
Figure S1. Phenotypes associated with erh1¨��UHODWHG�WR�)LJXUH��
(A) erh1¨�DIIHFWV�WKH�ade6�SKHQRW\SH��7HWUDG�GLVVHFWLRQ�RI�erh1¨��¨��ade6-M210 × erh1+ (+) ade6-M216��
'LVVHFWHG�VSRUHV�ZHUH�JURZQ�RQ�ULFK�SODWHV��DQG�WKHQ�UHSOLFD�SODWHG�DQG�JURZQ�RQ�DGHQLQH�GHILFLHQW�SODWHV�
(B) erh1¨�mei4¨�EXW�QRW�erh1¨�JURZV�DW����&��7HWUDG�GLVVHFWLRQ�RI�erh1¨�ade6-M210 × mei4¨�ade6-M216�DQG�
erh1¨�ade6-M216 × mei4¨�ade6-M210��'LVVHFWHG�VSRUHV�ZHUH�JURZQ�RQ�ULFK��<($��SODWHV�DW����&��DQG�WKHQ�
UHSOLFDWHG�DQG�JURZQ�RQ�<($�SODWHV�DW�WKH�LQGLFDWHG�WHPSHUDWXUHV��/LJKW�EOXH�FLUFOHV��erh1¨��\HOORZ�VTXDUHV��
erh1¨�mei4¨���&��mei4¨�VXSSUHVVHV�WKH�FROG�VHQVLWLYLW\�RI�erh1¨��EXW�QRW�red1¨��7HQ�IROG�VHULDO�GLOXWLRQV�RI�HDFK�
VWUDLQ�ZHUH�VSRWWHG�RQ�ULFK��<($��SODWHV�DQG�WKHQ�LQFXEDWHG�DW�WKH�LQGLFDWHG�WHPSHUDWXUHV��'��erh1¨�DIIHFWV�
VSRUXODWLRQ�DV�LQGLFDWHG�E\�LRGLQH�VWDLQLQJ�LQWHQVLW\��7HWUDG�GLVVHFWLRQ�RI�h�� erh1¨��¨��ð�h� erh1+������
'LVVHFWHG�VSRUHV�ZHUH�JURZQ�RQ�ULFK�SODWHV��DQG�WKHQ�UHSOLFD�SODWHG�DQG�JURZQ�RQ�PLQLPDO�SODWHV�WR�LQGXFH
VSRUXODWLRQ��IROORZHG�E\�H[SRVXUH�WR�LRGLQH�YDSRU�
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Figure S2. Expression profile analysis of erh1¨��UHODWHG�WR�)LJXUH��
(A) Meiotic genes upregulated in vegetative erh1¨�DUH�FODVVLILHG�DFFRUGLQJ�WR�WKHLU�H[SUHVVLRQ�SDWWHUQV��
1�$���QRW�DVVLJQHG�EXW�LQFUHDVHG�GXULQJ�PHLRVLV���%��*2��*HQH�RQWRORJ\��DQDO\VLV�RI�XSUHJXODWHG�JHQHV�LQ�
vegetative erh1¨�FHOOV��7HQ�*2�WHUPV�DUH�VKRZQ�LQ�WKH�OLVW��1RWH�´PHLRWLF�FHOO�F\FOHµ�LV�WKH�*2�WHUP�
�ELRORJLFDO�SURFHVV��DQG�WKH�RWKHUV�DUH�*2�VOLP�WHUPV���&��&ODVVLILFDWLRQ�RI�DFFXPXODWHG�QRQ�FRGLQJ�51$V�LQ�
erh1¨���'��0HLRWLF�JHQHV�GRZQUHJXODWHG�LQ�YHJHWDWLYH�erh1¨�FHOOV�DUH�FODVVLILHG�DFFRUGLQJ�WR�WKHLU�H[SUHVVLRQ�
SDWWHUQV��1�$���QRW�DVVLJQHG�EXW�LQFUHDVHG�GXULQJ�PHLRVLV���(��*2�DQDO\VLV�RI�GRZQUHJXODWHG�JHQHV�LQ�YHJHWDWLYH�
erh1¨��7KLUWHHQ�*2�WHUPV�DUH�VKRZQ�LQ�WKH�OLVW���)��&ODVVLILFDWLRQ�RI�QRQ�FRGLQJ�51$V�WKDW�DUH�GHFUHDVHG�
in erh1¨�
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Figure S3. Erh1 localization and meiRNA dot analysis in various deletion cells, related to Figure 3
(A) Meiosis was induced in homothallic mei3¨��sme2¨�RU�mei4¨�FHOOV�H[SUHVVLQJ�(UK��*)3��DQG�WKH�
ORFDOL]DWLRQ�RI�(UK��*)3�LQ�WKHVH�VWUDLQV�ZDV�DQDO\]HG�E\�IOXRUHVFHQFH�PLFURVFRS\��5HSUHVHQWDWLYH�LPDJHV
DUH�VKRZQ��DQG�WKH�ZKLWH�GDVKHG�OLQHV�LQGLFDWH�WKH�FHOO�VKDSH��%DUV�����P���%��7KH�PHL51$�GRW�LV�REVHUYHG�
LQ�PHLRWLF�ZLOG�W\SH�DQG�red1¨�FHOOV��EXW�LV�DOVR�REVHUYHG�LQ�PLWRWLF�red1¨�FHOOV��0HLRVLV�ZDV�LQGXFHG�LQ�
KRPRWKDOOLF�ZLOG�W\SH��:7���erh1¨�DQG�red1¨�FHOOV�H[SUHVVLQJ�06��ORRS�WDJJHG�PHL51$�DQG�06��*)3��
DQG�WKH�IRUPDWLRQ�RI�WKH�PHL51$�GRW�LQ�WKHVH�VWUDLQV�ZDV�H[DPLQHG�E\�IOXRUHVFHQFH�PLFURVFRS\��
5HSUHVHQWDWLYH�LPDJHV�DUH�VKRZQ��DQG�WKH�ZKLWH�GDVKHG�OLQHV�LQGLFDWH�WKH�FHOO�VKDSH��%DUV�����P�
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Figure S4. Ccr4 purification, expression and localization of Erh1, Mmi1 and Red1, related to Figure 4
(A) Western blots of Erh1-GFP. Protein extracts from parental untagged or Erh1-GFP strains were 
examined on Western blots probed with anti-GFP antibody. Cdc2 was also monitored as a loading control.
(B) Ccr4-GFP purification. Extracts from the parental (untagged) or Ccr4-GFP strains were purified on 
anti-GFP agarose beads. Ccr4-binding proteins were visualized on an SDS-PAGE gel by CBB staining (left). 
The total peptide coverage (%), total number of unique peptides, and total number of peptides of the identified
proteins are shown (right). (C) Western blots of Erh1-GFP. Protein extracts from wild-type (WT) or mmi1¨�
strains expressing Erh1-GFP (C) were examined on Western blots probed with anti-GFP antibody. Cdc2 was
also monitored as a loading control. (D and E) The localization of Erh1-GFP or CFP-Mmi1 in the indicated 
strains was determined by fluorescence microscopy. Representative images of WT and mmi1¨�VWUDLQV�
expressing Erh1-GFP (D), and WT and erh1¨�VWUDLQV�H[SUHVVLQJ�&)3�0PL���(��DUH�VKRZQ��7KH�ZKLWH�GDVKHG
lines indicate the cell shape. Bars, 5 µm. (F and G) Western blots of CFP-Mmi1 or Erh1-GFP in the indicated 
strains. Protein extracts from WT and erh1¨�VWUDLQV�H[SUHVVLQJ�&)3�0PL���)���DQG�:7�DQG�mmi1¨�VWUDLQV�
expressing Erh1-GFP (G) were examined on Western blots probed with anti-GFP antibody. Cdc2 was also 
monitored as a loading control. (H) The localization of Erh1-GFP in WT and red1¨�VWUDLQV�ZDV�H[DPLQHG�E\�
fluorescence microscopy. Representative images are shown, and the white dashed lines indicate the cell 
shape. Bars, 5 µm. (I) Western blot analysis of Red1-tdTomato in WT and erh1¨�VWUDLQV��3URWHLQ�H[WUDFWV�IURP�
WT and erh1¨�VWUDLQV�H[SUHVVLQJ�5HG��WG7RPDWR�ZHUH�SUREHG�ZLWK�DQWL�5)3�DQWLERG\��&GF��ZDV�DOVR�
monitored as a loading control. Bands marked with * presumably correspond to degradation products of 
Red1-tdTomato. (J) The localization of Red1-tdTomato in WT and erh1¨�VWUDLQV�ZDV�H[DPLQHG�E\�IOXRUHVFHQFH
microscopy. Representative images are shown, and the white dashed lines indicate the cell shape. Bars, 5 µm
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Figure S5. EMC is required for the assembly of heterochromatin islands, but not for constitutive 
heterochromatin formation, and localize to euchromatic domains, related to Figure 5
(A) EMC promotes heterochromatin assembly at the mei4 and ssm4 loci. Input and H3K9me2 ChIP DNA from
the indicated strains were measured by real-time PCR (qPCR) using gene-specific primers, and H3K9me2 
ChIP enrichment at mei4 and ssm4 was calculated relative to the enrichment at the control locus, vps33. 
Error bars indicate the SD from two independent experiments. (B) ChIP-chip results of H3K9me2 (WT and 
erh1¨��:7�DQG�mmi1¨���(UK��*)3��:7�DQG�mmi1¨��DQG�&)3�0PL��DW�FHQWURPHUH��/��cen�/���WKH�PDWLQJ�
type locus (mat��DQG�WHORPHUH��/��tel�/����&��&K,3�FKLS�UHVXOWV�RI�+�.�PH���:7�DQG�erh1¨���(UK��*)3�
(WT and mmi1¨��DQG�&)3�0PL��DW�D�QRQ�FRGLQJ�51$��QF51$��XSVWUHDP�RI�byr2+, tgp1+ or SPCC11E10.01. 
Red bars indicate the positions of the ncRNAs. (D) Additional examples of genes that contain upstream 
QF51$V�ZLWK�(UK��HQULFKPHQW��*HQHV�LQ�UHG�DUH�XSUHJXODWHG�LQ�erh1¨�FHOOV���(��)ROG�HQULFKPHQW�RI�
(UK��*)3��WRS��DQG�+���ERWWRP��DW�WZR�QF51$�ORFL��ZKLFK�DUH�GHYRLG�RI�VLJQLILFDQW�+�.�PH���UHODWLYH�WR�
the control locus, vps33��'DWD�IURP�WKUHH��(UK��&K,3��RU�WZR��+��&K,3��ELRORJLFDO�UHSOLFDWHV�DUH�VKRZQ�DV�
WKH�PHDQ�6'���)��&K,3�FKLS�UHVXOWV�RI�+�.�PH���:7�DQG�erh1¨���(UK��*)3��:7�DQG�mmi1¨��DQG�
&)3�0PL��DW�WKH�LQGLFDWHG�HXFKURPDWLF�ORFL�VXFK�DV�rpl3002+, snoRNAs and sme2+�ORFL��*HQHV�LQ�UHG�
are upregulated in erh1¨�FHOOV�
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Figure S6. Ccr4 is required for rDNA integrity and subtelomereic heterochromatin assembly, 
related to Figure 6
(A and B) Verification of rDNA::ura4+ loss in WT, erh1¨�DQG�ccr4¨��7KH�ORVV�RI�ura4+�LQ�FORQHV�WKDW�GR�QRW�JURZ�
RQ�XUDFLO�ODFNLQJ�SODWHV�ZDV�FRQILUPHG�E\�JHQRPLF�3&5��ura4DS/E, a ura4+�PLQLJHQH��VHUYHG�DV�DQ�LQWHUQDO�FRQWURO
IRU�3&5��3&��SRVLWLYH�FRQWURO��VWDUWLQJ�VWUDLQV�XVHG�IRU�WKLV�DVVD\��IRU�JHQRPLF�3&5��&ORQH����DQG�����RI�erh1¨��
LQGLFDWHG�LQ�UHG��KDYH�ura4+��LQGLFDWLQJ�WKHVH�VWUDLQV�FDUU\�ura4+�ZLWK�D�PXWDWLRQ��DQG�GR�QRW�ORVH�WKH�ura4+�PDUNHU��
7KHUHIRUH��ZH�FRQVLGHUHG�WKHVH�FORQHV�WR�EH�IDOVH�SRVLWLYH���&�DQG�'��+HWHURFKURPDWLQ�DVVHPEO\�LV�XQDIIHFWHG�DW�
FHQWURPHUHV�DQG�WKH�mat�ORFXV��EXW�LV�FRPSURPLVHG�DW�VXEWHORPHUHV�LQ�ccr4¨��&K,3�FKLS�UHVXOWV�RI�+�.�PH��DW�
FHQWURPHUH��/��cen�/��DQG�WKH�mat locus (mat���&��DQG�WHORPHUH��/��tel�/���'��LQ�:7�DQG�ccr4¨�DUH�VKRZQ��
�(��/LVW�RI�JHQHV�DW�WHORPHUH��/�WKDW�DUH�XSUHJXODWHG�LQ�ccr4¨��7KH�IROG�LQFUHDVH��ccr4¨�:7��GHWHUPLQHG�IURP�WZR�
LQGHSHQGHQW�51$�6HT�GDWD�VHWV�DUH�VKRZQ�



A

D

B

<0.43% (n=234)sme2¨

ccr4¨
sme2¨

WT 88.7% (n=168)

1.72% (n=116)

SporulationI2

W
T

cc
r4
¨0

(%)

50

100

n=
41

n=
40

m
ei

R
N

A 
do

t
C

ex
pr

es
si

on
(n

or
m

al
iz

ed
 re

ad
s)

mei4

0

100
0

100
0

100

crs1

0

150
0

150
0

150

ssm4

0

100
0

100
0

100

0

30
0

30
0

30

spo5

0

40
0

40
0

40

rec8

0

250
0

250
0

250

meu1-1

mei4
rec8
ssm4
spo5
mcp5
rec10
crs1
sme2
ubi4

1.0
0.9
0.7
0.9
1.2
0.9
0.8
2.2
2.2

0.8
0.9
0.6
0.9
1.0
1.0
0.8
2.9
1.7

ccr4¨ erh1¨

Fold change relative to WT

5.3
3.1
2.6

10.6
6.2
9.2

15.7
3.5
1.8

5.2
3.3
2.4

10.7
6.7
9.5

14.4
4.3
1.8

gene

Island 15

LTRBC24C6.09

0

3.5

0

3

eno101
cut2

Island 14

WT
ccr4¨

0

6

ncRNA mcp7
ubp8

Island 1

but1 ssm4

0

7

Island 6 Island 8 Island 9
mei4cdk9

act1

0

12

mcp5 BC216.03

0

3

ncRNA

H
3K

9m
e2

 C
hI

P

E

F

leu1
8.3 11 0.6

HOOD-31
(1442.04c)

leu1
2.2 3.9 0.9

HOOD-10
(Tf2-5)

HOOD-12
(mcp3)
leu1

4.4 0.8 1.0

erh1¨
rrp6¨

FFU�¨
rrp6¨rrp6¨

C
hI

P
in

pu
t

C
hI

P
in

pu
t

C
hI

P
in

pu
t

erh1¨
rrp6¨

FFU�¨
rrp6¨rrp6¨

C
hI

P
in

pu
t

C
hI

P
in

pu
t

C
hI

P
in

pu
t

erh1¨
rrp6¨

FFU�¨
rrp6¨rrp6¨

C
hI

P
in

pu
t

C
hI

P
in

pu
t

C
hI

P
in

pu
t

WT

ccr4¨

erh1¨



Figure S7. Ccr4 has an important role in HOOD assembly, but not in heterochromatin island assembly, 
meiotic mRNA degradation or meiRNA dot formation, related to Figure 7
(A) ChIP-chip results of H3K9me2 in WT and ccr4¨�DW�KHWHURFKURPDWLQ�LVODQGV���%��([SUHVVLRQ�OHYHOV�RI�
(UK��WDUJHW�JHQHV�LQ�:7��ccr4¨�DQG�erh1¨��51$�6HT�GDWD�RI���UHSUHVHQWDWLYH�PHLRWLF�P51$V�LQ�:7��ccr4¨�
and erh1¨�DUH�VKRZQ���&��)ROG�FKDQJH�RI�UHSUHVHQWDWLYH�0PL��UHJXORQ�JHQHV�LQ�ccr4¨�DQG�erh1¨���'��
ccr4¨�GRHV�QRW�VLJQLILFDQWO\�VXSSUHVV�WKH�VSRUXODWLRQ�GHIHFW�RI�sme2¨��7KH�KRPRWKDOOLF�sme2¨�VWUDLQ�ZDV�
FURVVHG�ZLWK�WKH�KRPRWKDOOLF�ccr4¨�VWUDLQ��IROORZHG�E\�WHWUDG�GLVVHFWLRQ��'LVVHFWHG�VSRUHV�ZHUH�JURZQ�RQ�
ULFK�SODWHV�IRU���GD\V��RQ�PLQLPDO�SODWHV�IRU���GD\V��DQG�WKHQ�DQDO\]HG�E\�LRGLQH�VWDLQLQJ�DQG�PLFURVFRS\��
�(��&FU��LV�GLVSHQVDEOH�IRU�PHL51$�GRW�IRUPDWLRQ�LQ�PHLRWLF�FHOOV��7KH�PHL51$�GRW�LQ�PHLRWLF�ccr4+ (WT) 
and ccr4¨�FHOOV�ZDV�YLVXDOL]HG�E\�WKH�06��V\VWHP�DQG�DQDO\]HG�XVLQJ�D�IOXRUHVFHQFH�PLFURVFRSH��7KH�
SHUFHQWDJHV�RI�FHOOV�ZLWK����ZKLWH��RU����JUH\��PHL51$�GRW�DUH�VKRZQ�LQ�WKH�EDU�JUDSK��´n” indicates the 
QXPEHU�RI�FHOOV�H[DPLQHG�IRU�HDFK�VWUDLQ���)��%RWK�(0&�GHSHQGHQW��HOOD-12��DQG�(0&�LQGHSHQGHQW�
+22'��HOOD-31 and -10��DVVHPEO\�LV�DEROLVKHG�LQ�ccr4¨��7KH�+�.�PH��OHYHO�DW�WKUHH�ORFL�UHODWLYH�WR�WKH�
OHYHO�DW�WKH�FRQWURO�leu1�ORFXV�ZDV�GHWHUPLQHG�E\�&K,3�PXOWLSOH[�3&5��5HODWLYH�HQULFKPHQW�YDOXHV�
�WDUJHW�leu1��DUH�DOVR�VKRZQ�
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Strains and media 

The general genetic methods used in this study were described previously (Moreno et al., 1991). 

Rich medium supplemented with adenine (YEA), rich but adenine-limited medium (YE), 

minimal medium (PMG), minimal medium without adenine (PMG-Ade), PMG without uracil 

(PMG-Ura) and AA lacking both leucine and uracil (AA-Leu-Ura) were used to grow yeast cells 

(Allshire et al., 1994; Moreno et al., 1991). Deletion strains and strains expressing tdTomato, 

mCherry (Shaner et al., 2004) and GFP (Ogawa et al., 2004) epitope-tagged proteins were 

constructed using PCR-based methods as described previously (Bahler et al., 1998). 

 

RNA analyses 

Total RNA was prepared using the MasterPure™ Yeast RNA purification kit (Epicentre). RNA-

Sequencing library construction and analyses were described previously (Lee et al., 2013). The 

data from wild-type cells were compared with those from erh1∆, ccr4∆, mmi1∆ and red1∆ cells 

(Lee et al., 2013); a total of 7019 genes were examined, and the transcripts that showed more 

than a 2-fold increase or a 0.5-fold decrease were selected as “increased” or “decreased” 

transcripts, respectively. The increased or decreased genes in erh1∆ are listed in Tables S1 and 

S2, respectively. Note that we do not consider ribosomal rRNA results reliable in our RNA-

Sequencing data for two reasons: (1) ribosomal RNA was actively removed during the library 

preparation step due to the overabundance of RNA originating from these loci; and (2) the high 

number of reads interfered with accurate quantitation and normalization of the loci. Collectively, 

this yielded inaccurate FPKM measurements. The statistical significance (p-value) of the overlap 

of two groups was determined by hypergeometric probability distribution.  

 Northern blotting for small RNAs was performed as described previously (Yamanaka et 

al., 2013). Briefly, small RNAs were purified from cells grown at 30°C (or 33°C for pir2-1 

rrp6∆ and rrp6∆ in Figure 7F) using the mirVana™ miRNA isolation kit (Life Technologies), 

resolved on a 15% TBE-urea acrylamide gel, and transferred to Hybond™-NX (GE Healthcare) 

followed by EDC chemical cross-linking. The blots were hybridized with 32P-labelled single-

strand RNA probes (~50 nucleotides) corresponding to HOOD-12 (mcp3/red1/och1), 

SPCC1442.04c or Tf2 in ULTRAhyb®-Oligo (Life Technologies) at 42°C. 



 

 

Protein purification 

Protein purification was performed as previously reported with some modifications (Sugiyama et 

al., 2007). Briefly, cells harvested from 4L cultures were flash frozen in liquid nitrogen and then 

crude cell lysates were prepared using a house-hold blender. The cell lysates were cleared by 

ultracentrifugation, and the cleared lysates were subjected to affinity-purification on anti-GFP 

agarose beads (antibodies-online). Beads were washed extensively, and purified proteins were 

eluted three times with 0.2 M glycine (pH 2.0). Then eluted proteins were precipitated with TCA 

(trichloroacetic acid) and resolved on 4-12% Bis-Tris Gel (Life Technologies). Proteins were 

visualized using SimplyBlueTM SafeStain (Life Technologies). To remove DNA/RNA 

molecules, Erh1-GFP bound on anti-GFP agarose beads were treated with 50 U/ml Benzonase® 

(Sigma-Aldrich) for 30 min after an extensive wash step. The anti-GFP agarose beads incubated 

with Benzonase® were subjected to a second extensive wash followed by protein elution with 0.2 

M glycine (pH 2.0). 

 

Mass spectrometry analysis 

Mass spectrometry was performed as described previously (Lee et al., 2013). The protein search 

was performed against the UnitPro Schizosaccharomyces pombe database from the European 

Bioinformatics Institute. To compare the relative protein amounts in the Benzonase (-) and (+) 

samples, we used intensity-based absolute quantification (iBAQ) values (Schwanhausser et al., 

2011) calculated by MaxQuant software (ver. 1.5.2.8). The iBAQ values of Erh1-associated 

proteins were normalized to the iBAQ value of the bait protein (Erh1-GFP) and indicated as a 

percentage of the bait. Unique and total peptide counts, iBAQ values and sequence coverage of 

identified proteins are shown in Tables S3-S5. 

 

Co-immunoprecipitation and Western blotting 

Co-immunoprecipitation was performed as described previously (Lee et al., 2013). The sample 

preparation for Western blotting was performed using an alkaline protein extraction method 

(Matsuo et al., 2006) or a TCA extraction method (Sugiyama and Sugioka-Sugiyama, 2011). 

Anti-GFP (7.1 and 13.1, Roche), anti-RFP (PM005, MBL), and anti-Cdc2 (Y100.4, Santa Cruz) 

antibodies were used for probing Erh1-GFP, CFP-Mmi1, Red1-tdTomato and Cdc2. 

 



 

 

ChIP and ChIP-chip 

ChIP and ChIP-chip experiments were carried out as previously described (Lee et al., 2013). 

Strains were grown at 30°C (or 33°C for pir2-1 rrp6∆ and rrp6∆ in Figure 7E). Anti-H3K9me2 

(ab1220, Abcam; ab115159, Abcam), anti-GFP (ab290, Abcam) and anti-H3 (ab1791, Abcam) 

antibodies and proteinA/G magnetic beads (Life Technologies or NEB) were used to precipitate 

protein-chromatin complexes. Immunoprecipitated DNA and input DNA were analyzed by 

multiplex PCR using AmpliTaq® DNA Polymerase (Thermo Fisher Scientific), real-time PCR 

using SYBR® Premix Ex Taq™ II (TaKaRa Bio) and DNA Engine Opticon®2 System (BioRad), 

or labeled with Cy5/Cy3 and used for microarray-based ChIP-chip analysis by hybridization to a 

custom 4×44K oligonucleotide array according to Agilent’s recommended procedure. ChIP-

qPCR experiments were repeated at least twice, and ChIP-chip experiments were repeated twice.  
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