHO�
in one cell type relative to the two others. This reveals 923, 
���DQG����DQQRWDWHG�JHQHV�VHOHFWLYHO\�H[SUHVVHG�LQ�+(3V��
+6&V�DQG�/6(&V�UHVSHFWLYHO\��)LJXUH��$��6XSSOHPHQWDU\�
7DEOH�6����*HQH�2QWRORJ\� �*2�� WHUPV� DVVRFLDWHG�ZLWK�
WKHVH� VHWV� RI� JHQHV� FRQ¿UP� WKHLU� VSHFLDOL]HG� UROHV� LQ�
PHWDEROLF� SURFHVVHV� >��@�� (&0� KRPHRVWDVLV� >��@� DQG�
HQGRF\WRVLV�>��@��UHVSHFWLYHO\��)LJXUH��%��6XSSOHPHQWDU\�
7DEOH� 6���� 7KLV� DQDO\VLV� HQDEOHG� WKH� LGHQWL¿FDWLRQ� RI�
PDQ\�JHQHV�ZLWK�D� VSHFL¿F�H[SUHVVLRQ�SDWWHUQ� LQ� WKH���
liver cell types examined, including genes encoding for 
QHZ�SRWHQWLDO�FHOO�VSHFL¿F�VXUIDFH�PDUNHUV� �)LJXUH��&��
6XSSOHPHQWDU\�7DEOH�6���>�±������±��@�

3URPRWHU�'1$�PHWK\ODWLRQ�PDUNV�GLVWLQFW�JHQH�
VHWV�LQ�+(3V��+6&V�DQG�/6(&V

The unexpected overall similarity of gene 
H[SUHVVLRQ� SDWWHUQV� GHWHFWHG� LQ� SXUL¿HG�� QRQ�FXOWXUHG�
+(3V��+6&V�DQG�/6(&V�VXJJHVWV�DQ�³LQWULQVLF´�LGHQWLW\�
of these cell types despite their distinct function. Gene 
H[SUHVVLRQ�SDWWHUQV�DUH�ODUJHO\�GHWHUPLQHG�E\�UHYHUVLEOH�
HSLJHQHWLF�PRGL¿FDWLRQV��7KXV��ZH�DVVHVVHG�WKH�HSLJHQHWLF�
UHODWLRQVKLS�EHWZHHQ�XQFXOWXUHG�+(3V��+6&V�DQG�/6(&V�
E\� PHWK\ODWHG� '1$� LPPXQRSUHFLSLWDWLRQ� FRXSOHG� WR�
SURPRWHU�DUUD\�K\EULGL]DWLRQ��0H',3�FKLS���:H�H[DPLQHG�
PHWK\ODWLRQ�SUR¿OHV�WKURXJK���NLOREDVHV��NE��RI�JHQRPH�
across all human RefSeq promoters, spanning −��WR����NE�
relative to the transcription start site (TSS). Correlations 
RI�0H',3�,QSXW� ORJ�� UDWLRV� VKRZ� KLJK� UHSURGXFLELOLW\�
EHWZHHQ�WHFKQLFDO�UHSOLFDWHV��r�!�������GDWD�QRW�VKRZQ���
3DLU�ZLVH� FRPSDULVRQV� RI� 0D[7HQ� YDOXHV� RI� '1$�
PHWK\ODWLRQ� LQWHQVLWLHV� IRU�DOO�SURPRWHUV� �VHH�0HWKRGV��
)LJXUH��$��DQG�EURZVHU�YLHZV�RI�SURPRWHU�PHWK\ODWLRQ�
SUR¿OHV�VKRZ�RYHUODS�EXW�DOVR�GLIIHUHQFHV�EHWZHHQ�FHOO�
types (Figure 2B).

&RPELQLQJ�0H'L3�FKLS�GDWD�IURP�WZR�GRQRUV�IRU�
each cell type (Supplementary Figure S2A), we identify 
ZLWK� KLJK� FRQ¿GHQFH� �.6� WHVW�� P� �� ������ D� WRWDO� RI�
�����JHQHV�ZLWK�D�PHWK\ODWHG�SURPRWHU�LQ�+(3V�������
LQ� +6&V� DQG� ����� LQ� /6(&V�� UHSUHVHQWLQJ� ��±����
RI� DOO� 5HI6HT� SURPRWHUV� �)LJXUH� �&�� 6XSSOHPHQWDU\�
)LJXUH� 6�$�� LQWHUVHFWV�� 6XSSOHPHQWDU\� 7DEOH� 6����
:H�DOVR� LGHQWLI\�D�³FRUH´�RI������PHWK\ODWHG�JHQHV��
illustrating similarity in the promoter methylomes of 
these three cell types (Figure 2C). GO enrichment 
analysis shows that this gene core mainly pertains to 
early developmental and reproduction/gametogenesis-
DVVRFLDWHG� IXQFWLRQV� �)LJXUH� �'��� FRQVLVWHQW� ZLWK� 
ORQJ�WHUP�UHSUHVVLYH�'1$�PHWK\ODWLRQ�RI�UHSURGXFWLRQ�
associated genes in the soma [39, 40]. Interestingly, 
~600 to ~1200 genes emerge as uniquely methylated 
LQ� HLWKHU� FHOO� W\SH� �)LJXUH� �&��� WKHVH� DUH� OLQNHG� WR�
IXQFWLRQV�SHUWDLQLQJ�WR�FKURPDWLQ�DVVHPEO\�DQG�JHQH�
UHJXODWLRQ� �+(3��� 51$� PHWDEROLVP� DQG� VLJQDOOLQJ�
�+6&��DQG�LQWUDFHOOXODU�WUDQVSRUW�DQG�OLSLG�PHWDEROLVP�

�/6(&�� �)LJXUH� �'�� 6XSSOHPHQWDU\� 7DEOH� 6���� :H�
conclude that 60 to nearly 75% of methylated genes are 
VKDUHG�EHWZHHQ�+(3V��+6&V�DQG�/6(&V��ZKLOH���±����
DUH�XQLTXHO\�PHWK\ODWHG�LQ�HLWKHU�FHOO�W\SH��)LJXUH��(��
6XSSOHPHQWDU\�7DEOH�6����7KXV��ZKLOH�WKHVH�FHOO�W\SHV�
share a common promoter methylation pattern, they are 
DOVR�FKDUDFWHUL]HG�E\�VRPH�HSLJHQHWLF�GLYHUVLW\�

:H� QH[W� HYDOXDWHG� WKH� H[WHQW� WR� ZKLFK� WKH�
SURPRWHU�PHWK\ORPH�RI�+6&V��/6(&V�DQG�+(3V�ZDV�
similar to that of an unrelated, also uncultured, cell type, 
VXFK� DV� ERQH� PDUURZ�GHULYHG� &'��+ hematopoietic 
SURJHQLWRUV�� ZKLFK� ZH� KDYH� SUHYLRXVO\� DQDO\]HG� E\�
0H',3�FKLS�>��@��:H�¿QG�WKDW���±����RI�SURPRWHUV�
PHWK\ODWHG�LQ�&'��+ cells are also methylated in HSCs, 
/6(&V�RU�+(3V��)LJXUH��)���7KXV��DW�D�SURPRWHU�'1$�
PHWK\ORPH� OHYHO�� ERQH� PDUURZ� &'��+ cells show a 
similar ‘epigenetic distance’ to any of the three liver 
FHOO�W\SHV�H[DPLQHG��0RUHRYHU��SURPRWHUV�PHWK\ODWHG�
LQ�+6&V�� /6(&V� DQG�+(3V� DV� D�ZKROH� FRPSDUHG� WR�
&'��+ cells are mainly involved in cell cycle regulation 
(data not shown). These results suggest that, despite 
IXQFWLRQDO� DQG� RQWRORJ\� GLIIHUHQFHV� EHWZHHQ� +6&V��
/6(&V��+(3V�DQG�&'��+ hematopoietic progenitors, 
WKH� µHSLJHQHWLF� GLVWDQFH¶� EHWZHHQ� WKH� WKUHH� OLYHU� FHOO�
W\SHV� LV� VKRUWHU� WKDQ�EHWZHHQ�DQ\�RI� WKHVH�FHOO� W\SHV�
DQG�&'��+ cells.

+XPDQ�+6&�DFWLYDWLRQ�LV�DVVRFLDWHG�ZLWK�D�
SURIRXQG�FKDQJH�LQ�JHQH�H[SUHVVLRQ�DQG�'1$�
PHWK\ODWLRQ

:H�QH[W�GHWHUPLQHG�FKDQJHV�LQ�WUDQVFULSWRPH�DQG�
SURPRWHU�'1$�PHWK\ORPH�DVVRFLDWHG�ZLWK�KXPDQ�+6&�
activation. To this end, we compared freshly isolated, 
uncultured qHSCs with culture-activated HSCs (aHSCs). 
:H�¿QG�WKDW�RYHU������JHQHV�DUH�GLIIHUHQWLDOO\�H[SUHVVHG�
upon HSC activation, representing ~10% of the total genes 
examined and consisting primarily of down-regulated 
(6.1%) and fewer up-regulated (3.6%) genes, with the 
ODWWHU�RQHV�EHLQJ�PDLQO\�OLQNHG�WR�WKH�(&0��)LJXUH��$±�&� 
6XSSOHPHQWDU\� 7DEOH� 6���� 7KLV� SUR¿OLQJ� DOORZHG� WKH�
FRQ¿UPDWLRQ�RI�JHQHV�SUHYLRXVO\�NQRZQ�WR�EH�DVVRFLDWHG�
with HSC activation, such as GREM1 [41], LOX [42] and 
TNC�>��@��,PSRUWDQWO\��WKLV�DOVR�HQDEOHG�LGHQWL¿FDWLRQ�RI�
novel putative human in vitro HSC activation-associated 
JHQHV��)LJXUH��'��6XSSOHPHQWDU\�7DEOH�6����6XUSULVLQJO\��
ZH�¿QG� OLPLWHG�RYHUODS��a��±�����EHWZHHQ� WKH�JOREDO�
changes in gene expression underlying in vitro activation 
RI� PRXVH� SULPDU\� +6&V� ±� E\� IDU� WKH� PRVW� FRPPRQ�
PRGHO�XVHG�WR�VWXG\�+6&�ELRORJ\�±�DQG�KXPDQ�SULPDU\�
+6&V��)LJXUH��(���VXJJHVWLQJ�D�GLIIHUHQW�WUDQVFULSWLRQDO�
FDVFDGH�XQGHUSLQQLQJ�+6&�DFWLYDWLRQ�LQ�ERWK�VSHFLHV��$V�
illustrative example, neurotrimin (NTM���D�ZHOO�NQRZQ�
quiescence associated gene in mouse HSCs [44], was 
IRXQG� WR� EH� VWURQJO\� XSUHJXODWHG� GXULQJ� KXPDQ� +6&�
activation (Figure 3F).
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Further, we examined changes in the promoter 
PHWK\ORPH�RI�D+6&V�DQG�¿QG�WKDW�LW�GHYLDWHV�VXEVWDQWLDOO\�
IURP�WKDW�RI�T+6&V��0H',3�FKLS�UHYHDOV������PHWK\ODWHG�
JHQHV� LQ� T+6&V� DQG� ����� LQ� D+6&V� �)LJXUH� �$���:H�
identify a core overlap of only 2760 methylated genes 
(Figure 4A), i.e. ~50% of all methylated genes in either 
T+6&V�RU�D+6&V��:H�QRWH�D�QHW� UHGXFWLRQ� LQ�SURPRWHU�
methylation in aHSCs, with demethylation of 3102 

SURPRWHUV������RI�DOO�PHWK\ODWHG�SURPRWHUV�EHIRUH�FXOWXUH��
)LJXUH���$��� LQFOXGLQJ�VHYHUDO�GLIIHUHQW�PHPEHUV�RI� WKH�
collagen and lysyl oxidase gene families (Figure 4B), the 
PDLQ�FRQVWLWXHQWV�DQG�HQ]\PDWLF�VWDELOL]HUV�RI�¿EURWLF�VFDU�
tissue [45]. De novo methylation of 2431 promoters was 
REVHUYHG��UHSUHVHQWLQJ�����RI�DOO�PHWK\ODWHG�SURPRWHUV�
LQ�D+6&V��)LJXUH��$���'HPHWK\ODWHG�JHQHV�LQ�D+6&V�DUH�
QRWDEO\�LQYROYHG�LQ�UHJXODWLRQ�RI�QXFOHRWLGH�PHWDEROLVP�

)LJXUH� ���*HQH� H[SUHVVLRQ�SUR¿OLQJ� RI�+6&V��/6(&V�DQG�+(3V� LGHQWL¿HV� OLYHU� FHOO� W\SH� VHOHFWLYH� JHQH� H[SUHVVLRQ�
SDWWHUQV��$��+HDWPDS�RI�UHODWLYH�H[SUHVVLRQ�OHYHOV�RI�JHQHV�FODVVL¿HG�EDVHG�RQ�H[SUHVVLRQ�SDWWHUQV�LQ�+(3V��+6&V�DQG�/6(&V��&HOO�W\SH�
FODVVL¿FDWLRQ�LV�EDVHG�RQ�a�����IROG�KLJKHU�H[SUHVVLRQ�FRPSDUHG�WR�ERWK�RWKHU�FHOO�W\SHV��%��0RVW�VLJQL¿FDQW�*2�WHUPV�IRU�HDFK�JHQH�VHW�
shown in (A). &��1RUPDOL]HG�H[SUHVVLRQ�OHYHO�RI�QRYHO�LQGLFDWHG�+(3��+6&�RU�/6(&�VSHFL¿F�JHQHV�
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)LJXUH����0H',3�FKLS�DQDO\VLV�RI�WKH�SURPRWHU�'1$�PHWK\ORPH�RI�KXPDQ�+(3V��+6&V�DQG�/6(&V��$� Two-dimensional 
VFDWWHU�SORWV�RI�0D[7HQ�YDOXHV�RI�PHWK\ODWLRQ�LQWHQVLWLHV�IRU�DOO�SURPRWHUV�LQ�+(3V��+6&V�DQG�/6(&V��*HQHV�ZLWK�D�SURPRWHU�VLJQL¿FDQWO\�
PHWK\ODWHG�LQ�RQH�FHOO�W\SH�DUH�FRORUHG��QRQ�VLJQL¿FDQWO\�PHWK\ODWHG�JHQHV�DUH�VKRZQ�LQ�JUD\��%� Browser view of promoter methylation on 
DOO�FKURPRVRPHV��right, zoom-in of GFRA3�PHWK\ODWLRQ�LQ�+(3V��+6&V�DQG�/6(&V��ORJ��0H',3�,QSXW��UDWLRV���5HG�DQG�EOXH�FRORUV�SRLQW�WR�
PHWK\ODWLRQ�SHDNV�DQG�GHSOHWLRQV��UHVSHFWLYHO\��&��9HQQ�GLDJUDP�DQDO\VLV�RI�QXPEHUV�RI�JHQHV�ZLWK�D�PHWK\ODWHG�SURPRWHU�LQ�+6&V��/6(&V�
DQG�+(3V��'��0RVW�VLJQL¿FDQW�*2�WHUPV�IRU�WKH�PHWK\ODWLRQ�µFRUH¶�DQG�IRU�FHOO�W\SH�VSHFL¿F�PHWK\ODWHG�JHQHV��(��3URSRUWLRQ�RI�JHQHV�WKDW�DUH�
XQLTXHO\�RU�FRPPRQO\�PHWK\ODWHG�EHWZHHQ�WZR�RU�PRUH�FHOO�W\SHV��)��3URPRWHU�PHWK\ODWLRQ�LQ�+6&V��/6(&V�DQG�+(3V�UHODWLYH�WR�&'��+�ERQH�
PDUURZ�SURJHQLWRUV��3HUFHQWDJH�RI�PHWK\ODWHG�JHQHV�LQ�FHOO�W\SHV�VKRZQ�RQ�WKH�[�D[LV�WKDW�DUH�DOVR�PHWK\ODWHG�LQ�FHOO�W\SHV�VKRZQ�RQ�WKH�\�D[LV�
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pertaining to cell cycle progression and signal transduction, 
consistent with induction of cell division upon activation 
and adjustments in signal transduction pathways as a result 
of changing conditions.

5HFHQW� ZRUN� KDV� VKRZQ� WKDW� GHYHORSPHQWDO�
WUDQVLWLRQV�FDQ�EH�DVVRFLDWHG�ZLWK�GLIIHUHQWLDO�PHWK\ODWLRQ�
of promoter regions upstream of the TSS rather than at 
RU�GRZQVWUHDP�RI�WKH�766�>��@��:H�¿QG�WKDW�LQ�T+6&V��

)LJXUH� ��� 7KH� JHQH� H[SUHVVLRQ� FKDQJHV� HOLFLWHG� E\� in vitro� +6&� DFWLYDWLRQ� SRRUO\� FRUUHODWH� EHWZHHQ� PRXVH� DQG�
KXPDQ��$��+HDWPDS�RI�UHODWLYH�H[SUHVVLRQ�OHYHOV�RI�JHQHV�FODVVL¿HG�EDVHG�RQ�GLIIHUHQWLDO�H[SUHVVLRQ������IROG��EHWZHHQ�KXPDQ�T+6&V�DQG�
culture induced aHSCs. %��9HQQ�GLDJUDP�DQDO\VLV�RI�QXPEHUV�RI�JHQHV��DEVROXWH�DQG�DV�SHUFHQWDJH�RI�WRWDO�DQDO\]HG�JHQHV��VKRZQ�LQ��$���
&��(QULFKHG�*2�WHUPV�IRU�JHQHV�GLIIHUHQWLDOO\�H[SUHVVHG�EHWZHHQ�T+6&V�DQG�D+6&V��'��1RUPDOL]HG��UHODWLYH�H[SUHVVLRQ�OHYHOV�RI�WKH�WRS�
20 most-upregulated genes following human HSC activation in vitro. (��9HQQ�GLDJUDP�DQDO\VLV�LOOXVWUDWLQJ�WKH�RYHUODS�RI�DQQRWDWHG�JHQHV�
differentially regulated following in vitro�DFWLYDWLRQ�RI�KXPDQ�DQG�PRXVH�+6&V��0RXVH�GDWD�IURP�>��@��)� Relative neurotrimin (NTM) 
P51$�H[SUHVVLRQ�OHYHOV�LQ�IUHVKO\�LVRODWHG��QRQ�FXOWXUHG�T+6&V�DQG�FXOWXUH�D+6&V�IURP�KXPDQ�DQG�PRXVH�
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)LJXUH����&XOWXUH�LQGXFHG�+6&�DFWLYDWLRQ�UHSURJUDPV�SURPRWHU�'1$�PHWK\ODWLRQ��$��9HQQ�GLDJUDP�DQDO\VLV�RI�WKH�QXPEHU�
of genes with a methylated promoter in qHSCs and aHSCs. %��%URZVHU�YLHZV�RI�SURPRWHU�PHWK\ODWLRQ�SUR¿OHV��ORJ��0H',3�,QSXW��UDWLRV��
IRU�LQGLFDWHG�JHQHV�LQ�T+6&V�DQG�D+6&V��5HG�DQG�EOXH�FRORUV�SRLQW�WR�PHWK\ODWLRQ�SHDNV�DQG�GHSOHWLRQV��UHVSHFWLYHO\��&� Heatmap of 
genes up-regulated and hypo-methylated after HSC activation. '��%R[ZKLVNHU�SORW�RI�ACTG2 expression in qHSCs and aHSCs. (��%LVXO¿WH�
sequencing analysis of CpG methylation in the ACTG2 promoter in qHSCs and aHSCs. Four CpGs are examined (columns) in 5 sequenced 
FORQHV��URZV���Ɣ�PHWK\ODWHG�&S*��ż�XQPHWK\ODWHG�&S*��)� Heatmap of genes down-regulated and hyper-methylated after HSC activation. 
*��%R[ZKLVNHU�SORW�RI�APOB expression in qHSCs and aHSCs. +��%LVXO¿WH�VHTXHQFLQJ�DQDO\VLV�RI�&S*�PHWK\ODWLRQ�LQ�WKH�APOB promoter 
in qHSCs and aHSCs. Five CpGs were analyzed.
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PHWK\ODWLRQ� LV� HTXDOO\� GLVWULEXWHG� LQWR� XSVWUHDP��
downstream or at the TSS (‘TSS methylation’), with 
~30% of promoters showing upstream methylation (only). 
,Q� D+6&V� KRZHYHU�� XSVWUHDP�PHWK\ODWLRQ� VLJQL¿FDQWO\�
increased to 51–58% for the same two donors (L4 and 
L11), primarily at the expense of ‘TSS methylation’ 
(P < 0.001, Chi-Square test) (Supplementary Figure S2C). 
Upstream methylation is also prominent in aHSCs from 
WZR�RWKHU�GRQRUV��/���/�����VXJJHVWLQJ�WKDW�WKLV�PLJKW�EH�
a common feature of HSC culture.

:H� ¿QG� ���� JHQHV� �6XSSOHPHQWDU\� 7DEOH� 6���
ZLWK� FRQFRUGDQW� FKDQJHV� LQ� '1$� PHWK\ODWLRQ� DQG�
gene expression upon HSC activation. For these genes, 
transcriptional upregulation in aHSCs correlates with 
DEURJDWLRQ� RU� UHGXFWLRQ� LQ� SURPRWHU� PHWK\ODWLRQ�� DV�
VKRZQ�IRU�VHYHUDO�SUR�¿EURJHQLF�JHQHV�VXFK�DV�ACTG2, 
LOXL1, LOXL2 and COL4A1/2� �)LJXUH� �%±�(���
Conversely, transcriptional downregulation among these 
����JHQHV�LV�DVVRFLDWHG�ZLWK�'1$�K\SHUPHWK\ODWLRQ��H�J��
APOB, ADAMTS9, MMP15 and CXCL9��)LJXUH��)±�+���
,QGHSHQGHQW� ELVXO¿WH� VHTXHQFLQJ� DQDO\VLV� RI� ACTG2 
and APOB, two genes strongly differentially expressed 
EHWZHHQ� KXPDQ� T+6&V� DQG� D+6&V�� FRUURERUDWHV� WKHLU�
GLIIHUHQWLDO�PHWK\ODWLRQ�VWDWXV�GHWHFWHG�E\�0H',3�FKLS�
�)LJXUH��(���+��

To evaluate the physiological relevance of these 
¿QGLQJV��ZH�GHWHUPLQHG�ZKHWKHU�VLPLODU�'1$�PHWK\ODWLRQ�
FKDQJHV�ZRXOG�DOVR�RFFXU�LQ�PLFH�+6&V�DIWHU�D���ZHHN�
LQGXFWLRQ�RI�¿EURJHQHVLV�ZLWK�FDUERQ�WHWUDFKORULGH��&&O4) 
�6XSSOHPHQWDU\�)LJXUH�6�$±6�&���%LVXO¿WH�VHTXHQFLQJ�
analysis of Loxl1, Loxl2, Col4a1 and Col4a2, which 
are strongly upregulated in in vivo activated human 
and mouse HSCs (Supplementary Figure S4A–S4B), 
VKRZV� QR� GLIIHUHQFH� LQ� SURPRWHU� PHWK\ODWLRQ� EHWZHHQ�
T+6&V� DQG� D+6&V� �6XSSOHPHQWDU\� )LJXUH� 6�'���7KLV�
LV�H[SODLQHG�E\�WKH�DOUHDG\�XQPHWK\ODWHG�VWDWH�RI� WKHVH�
genes in qHSCs isolated from control untreated mice 
�6XSSOHPHQWDU\� )LJXUH� 6�'�� DQG� VXJJHVWV�� UDWKHU�� WKDW�
PHWK\ODWLRQ�RI�DW�OHDVW�D�VXEVHW�RI�SUR�¿EURJHQLF�JHQHV�
LV�GLVWLQFW�EHWZHHQ�PLFH�DQG�KXPDQV��2XU�WUDQVFULSWRPH�
DQG�PHWK\ORPH�GDWD�FROOHFWLYHO\�LQGLFDWH�WKDW�D�VLJQL¿FDQW�
JHQH�VHW�LV�GLIIHUHQWLDOO\�H[SUHVVHG�ZLWK�FRQFRUGDQW�'1$�
methylation changes upon in vitro activation of human 
T+6&V��0RUHRYHU��WKH�GLIIHUHQFH�LQ�PHWK\ODWLRQ�VWDWH�RI�
VSHFL¿F�JHQHV�EHWZHHQ�TXLHVFHQW�PRXVH�DQG�KXPDQ�+6&V�
argues for the importance of using human HSCs in vitro 
as a model system to elucidate the molecular regulation of 
SUR�¿EURWLF�JHQH�DFWLYDWLRQ�LQ�KXPDQV�

+6&�DFWLYDWLRQ�LV�OLQNHG�WR�DOWHUDWLRQV�LQ�KLVWRQH�
PHWK\ODWLRQ�RQ�TXLHVFHQFH�DVVRFLDWHG�DQG� 
SUR�¿EURWLF�JHQHV

7KH� QRQ�VWUDLJKWIRUZDUG� UHODWLRQVKLS� EHWZHHQ�
SURPRWHU� '1$� PHWK\ODWLRQ� DQG� FKDQJHV� LQ� JHQH�
expression following HSC activation prompted the query 

RI� DGGLWLRQDO� FKURPDWLQ� PDUNV� WKDW� ZRXOG� DFFRXQW� IRU�
GLIIHUHQWLDO�JHQH�H[SUHVVLRQ��:H�H[DPLQHG�E\�FKURPDWLQ�
LPPXQRSUHFLSLWDWLRQ� �&K,3��T3&5� WKH� SUR¿OHV� RI�
H3K4me1, H3K4me3, H3K27ac and H3K27me3 [47] 
RQ�XSVWUHDP�UHJXODWRU\�UHJLRQV�RI�D�VHW�RI�SUR�¿EURJHQLF�
JHQHV� �)LJXUH� ��� 6XSSOHPHQWDU\� 7DEOH� 6���� )LUVW�� ZH�
¿QG� WKDW� SURPRWHUV� RI� DOO� JHQHV� H[DPLQHG� DUH�PDUNHG�
E\�+�.�PH���DOEHLW�DW�YDULRXV�OHYHOV��LQ�HLWKHU�T+6&V��
D+6&V��RU�ERWK��)LJXUH��$���%���FRQVLVWHQW�ZLWK�D�PDUNLQJ�
of the TSS for transcription. The level of H3K4me3 
HQULFKPHQW�DW�WKHVH�VLWHV�UHÀHFWV�WKH�H[SUHVVLRQ�OHYHO�RI�
the gene in most cases (e.g. ACTG2 (increase), COL1A2 
(elevated) and COL3A1 (elevated), APOB and NOTCH1 
�GHFUHDVHG��EXW�QRW�DOZD\V��H�J��COL1A1, LOX, LOXL1, 
LOXL2�� �)LJXUH��$���%���%HFDXVH�&K,3�GDWD� UHSUHVHQW�
DQ�DYHUDJH�RI�DOO�FHOOV�LQ�D�SRSXODWLRQ��WKLV�FRXOG�UHÀHFW�
ELRORJLFDO�YDULDWLRQ�LQ�WKH�+6&�FXOWXUH��:H�¿QG�WKDW�WKH�
promoters of COL1A1, COL1A2, COL3A1, COL4A1 
and ACTG2 are enriched in H3K27ac, coinciding with 
increased expression in aHSCs (see also [48]) (Figure 5A). 
In contrast, the quiescence genes APOB and NOTCH1 
show reduced H3K4me3 and/or H3K27ac after HSC 
activation, in line with transcriptional down-regulation in 
aHSCs (Figure 5B). Interestingly, we also note that the 
LOX, LOXL1 and COL1A2 promoters in aHSCs display 
reduced H3K27me3 in aHSCs, strongly suggesting a 
depression mechanism coinciding with transcriptional 
up-regulation. These results collectively indicate that 
gene expression changes occurring after culture-induced 
+6&�DFWLYDWLRQ�DUH�OLQNHG�WR��IRU�WKH�PRVW�SDUW��DOEHLW�QRW�
DOZD\V���FRQFRUGLQJ�FKDQJHV�LQ�PRGL¿FDWLRQV�RI�+�.��
and H3K27 on promoters.

,GHQWL¿FDWLRQ�RI�QRYHO�SXWDWLYH�HQKDQFHU�
HOHPHQWV�LQ�SUR�¿EURWLF�JHQHV

7R� JDLQ� IXUWKHU� LQVLJKW� LQWR� KLVWRQH� PRGL¿FDWLRQV�
which may affect activation-induced transcriptional 
FKDQJHV�� ZH� H[DPLQHG�� IRU� D� VXEVHW� RI� JHQHV� VKRZLQJ�
discordant promoter H3 methylation and expression 
FKDQJHV� �QRWDEO\�COL4A1, LOXL1, LOXL2), additional 
SXWDWLYH� UHJXODWRU\� HOHPHQWV�� :H� VHDUFKHG� IRU� SXWDWLYH�
HQKDQFHUV� IRU� D� VXEVHW� RI� WKHVH� JHQHV�� JLYHQ� WKDW� VRPH�
enhancers cluster near genes they regulate [49]. To this 
HQG�� ZH� H[DPLQHG� SXEOLVKHG� &K,3�VHTXHQFLQJ� SUR¿OHV�
IRU�+�.�PH��� DQ� HQKDQFHU�PDUN�� DQG�+�.��DF��ZKLFK�
together with H3K4me1 characterizes active enhancers. 
7KH�&K,3�VHT�SUR¿OHV�H[DPLQHG�ZHUH�SUHYLRXVO\�REWDLQHG�
during adipogenic differentiation of primary human 
adipocyte progenitors [50], and were used with the rationale 
WKDW�+6&�DFWLYDWLRQ�FDQ�EH�GH¿QHG�DV�D� µGLIIHUHQWLDWLRQ¶�
IURP� D� TXLHVFHQW�� DGLSRJHQLF�OLNH� VWDWH� �T+6&V�� LQWR� D�
¿EURJHQLF�P\R¿EUREODVW�OLNH�VWDWH��D+6&V���7KXV��in vitro 
+6&�DFWLYDWLRQ�DUJXDEO\�GLVSOD\V��DQWL�SDUDOOHOV�WR�in vitro 
DGLSRJHQHVLV�� DQG� DQWL�DGLSRJHQLF� UHJXODWLRQ� KDV� EHHQ�
shown to underlie HSC activation [51].
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)LJXUH� ��� +LVWRQH� +�� PHWK\ODWLRQ� DQG� DFHW\ODWLRQ� RFFXSDQF\� RQ� SURPRWHUV� RI� D+6&�� DQG� T+6&�DVVRFLDWHG�
JHQHV��&K,3�DQDO\VLV�RI�'1$�LVRODWHG�IURP�IUHVKO\�LVRODWHG�KXPDQ�T+6&V�DQG�FXOWXUHG�LQGXFHG�D+6&V��$� qHSC associated genes. 
%� aHSC associated genes. The main graphs show the percentage enrichment of H3K4me1, H3K4me3, H3K27me3 and H3K27ac 
UHODWLYH� WR� LQSXW�� LQ� KXPDQ�T+6&V� DQG� D+6&V��7KH� ULJKW� LQVHUW� SDQHOV� VKRZ� WKH� IROG� LQFUHDVH� RU� GHFUHDVH� LQ�P51$� OHYHOV� IRU� WKH�
respective gene during human HSC activation in vitro.
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([DPLQDWLRQ�RI�FKURPDWLQ�PDUNV�RI�SUR�¿EURJHQLF�
JHQHV�LQ�SUH�DGLSRF\WHV�LGHQWL¿HV�XSVWUHDP��GRZQVWUHDP�
and intragenic sites at the LOXL1, LOXL2 and COL4A1 
ORFL� PDUNHG� E\� KLJK� +�.�PH�� DQG� ORZ� +�.�PH��
FR�PDUNHG� �RU� QRW�� E\� +�.��DF�� ZKLFK� WRJHWKHU� ZLWK�
+�.�PH��PDUNV�DFWLYH�HQKDQFHUV��GDWD�QRW�VKRZQ��VHH�
Figure 6A for sites examined). Interestingly, the results 
REWDLQHG�E\�SHUIRUPLQJ�&KL3V�IRU�WKHVH�VLWHV�LQ�T+6&V�
and aHSCs clearly show that H3K4me1 is enriched at 
DOO� VLWHV� H[DPLQHG� DIWHU� +6&� DFWLYDWLRQ� �)LJXUH� �%���
these gains in H3K4me1 strongly suggest that (putative) 
HQKDQFHU�HOHPHQWV�DUH�EHLQJ�µPDUNHG¶�IRU�WUDQVFULSWLRQDO�
activation upon HSC activation. Additionally, for each 
JHQH��ZH�LGHQWLI\�DQ�LQFUHDVH�LQ�+�.��DF��UHÀHFWLQJ�WKH�
use (activity) of the putative enhancer. This is particularly 
evident for a downstream site within the COL4A1 gene 
immediately upstream of exon 3, a region upstream of 
exon 2 in the LOXL1 gene, and an upstream region nearly 
�� NLOREDVHV� XSVWUHDP� RI� WKH�LOXL2 TSS (Figure 6B). 
,PSRUWDQWO\�� WKHVH� ¿QGLQJV� SRLQW� WR� WKH� ORFDOL]DWLRQ� RI�
IXQFWLRQDO�HQKDQFHU�HOHPHQWV�KLWKHUWR�XQLGHQWL¿HG�LQ�NH\�
SUR�¿EURWLF�JHQHV�XS�UHJXODWHG�XSRQ�+6&�DFWLYDWLRQ�

DISCUSSION

:H�UHSRUW�WKH�¿UVW�FRPSDUDWLYH�WUDQVFULSWRPH�DQG�
SURPRWHU�'1$�PHWK\ODWLRQ�RI�IUHVKO\�LVRODWHG�XQFXOWXUHG�
KXPDQ�+(3V��+6&V�DQG�/6(&V��:H�VKRZ�WKDW�in vitro 
DFWLYDWLRQ�RI�+6&V� LV�DVVRFLDWHG�ZLWK�FKDQJHV� LQ�'1$�
PHWK\ODWLRQ� DQG� KLVWRQH� PRGL¿FDWLRQ� RQ� WKRXVDQGV� RI�
SURPRWHUV� LQFOXGLQJ� VRPH� WKDW� GULYH� SUR�¿EURWLF� JHQH�
expression.

&HOO� W\SH�VSHFL¿F� JHQH� VHWV� LGHQWL¿HG� E\�
WUDQVFULSWRPLF�DQDO\VLV�RI�+(3V��+6&V�DQG�/6(&V�FRQ¿UP�
WKHLU�VSHFLDOL]HG�UROHV� LQ�PHWDEROLF�SURFHVVHV� >��@��(&0�
KRPHRVWDVLV�>��@�DQG�HQGRF\WRVLV�>��@��)RU�H[DPSOH��ZH�¿QG�
that HSCs express SOD3, the major superoxide dismutase 
NQRZQ�WR�ELQG�DQG�SURWHFW�YDVFXODU�HQGRWKHOLDO�FHOOV�IURP�
oxygen radicals [36]. In line with a previous study identifying 
vascular smooth muscle cells as major source of SOD3 
LQ� WKH� DUWHULDO�ZDOO� >��@�� RXU�¿QGLQJ� VXJJHVWV� D�SRWHQWLDO�
UROH� IRU�+6&V� LQ�SURWHFWLQJ� WKH� OLYHU�VSHFL¿F�YDVFXODWXUH�
E\�VXSSUHVVLRQ�RI�YDULRXV�SDWKRORJLFDO�SURFHVVHV��2Q�WKH�
RWKHU�KDQG��/6(&V�H[SUHVV�GMFG, a glia maturation factor 
which negatively regulates lipopolysaccharide-induced 
TLR4 signaling in macrophages [38], suggesting a role for 
/6(&V�LQ�WKH�PDLQWHQDQFH�RI�.XSIIHU�FHOO��.&��DQG�+6&�
TXLHVFHQFH��7KHVH�REVHUYDWLRQV��LQ�OLQH�ZLWK�SUHYLRXV�VWXGLHV�
in rodent cells [7–10], suggest that liver cells promote the 
maintenance of each other’s phenotype.

&HOO� W\SH�VSHFL¿F� PHWK\ODWLRQ� LV� DVVRFLDWHG� ZLWK�
SURFHVVHV�GLVDEOHG�LQ�WKH�FRXUVH�RI�KHSDWLF�VSHFL¿FDWLRQ�
DQG�GHYHORSPHQW��0HWK\ODWHG�JHQHV�LQ�+6&V�DUH�HQULFKHG�
LQ� 51$�PHWDEROLVP� FRQVLVWHQW� ZLWK� WKH� TXLHVFHQFH� RI�
+6&V�LQ�KHDOWK\�OLYHU��D�VWDWH�DVVRFLDWHG�ZLWK�ORZ�51$�
PHWDEROLF�DFWLYLW\�>��@��*HQHV�PHWK\ODWHG�LQ�/6(&V�DUH�

OLQNHG�WR�OLSLG�PHWDEROLVP�FRQ¿UPLQJ�WKDW�/6(&V�DUH�WKH�
only cell type among those examined which do not have 
D�OLSLG�VWRUDJH�RU�SURFHVVLQJ�UROH��XQOLNH�+6&V�DQG�+(3V�
[53–55]. In accordance with a developmentally repressive 
UROH�RI�'1$�PHWK\ODWLRQ��WKHVH�IXQFWLRQV�DUH�OLNHO\�WR�EH�
UHSUHVVHG�E\�'1$�PHWK\ODWLRQ�LQ�/6(&V��HSLJHQHWLFDOO\�
VHJUHJDWLQJ�WKHP�IURP�+6&V�DQG�+(3V��0HWK\ODWHG�JHQHV�
LQ�+(3V�SHUWDLQ�DOPRVW�H[FOXVLYHO\�WR�FKURPDWLQ�DVVHPEO\�
IXQFWLRQV��7KLV�PD\�EH�UHODWHG�WR�H[WHQVLYH�QXFOHDU�DQG�
FKURPDWLQ� UHPRGHOLQJ� WDNLQJ� SODFH� GXULQJ� KHSDWRF\WH�
GHYHORSPHQW�DQG�PDWXUDWLRQ��RIWHQ�OHDGLQJ�WR�ELQXFOHDWHG�
FHOOV� DQG� D� VXEVWDQWLDO� GHJUHH�RI�PXOWLSORLG\� >��@��7KH�
methylated state of chromatin remodeling-associated 
genes suggests that these nuclear remodeling activities 
KDYH� EHFRPH� UHSUHVVHG� E\� '1$� PHWK\ODWLRQ� RQFH�
hepatocyte maturation has occurred. Thus in the post-natal 
liver, promoter methylation targets early developmental 
IXQFWLRQV�GLVDEOHG�GXULQJ�OLYHU�RUJDQRJHQHVLV�

$W�WKH�WUDQVFULSWRPH�DQG�PHWK\ORPH�OHYHO��/6(&V�
DQG�+6&V�DUH�PRUH�VLPLODU�WR�HDFK�RWKHU�WKDQ�WR�+(3V��
1RQHWKHOHVV��+(3V��+6&V�DQG�/6(&V� VHHP� WR�GLVSOD\�
D� VKRUWHU� µHSLJHQHWLF� GLVWDQFH¶� EHWZHHQ� HDFK� RWKHU�
WKDQ� WR� ERQH� PDUURZ�GHULYHG� IUHVKO\� LVRODWHG� &'��+ 
hematopoietic progenitors [40], an unrelated cell type.  
A common ontogenic environment during liver 
GHYHORSPHQW�LV�OLNHO\�WR�LPSDFW�WKLV�HSLJHQHWLF�UHODWLRQVKLS�
[57]. This is in line with the similar transcriptome of 
hepatic and pancreatic stellate cells, which are thought 
to share a common origin [58]. This suggests that 
developmental origin is an important determinant of the 
hepatic transcriptome and methylome.

Our study demonstrates that human HSC activation 
is associated with extensive remodeling of the promoter 
PHWK\ODWLRQ�ODQGVFDSH��7KH�OLQN�EHWZHHQ�SURPRWHU�'1$�
methylation and gene expression is nonetheless rather 
promiscuous, consistent with the non-straightforward 
UHODWLRQVKLS�EHWZHHQ�SURPRWHU�PHWK\ODWLRQ�DQG�H[SUHVVLRQ�
status of the associated gene [39, 40]. Our study constitutes, 
WR�RXU�NQRZOHGJH��WKH�¿UVW�UHIHUHQFH�RI�WUDQVFULSWRPH�DQG�
PHWK\ORPH�FKDQJHV�HOLFLWHG�E\�FXOWXUH�LQGXFHG�DFWLYDWLRQ�
RI� KXPDQ� +6&V�� 7R� ZKDW� H[WHQW� WKHVH� SUR¿OHV� UHÀHFW�
¿EURVLV�LQGXFHG�+6&�DFWLYDWLRQ�LQ�KXPDQV�>��@�UHPDLQV�WR�
EH�GHWHUPLQHG��KRZHYHU�WKLV�LV�FKDOOHQJHG�E\�WKH�FXUUHQW�
GLI¿FXOW\�WR�LVRODWH�SXUH�DFWLYDWHG�+6&V�IURP�¿EURWLF�OLYHUV��
Indeed, it is not until recently that ultra-pure HSC isolation 
SURFHGXUHV�IURP�¿EURWLF�PRXVH�OLYHUV�KDYH�EHHQ�SXEOLVKHG�
as a validated method to determine gene expression changes 
during HSC activation, devoid of cell culture artifacts [59, 
��@��7R�WKH�EHVW�RI�RXU�NQRZOHGJH��WKHUH�LV�WR�GDWH�RQO\�RQH�
UHSRUW�DERXW�WKH�LVRODWLRQ�RI�D+6&V�IURP�FLUUKRWLF�KXPDQ�
OLYHUV�>��@��2I�QRWH��LQ�WKH�ODWWHU�VWXG\�ERWK�WKH�TXLHVFHQW�
and in vivo activated HSCs were in vitro cultured.

5HFHQWO\�� DQRWKHU� '1$� PRGL¿FDWLRQ� DW� WKH 
�ƍ� SRVLWLRQ� RI� F\WRVLQH�� L�H�� ��K\GUR[\PHWK\OF\WRVLQH�
(5 hmC) was discovered [62, 63]. This novel cytosine 
PRGL¿FDWLRQ� RFFXUV� WKURXJK� WKH� R[LGDWLRQ� RI� �P&� E\�
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)LJXUH� ��� ,GHQWL¿FDWLRQ� RI� SXWDWLYH� QRYHO� HQKDQFHU� HOHPHQWV� IRU� WKH� SUR�¿EURWLF� &2/�$��� /2;/�� DQG� /2;/��
JHQHV��$� Schematic representation of putative poised or active enhancers upstream or downstream of the COL4A1, LOXL1 and LOXL2 
766��7ZR�LQWUDJHQLF�SRLVHG�SXWDWLYH�HQKDQFHU�UHJLRQV�ZHUH�LGHQWL¿HG����NE�DQG����NE�GRZQVWUHDP�RI�WKH�COL4A1 TSS. Intragenic active 
DQG�GRZQVWUHDP�SRLVHG�SXWDWLYH�HQKDQFHUV�ZHUH�LGHQWL¿HG����NE�DQG����NE�GRZQVWUHDP�RI�WKH�LOXL1 TSS respectively, and an upstream 
DFWLYH�SXWDWLYH�HQKDQFHU�ZDV�LGHQWL¿HG�����NE�XSVWUHDP�RI�LOXL2 TSS. %� Graphs showing the percentage enrichment of H3K4me1 and 
+�.��DF�UHODWLYH�WR�LQSXW��LQ�KXPDQ�T+6&V�DQG�D+6&V��DW�WKH�VLWHV�VKRZQ�LQ��$��,5��'5��85��,QWUDJHQLF��GRZQVWUHDP��XSVWUHDP�UHJLRQ�
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WKH�7(7��7HQ�(OHYHQ�7UDQVORFDWLRQ��IDPLO\�RI�HQ]\PHV�
DQG�LV�EHOLHYHG�WR�EH�D�NH\�LQWHUPHGLDWH�RI�DFWLYH�'1$�
GHPHWK\ODWLRQ� >��@�� $� OLPLWDWLRQ� RI� WKH� 0H',3�&KLS�
DQG�ELVXO¿WH�VHTXHQFLQJ�DSSURDFKHV� LV� WKDW� WKH\�GR�QRW�
DOORZ� IRU� WKH� GLVFULPLQDWLRQ� RI� '1$�PHWK\ODWLRQ� DQG�
K\GUR[\PHWK\ODWLRQ��:KLOH� WKH�JHQRPLF�GLVWULEXWLRQ�RI�
'1$� K\GUR[\PHWK\ODWLRQ� LV� ZHOO� VWXGLHG� LQ� GLIIHUHQW�
WLVVXHV�DQG�FHOO�W\SHV��LWV�UROH�DQG�IXQFWLRQDO�VLJQL¿FDQFH�
DFURVV� WKH� JHQRPH� DUH� VWLOO� XQFOHDU�� :KLOH� HYLGHQFH�
VXJJHVWV� WKDW� OLNH� PHWK\ODWLRQ�� WKH� FRQFHQWUDWLRQ� RI�
hydroxymethylated cytosines at promoter regions 
negatively correlates with transcriptional activity [65], 
other studies have associated 5 hmC with increased 
transcriptional levels [66–68]. As increasing evidence 
VXJJHVW�WKDW�ERWK�'1$�PRGL¿FDWLRQV�PD\�KDYH�GLIIHUHQW�
functional outcomes, future studies to decipher the 
G\QDPLFV� RI� '1$� K\GUR[\PHWK\ODWLRQ� GXULQJ� +6&�
activation will provide novel insights into the role of 
WKLV� HSLJHQHWLF�PRGL¿FDWLRQ� LQ� VHWWLQJ� D� SUR�¿EURJHQLF�
transcription program.

:H�¿QG�WKDW�DURXQG�����RI�WKH�DQDO\]HG�JHQHV�DUH�
deregulated upon activation, with a majority of genes 
EHLQJ�GRZQ�UHJXODWHG�� DQG�SURYLGH� D� OLVW� RI� SUHYLRXVO\�
NQRZQ�DQG�XQNQRZQ�JHQHV�ZLWK�D�GLIIHUHQWLDO�H[SUHVVLRQ�
EHWZHHQ� KXPDQ� T+6&V� DQG� D+6&V��$OWKRXJK� in vitro 
activation is currently the most common model of HSC 
activation, it incompletely replicates gene expression 
changes associated with in vivo activation, as shown in 
URGHQWV�>������@��:H�VKRZ�KHUH�WKDW�in vitro activation of 
human and mouse HSCs induces a different transcriptional 
response, emphasizing the importance of validating 
REVHUYDWLRQV�PDGH�ZLWK�PRXVH�RU� UDW�+6&�FXOWXUHV� IRU�
relevance in human primary cells or tissue.

,PSRUWDQWO\��RXU�¿QGLQJV�KLJKOLJKW�WKH�LGHQWL¿FDWLRQ�
of novel putative and functional enhancer elements 
IRU� SUR�¿EURWLF� JHQHV��ZKLFK� HSLJHQHWLFDOO\� UHVSRQG� WR�
FXOWXUH�LQGXFHG�+6&�DFWLYDWLRQ�E\�GLVSOD\LQJ�PDUNV�RI�
UHJXODWRU\� DFWLYLW\�� QDPHO\� +�.�PH�� LQ� FRPELQDWLRQ�
with H3K27ac. This is clearly evidenced for LOXL1, 
LOXL2 and COL4A1. Of note, these genes show histone 
PRGL¿FDWLRQ�FKDQJHV�RQ�SURPRWHUV�WKDW�GR�QRW�FRQFRUG�

with their transcriptional activation. This suggests that 
WKHLU� WUDQVFULSWLRQDO� DFWLYLW\� LV� PRGXODWHG� E\� HQKDQFHU�
PDUNLQJ� �DQG� KHQFH� µDFWLYLW\¶�� UDWKHU� WKDQ� SURPRWHU�
PDUNLQJ� per se. It is tempting to speculate that these 
SXWDWLYHO\� QRYHO� HQKDQFHUV�PD\� SOD\� D� NH\� UROH� LQ� WKH�
PDLQWHQDQFH�RI�D�SUR�¿EURJHQLF�JHQH�H[SUHVVLRQ�SURJUDP�

0$7(5,$/6�$1'�0(7+2'6

3DWLHQWV

*HQH�H[SUHVVLRQ�DQG�'1$�PHWK\ODWLRQ�SUR¿OLQJ�ZDV�
SHUIRUPHG�XVLQJ�+(3V��+6&V�DQG�/6(&V�LVRODWHG�IURP�
FDGDYHULF� GRQRUV� �7DEOH� ����+(3V�ZHUH� DOVR� KDUYHVWHG�
from consenting patients undergoing hepatic resections 
for liver metastasis from colorectal carcinoma (CRC). 
The protocol and conducted experiments were approved 
E\�WKH�HWKLFDO�FRPPLWWHHV�RI�6W�/XF�+RVSLWDO�DQG�IDFXOW\�
RI�0HGLFLQH�RI�8QLYHUVLWp�&DWKROLTXH�GH�/RXYDLQ��DQG�E\�
WKH�1RUZHJLDQ�5HVHDUFK�(WKLFV�&RPPLWWHH��$Q�DJUHHPHQW�
IURP�WKH�%HOJLDQ�0LQLVWU\�RI�+HDOWK�ZDV�REWDLQHG�IRU�WKH�
KHSDWRF\WH�DQG�KHSDWLF�VWHP�FHOO�EDQN�

+XPDQ�OLYHU�FHOO�LVRODWLRQV

Human liver cells were isolated from the left liver 
segment of healthy donors up to 12 hours after clamping 
using a two-step perfusion technique [24]. Livers were 
NHSW�RQ�LFH�XQWLO�VHTXHQWLDO�SHUIXVLRQ�ZLWK�DQ�(*7$�DQG�
digestion enzyme solution (0.9 mg/ml collagenase P and 
����� PJ�PO� VR\EHDQ� WU\SVLQ� LQKLELWRU�� ZDV� SHUIRUPHG��
+HSDWRF\WHV� �+(3V�� ZHUH� VHSDUDWHG� IURP� WKH� QRQ�
SDUHQFK\PDO�OLYHU�FHOOV�E\�ORZ�VSHHG�����J��FHQWULIXJDWLRQ�
VWHSV�IROORZHG�E\�WZR�ZDVKLQJ�VWHSV�DQG�SXUL¿HG�E\�PHDQV�
RI�D�3HUFROO�JUDGLHQW��'LVVRFLDWHG�VLQJOH�QRQ�SDUHQFK\PDO�
FHOOV�ZHUH�VXVSHQGHG�LQ�D����)%6����P0�('7$�SKRVSKDWH�
EXIIHUHG�VDOLQH��3%6�����6FHOOV����ȝ/��DQG�LQFXEDWHG�IRU�
30 min at 4°C with 500 ng/106�FHOOV�DQWL�&'����$EFDP��
&DPEULGJH��8QLWHG�.LQJGRP��DQG���ȝJ���6�FHOOV�DQWL�&'���
�%'�%LRVFLHQFHV��6DQ�-RVH��&$��RU�FRUUHVSRQGLQJ�LVRW\SH�
FRQWUROV��&HOOV�ZHUH�ZDVKHG�WZLFH�E\�FHQWULIXJDWLRQ�DQG�

7DEOH����&OLQLFDO�FKDUDFWHULVWLFV�RI�WKH�OLYHU�FHOO�GRQRUV
'RQRU�QXPEHU +HDOWK�VWDWXV $JH *HQGHU ,VFKHPLD�WLPH

/� Healthy 12 years Female 16 h 30

L8 Healthy 1 day 0DOH 4 h 40

/�� Healthy 7 months Female 5 h 20

/�� Healthy 7 days 0DOH 4 h 25

)� Trauma 17 years 0DOH 9 h

)�� Trauma 16 years Female <10 h

%�7 Colorectal cancer 67 years Female <1 h

%�2 Colorectal cancer 75 years 0DOH <1 h
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UHVXVSHQGHG�LQ���P0�('7$�3%6��EHIRUH�)$&6�VRUWLQJ��
(QULFKHG�SRSXODWLRQV�RI�KXPDQ�T+6&V�ZHUH�VRUWHG�WKURXJK�
D�QHJDWLYH�VHOHFWLRQ�IRU�&'����([������QP��(P������QP��
DQG�&'����([������QP��(P������QP��H[SUHVVLQJ�FHOOV�DQG�
a positive selection for ultraviolet positivity (retinyl esters 
DUH�DXWR�ÀXRUHVFHQW�DW�����QP���XVLQJ�D�)$&6�$ULD��%'�
%LRVFLHQFHV���(QULFKHG�SRSXODWLRQV�RI�/6(&V�ZHUH�REWDLQHG�
DV�&'��+&'��- cells (Supplementary Figure S1A–S1B) 
DQG� ��DPLQRDFWLQRP\FLQ� �H%LRVFLHQFH�� 6DQ�'LHJR�� &$��
ZDV�XVHG�WR�GLVFULPLQDWH�YLDEOH�IURP�QRQ�YLDEOH�FHOOV��2Q�
average, 15–20 × 106�+(3V�ZHUH�LVRODWHG�IURP���J�RI�OLYHU�
WLVVXH�DQG�������������+6&V�DQG�����������/6(&V�ZHUH�
VRUWHG� IURP� WKH� WRWDO� QXPEHU� RI� QRQ�SDUHQFK\PDO� FHOOV��
6HSDUDWHG�SRSXODWLRQV�RI�+(3V��T+6&V�DQG�/6(&V�ZHUH�
LPPHGLDWHO\�XVHG�IRU�WRWDO�FHOO�51$�IRU�JHQH�H[SUHVVLRQ�
SUR¿OLQJ�RU�'1$�H[WUDFWLRQ�IRU�'1$�PHWK\ODWLRQ�SUR¿OLQJ�
DQG�FKURPDWLQ�LPPXQRSUHFLSLWDWLRQ��&K,3��

In vitro�DFWLYDWLRQ�RI�KXPDQ�SULPDU\�+6&V

+RPRJHQHRXV�SRSXODWLRQV�RI�D+6&V�ZHUH�REWDLQHG�
DV�GHVFULEHG�SUHYLRXVO\�>��@��,Q�EULHI��WKH�T+6&�HQULFKHG�
SRSXODWLRQ� REWDLQHG� DIWHU� 1\FRGHQ]� �1\HJDDUG�� 2VOR��
1RUZD\��JUDGLHQW�FHQWULIXJDWLRQ�ZHUH�SODWHG�RQ�SODVWLF�
FXOWXUH�GLVKHV��*UHLQHU�%LR�RQH��0RQURH��1&��DQG�DOORZHG�
WR�DFWLYDWH�DQG�H[SDQG�IRU�XS�WR���WR���SDVVDJHV�LQ�'0(0�
�/RQ]D��9HUYLHUV��%HOJLXP��VXSSOHPHQWHG�ZLWK�����IHWDO�
ERYLQH�VHUXP��%LRFKURP�*PE+��*HUPDQ\��DW����&�LQ�D�
KXPLGL¿HG�DWPRVSKHUH�ZLWK����&22��3XUL¿HG�T+6&�DQG�
in vitro aHSC populations were immediately used for total 
'1$�H[WUDFWLRQ�DQG�ELVXO¿WH�VHTXHQFLQJ�

,VRODWLRQ�RI�PXULQH�+6&V�IURP�KHDOWK\�DQG�
��ZHHNV�&&O��WUHDWHG�PLFH

0XULQH� T+6&� DQG� in vivo aHSC populations were 
LVRODWHG�IURP�PDOH�%$/%�F�PLFH��&KDUOHV�5LYHU�/DERUDWRULHV��
/¶$UEUHVOH��)UDQFH���DJHG����ZHHNV��DV�GHVFULEHG�>��@�ZLWK�
VRPH�PRGL¿FDWLRQV��%ULHÀ\��DIWHU�HQ]\PDWLF�SHUIXVLRQ�RI�WKH�
OLYHU�DQG�ORZ�VSHHG�FHQWULIXJDWLRQ�VWHSV�WR�UHPRYH�+(3V��
+6&V�ZHUH�SXUL¿HG�IURP�WKH�QRQ�SDUHQFK\PDO�FHOO�PL[WXUH�
WKURXJK�)$&6�VRUWLQJ�IRU�89�SRVLWLYH�FHOOV�XVLQJ�D�)$&6�
Aria. For in vivo activation of HSCs, mice underwent eight 
LQWUDSHULWRQHDO�LQMHFWLRQV�RYHU���ZHHNV�RI����ȝO�&&O4/100 g 
ERG\�ZHLJKW�LQ�PLQHUDO�RLO��6LJPD�$OGULFK��6W��/RXLV��02���
All procedures on animals were carried out in accordance 
ZLWK�8QLYHUVLW\¶V�JXLGHOLQHV�IRU�WKH�FDUH�DQG�XVH�RI�ODERUDWRU\�
animals in research and the performed experiments were 
DSSURYHG�E\�WKH�HWKLFDO�FRPPLWWHH�RI�WKH�9ULMH�8QLYHUVLWHLW�
Brussel in project 13-212-3.

*HQH�H[SUHVVLRQ�SUR¿OLQJ

7RWDO� 51$� ZDV� LVRODWHG� E\� XVLQJ� 51HDV\�
0,&52.LW� �4LDJHQ� *PE+�� +LOGHQ�� *HUPDQ\��
IROORZLQJ�PDQXIDFWXUHU¶V�UHFRPPHQGDWLRQV��7RWDO�51$�
FRQFHQWUDWLRQ�DQG�TXDOLW\�FRQWURO�ZDV�DVVHVVHG�XVLQJ�51$�

�����SLFR�NLW��$JLOHQW��6DQWD�&ODUD��&$��86$���'XH�WR�
WKH�VPDOO�DPRXQW�RI�51$�REWDLQHG��51$�VDPSOHV�ZHUH�
DPSOL¿HG�E\�XVLQJ�2YDWLRQ�3LFR6/�6\VWHP�9���1X*HQH�
7HFKQRORJLHV��&$��86$�� DQG�(1&25H�%LRWLQ�PRGXOH�
�1X*HQH�WHFKQRORJLHV���51$�0LQ(OXWH�5HDFWLRQ�&OHDQXS�
.LW� �4LDJHQ��ZDV�XVHG� WR�SXULI\� DPSOL¿HG�51$��51$�
VDPSOHV�ZHUH�ODEHOHG�DQG�K\EULGL]HG�E\�XVLQJ�*HQH&KLS�
+\EULGL]DWLRQ�&RQWURO�.LW�DQG�*HQH&KLS�+\EULGL]DWLRQ��
:DVK� DQG� VWDLQ�.LW�+7� �$II\PHWUL[�� 6DQWD�&ODUD��&$��
86$��� UHVSHFWLYHO\�� /DEHOHG� 51$� VDPSOHV� ZHUH� WKHQ�
K\EULGL]HG�WR�$II\PHWUL[�+*�8����JHQHFKLSV�����DUUD\V�
plate) (Affymetrix) according to the manufacturer’s 
LQVWUXFWLRQV�� 'DWD� QRUPDOL]DWLRQ� DQG� DQDO\VLV� ZDV�
performed using GeneSpring GX12 (Agilent, Santa 
&ODUD��&$��DV�GHVFULEHG�SUHYLRXVO\�>��@��)RU�GHWHFWLRQ�RI�
differentially expressed genes, a P-value cut-off of 0.05 
ZDV�XVHG�LQ�FRPELQDWLRQ�ZLWK�D�IROG�FKDQJH�FXW�RII�RI������
5DZ�GDWD�DUH�PDGH�SXEOLFDOO\�DYDLODEOH�RQ�WKH�1&%,�*HQH�
([SUHVVLRQ� 2PQLEXV� GDWDEDVH�� ZLWK� DFFHVVLRQ� QXPEHU�
*6(������

51$�SXUL¿FDWLRQ�DQG�57T�3&5

7RWDO�FHOO�51$�ZDV�H[WUDFWHG�DQG�SXUL¿HG�XVLQJ�WKH�
5HOLDSUHS�51$�FHOO�0LQLSUHS�6\VWHP��3URPHJD��0DGLVRQ��
:,��DQG�FRQYHUWHG�WR�F'1$�E\�UHYHUVH�WUDQVFULSWLRQ�XVLQJ�
WKH�5HYHUW�$LG�.LW��7KHUPR)LVKHU�6FLHQWL¿F��6W��/HRQ�5RW�� 
*HUPDQ\��� 4XDQWLWDWLYH� UHDO�WLPH� SRO\PHUDVH� FKDLQ�
UHDFWLRQ�ZDV�SHUIRUPHG�XVLQJ�WKH�*R7DT�T3&5�0DVWHU�
0L[�ZLWK�%5<7(�JUHHQ��3URPHJD���$������UHDO�WLPH�3&5�
V\VWHP�ZDV�XVHG�DQG�GDWD�ZDV�DQDO\]HG�XVLQJ�6\VWHP�6'6�
software v2.0.6 (Applied Biosystems).

%LVXO¿WH�JHQRPLF�VHTXHQFLQJ

'1$�ZDV�SXUL¿HG�DQG�ELVXO¿WH�FRQYHUWHG�XVLQJ�
WKH� (SL7HFW� %LVXO¿WH� .LW� �4LDJHQ��� &RQYHUWHG� '1$�
ZDV� DPSOL¿HG�E\�3&5�XVLQJ�SULPHUV� GHVLJQHG�XVLQJ�
0HWKSULPHU� �KWWS���ZZZ�XURJHQH�RUJ�PHWKSULPHU���
�6XSSOHPHQWDU\� 7DEOH� 6���� 7KH� 766� SRVLWLRQ� ZDV�
GHWHUPLQHG�XVLQJ�(QVHPEO��KWWS���ZZZ�HQVHPEO�RUJ���
3&5� FRQGLWLRQV�ZHUH� ���&� IRU� ��PLQ� DQG� ��� F\FOHV�
of 95°C 1 min, 58°C 2 min, 72°C 2 min, followed 
E\����PLQ�DW����&��3&5�SURGXFWV�ZHUH�SXUL¿HG�IURP�
DQ�DJDURVH�JHO�ZLWK� WKH�*HQ(OXWH�*HO�([WUDFWLRQ�.LW�
(Sigma) and cloned into E. coli�E\�7232�7$�FORQLQJ�
�/LIH�7HFKQRORJLHV��DQG�VHTXHQFHG��0HWK\ODWLRQ�GDWD�
DUH�VKRZQ�DV�PHWK\ODWHG�&S*��¿OOHG��DQG�XQPHWK\ODWHG�
CpG (empty) circles.

0HWK\O�'1$�LPPXQRSUHFLSLWDWLRQ�DQG�GDWD�
DQDO\VLV

0H',3�ZDV�SHUIRUPHG�DQG�GDWD�ZHUH�DQDO\]HG�DV�
GHVFULEHG�>������@��,Q�VKRUW��JHQRPLF�'1$�ZDV�SXUL¿HG�
DQG�IUDJPHQWHG�E\�VRQLFDWLRQ�LQ�D�%LRUXSWRU70��'LDJHQRGH��
WR� REWDLQ� '1$� IUDJPHQWV� RI� ���±���� ES�� 0HWK\ODWHG�
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IUDJPHQWV����ȝJ��ZHUH�LPPXQRSUHFLSLWDWHG�XVLQJ���ȝJ�DQWL�
��PHWK\OF\WRVLQH�DQWLERGLHV��'LDJHQRGH��0$E�����������
0H',3�DQG�LQSXW�'1$�ZHUH�DPSOL¿HG�E\����3&5�F\FOHV�
XVLQJ� WKH� :*$�� NLW� �6LJPD�$OGULFK�� DQG� FOHDQHG� XS�
�0LQ(OXWH�3&5�3XUL¿FDWLRQ�.LW��4LDJHQ���,QSXW�DQG�0H',3�
'1$�ZHUH� ODEHOHG�ZLWK�&\��DQG�&\��� UHVSHFWLYHO\��DQG�
K\EULGL]HG�RQWR�5RFKH�1LPEOHJHQ�+*���5HI6HT�3URPRWHU�
DUUD\V� �1R�� &����±�������� 'DWD� DQDO\VLV� ZDV� GRQH� DV�
GHVFULEHG� >��@� XVLQJ� D� RQH�VLGHG� .ROPRJRURY�6PLUQRY�
�.6��ZLQGRZHG�WHVW�WR�LGHQWLI\�SUREHV�ZLWK�D�VLJQL¿FDQWO\�
SRVLWLYH�VLJQDO��5HVXOWLQJ�VFRUH�IRU�HDFK�SUREH�ZDV�WKH�P-
YDOXH� IURP� WKH�ZLQGRZHG� WHVW� DURXQG� WKDW�SUREH��8VLQJ�
1LPEOH6FDQ��PHWK\ODWHG�SHDN�GDWD�ZHUH�JHQHUDWHG�IURP�P-
YDOXHV�E\�TXHU\LQJ�IRU�����SUREHV�ZLWK�P��������

)RU� FRPSDULVRQ� RI� SURPRWHU� '1$� PHWK\ODWLRQ�
EHWZHHQ� HDFK� OLYHU� FHOO� W\SH� DQG� ERQH�PDUURZ�&'��+ 
cells, we focused on one donor for each liver cell type 
VLQFH�PHWK\ODWLRQ�GDWD�IURP�RQH�&'��+ cell donor were 
RULJLQDOO\�FROOHFWHG�>��@��0RUHRYHU��DQDO\VLV�ZDV�UHVWULFWHG�
to the genomic window originally examined, i.e. from −2.2 
WR������NE�UHODWLYH�WR�766�LQ�RUGHU�WR�PDWFK�RXU�HDUOLHU�
GDWDVHW�IRU�&'��+ cells (see Supplementary Figure S2B).

0H',3�GDWD�YLHZLQJ�DQG�DFFHVV

0H',3� GDWD� ZHUH� YLHZHG� XVLQJ� WKH� ,QWHJUDWHG�
*HQRPLFV�9LHZHU��,*9��DQG�GHSRVLWHG�XQGHU�1&%,�*(2�
*6(������

&KURPDWLQ�LPPXQRSUHFLSLWDWLRQ��&K,3�

'1$� DQG� SURWHLQ� ZHUH� FURVV�OLQNHG� ZLWK� ���
IRUPDOGHK\GH�� FHOOV� O\VHG�� FKURPDWLQ� IUDJPHQWHG� E\�
VRQLFDWLRQ�XQGHU�FRROLQJ�IRU���î���PLQ�����VHF�21�2))��RQ�
³+LJK´�LQ�D�%LRUXSWRU70��'LDJHQRGH��WR�REWDLQ�FKURPDWLQ�
IUDJPHQWV�RI����±����ES��$IWHU�VHGLPHQWDWLRQ��FKURPDWLQ�
IUDFWLRQV� IURP� IRXU� GRQRUV� ZHUH� SRROHG�� '\QDEHDGV® 
3URWHLQ�$��/LIH�7HFKQRORJLHV��LQ�5,3$�EXIIHU�ZHUH�PL[HG�
ZLWK�����ȝJ�DQWLERG\��'LDJHQRGH��+�.�PH��S$E����±
�����+�.��PH��S$E����±�����+�.��DF�S$E����±����
RU�+�.�PH��S$E����±�����DQG�LQFXEDWHG�RYHUQLJKW�DW�
��&��&KURPDWLQ�ZDV�GLOXWHG�����LQ�5,3$�FRQWDLQLQJ��;�
SURWHDVH� LQKLELWRU� FRFNWDLO�� �� P0� 306)� DQG� ��� P0�
VRGLXP�EXW\UDWH��$SSUR[LPDWHO\����$260 units of chromatin 
LQ�����ȝO�ZDV�XVHG�SHU�&K,3�DQG�LQFXEDWHG�ZLWK�DQWLERG\�
EHDG� FRPSOH[HV� IRU� �� K� DW� ��&�� ,PPXQRSUHFLSLWDWHG�
PDWHULDO� ZDV� 51DVH�WUHDWHG� ZLWK� ��� QJ�ȝO� 
51DVH��5RFKH��LQ�HOXWLRQ�EXIIHU��GLJHVWHG�ZLWK�3URWHLQDVH�
.� DQG� LVRODWHG� E\� SKHQRO�FKORURIRUP�LVRDP\ODOFRKRO�
H[WUDFWLRQ�� &K,3�'1$�ZDV� GLVVROYHG� LQ� ��� ȝO�0LOOL�4�
ZDWHU�� $OO� &K,3� '1$� DQG� ����� RI� LQSXW� '1$� ZDV�
DPSOL¿HG� E\� ��� F\FOHV� XVLQJ� WKH� :*$�� NLW� �6LJPD�
$OGULFK���$PSOL¿HG� &K,3� '1$� ZDV� SXUL¿HG� ZLWK� WKH�
4,$TXLFN�3&5�3XUL¿FDWLRQ�.LW��4LDJHQ��DQG�HOXWHG�ZLWK�
���ȝO�HOXWLRQ�EXIIHU�������GLOXWLRQ�LQ�0LOOL�4�ZDWHU���,Q�
RUGHU� WR� DQDO\]H� PDQ\� SURPRWHUV� E\� TXDQWLWDWLYH� �T�

3&5�� DPSOL¿HG�&K,3�PDWHULDO� ��� ȝO� RI� ������ GLOXWLRQ��
ZDV�UH�DPSOL¿HG�DQG�SXUL¿HG�DV�DERYH��:H�VKRZ�WKDW�WKH�
UHDPSOL¿FDWLRQ�RI�&K,3�'1$�EHIRUH�T3&5�PDLQWDLQV�WKH�
HQULFKPHQW�SUR¿OHV�RI�KLVWRQH�PRGL¿FDWLRQV�WHVWHG��DQG�
51$�3RO�,,��RQ�WKH�PRGHOV�JHQHV�H[DPLQHG��L�H��0<2*�
DQG�*$3'+��6XSSOHPHQWDU\�)LJXUH�6����5H�DPSOL¿HG�
&K,3�'1$�ZDV�DQDO\]HG�E\�T3&5�XVLQJ�,4�6<%5® Green 
�%LR5DG��ZLWK�&K,3�SULPHUV�OLVWHG�LQ�6XSSOHPHQWDU\�7DEOH�
6���3&5�FRQGLWLRQV�ZHUH����&�IRU���PLQ�DQG����F\FOHV�RI�
95°C for 30 sec, 60°C for 30 sec and 72°C for 30 sec.

6WDWLVWLFDO�DQDO\VLV

*UDSK3DG� 3ULVP� Y������ �*UDSK3DG� 6RIWZDUH�� /D�
-ROOD��&$��DQG�*HQH6SULQJ�*;����$JLOHQW��ZHUH�XVHG�IRU�
VWDWLVWLFDO�DQDO\VLV��'LIIHUHQFHV�DPRQJ�JURXSV�ZHUH�WHVWHG�
IRU� VWDWLVWLFDO� VLJQL¿FDQFH� E\� 2QH�ZD\� $129$� ZLWK�
SRVWKRF�7XNH\� DQDO\VLV� RU� 6WXGHQW¶V� t�WHVW��'LIIHUHQFHV�
ZHUH� FRQVLGHUHG� VWDWLVWLFDOO\� VLJQL¿FDQW�ZKHQ�P values 
were < 0.05.

),1$1&,$/�6833257

7KH� ZRUN� ZDV� IXQGHG� E\� D� 3K'� JUDQW� IURP� WKH�
,QVWLWXWH�IRU�WKH�3URPRWLRQ�RI�,QQRYDWLRQ�WKURXJK�6FLHQFH�
DQG�7HFKQRORJ\�LQ�)ODQGHUV��,:7�9ODDQGHUHQ��WR�$��(O�
7DJKGRXLQL�DQG�IURP�D�(XURSHDQ�8QLRQ�)3��&RVPHWLFV�
(XURSH�FRIRXQGHG�SURMHFW��+H0L%LR��(&*$����������WR�
3��&ROODV��%�6PHGVU¡G��$��/XWWXQ��3��6DQFKR�%UX�DQG�/�$��
van Grunsven.

CONFLICTS OF INTEREST

$XWKRUV�GHFODUH�QR�FRQÀLFWLQJ�LQWHUHVWV�

$XWKRU¶V�FRQWULEXWLRQV

&RQFHLYHG� DQG� GHVLJQHG� WKH� H[SHULPHQWV�� $(7��
$/6��3&��/$Y*��3HUIRUPHG�WKH�H[SHULPHQWV��$(7��$/6��
,0��$QDO\]HG� WKH� GDWD��$(7��$/6��$+5�� 3&�� /$Y*��
&RQWULEXWHG�UHDJHQWV�PDWHULDOV�RU�NQRZ�KRZ��&,2��%6��
69��01��(6��0&��36%��$/��:URWH�PDQXVFULSW��$(7��3&��
/$Y*��5HYLVLRQ�RI�PDQXVFULSW��$OO�DXWKRUV�

$EEUHYLDWLRQV

+(3��+HSDWRF\WH��+6&��+HSDWLF�VWHOODWH�FHOO��T+6&��
TXLHVFHQW� +6&�� D+6&�� DFWLYDWHG� +6&�� /6(&�� /LYHU�
VLQXVRLGDO�� HQGRWKHOLDO� FHOO�� .&�� .XSIIHU� FHOO�� (&0��
([WUDFHOOXODU�PDWUL[��*2��*HQH�RQWRORJ\��&K,3��&KURPDWLQ�
LPPXQRSUHFLSLWDWLRQ�� .6�� .ROPRJRURY�6PLUQRY�� 766��
7UDQVFULSWLRQ� VWDUW� VLWH�� &&O� �� �� &DUERQ� WHWUDFKORULGH��
+�.�PH��� +LVWRQH� �� O\VLQH� �� PRQR�PHWK\ODWLRQ��
+�.�PH���+�.��WUL�PHWK\ODWLRQ��+�.��PH���+LVWRQH���
O\VLQH����WUL�PHWK\ODWLRQ��+�.��DF��+�.���DFHW\ODWLRQ��
'107���'1$��F\WRVLQH����PHWK\OWUDQVIHUDVH����0H&3���
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0HWK\O�&S*�ELQGLQJ�SURWHLQ����&S*��F\WRVLQH�SKRVSKDWH�
JXDQLQH��89��8OWUDYLROHW�

(GLWRULDO�QRWH

7KLV�SDSHU�KDV�EHHQ�DFFHSWHG�EDVHG�LQ�SDUW�RQ�SHHU�
UHYLHZ� FRQGXFWHG� E\� DQRWKHU� MRXUQDO� DQG� WKH� DXWKRUV¶�
response and revisions as well as expedited peer-review 
in Oncotarget.
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