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Supplementary Figure 1.  Section and flat mount immunohistochemistry (IHC) analysis of Pias3 in 
8wk C57BL/6 mouse retinas. (a and b) Section IHC of dorsal and ventral retinas immunostained with 
Pias3 (red) and Trβ2 (green) (a) and with Sop (blue)/Mop (green) and Pias3 (red) (b).  Pias3 signals in 
cone photoreceptor nuclei were double-labeled with Trβ2, Mop or Sop.  A subset of cone photoreceptor 



nuclei label relatively weakly with the anti-Pias3 antibody (white arrowheads).   These nuclei are 
preferentially labeled with Sop (b, white arrowheads), indicating that S-dominant cones express less 
Pias3 than M-dominant cones.  Pias3 is also expressed in the inner segment of cone photoreceptors, in 
a position corresponding to the connecting cilium (blue arrowheads).  In the lower panels of Figure S1b, 
the exposure time is increased to enable S- and M-cone opsin immunostaining to be detected in cone 
photoreceptor cell bodies.  Scale bar: 10 µm.  (c) Quantification of nuclear Pias3 immunofluorescence 
of each cone subtype (M, M/S and S) from confocal Z projections obtained from flat mount 
immunohistochemistry data shown in Figure 1a. All data are represented as mean ± s.d. (n = 6 cells of 
each type). The immunofluorescence intensity of nuclear Pias3 levels shows good concordance with 
cone photoreceptor subtype, matching the data for Pias3 levels in cone photoreceptor inner segments 
that are shown in Figure 1b. 
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Supplementary Figure 2. Developmental expression of Pias3 (red) in dorsal and ventral region of the 
mouse retina, and co-immunostained with Sop (blue) and Mop (green) antibodies. S-opsin is expressed 
both in dorsal and ventral region at P2.  The selective expression of Pias3 in cone photoreceptors 
precedes both the downregulation of S-opsin expression and induction of M-opsin expression (P6~P10).  
In the adult, Pias3 is preferentially expressed in M-opsin expressing cones (see Figure 1).  Scale bar: 20 
µm. 
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Supplementary Figure 3. Pias3 orthologues are expressed in LWS, Rh2 and SWS1 cones of zebrafish 
(a) Genomic structure and location of the two Pias3 homologues of Zebrafish. (b) Single or two-color 
chromogenic in situ hybridization analysis of Pias3-1 (brown) and Pias3-2 (brown) in 5 days post 
fertilization (5 dpf) zebrafish retina. Pias3-1 (purple) and Pias3-2 (brown) are colocalized in cone 
photoreceptors. (c) Two-color chromogenic in situ hybridization of Pias3-1 (purple) and each cone 
subtype (LWS, SWS1, SWS2, Rh2, shown in brown) in four months post-fertilization zebrafish retinas. 
The result suggests that SWS2-positive long single (LCS) cones do not express this Pias3 homologue.  
Black arrow indicates Pias3-1 expression in LWS/Rh2-positive double cones (DC), while green arrow 
indicates Pias3-1 expression in SWS1-positive short-single cones (SSC) Scale bars: Figures B and C, 5 
µm. 
 



 
 
Supplementary Figure 4. (a) In situ hybridization analysis of Trβ1 and Trβ2 mRNA in adult mouse 
retina.  Probes used are generated from divergent sequences at the 5’end of the transcripts, including 
untranslated and ORF-derived sequence. In C57BL/6, Trβ1 and Trβ2 transcripts are primarily observed 
in outer region of outer nuclear layer (OONL), where cone photoreceptors are located.  In the Trβ2—/— 

mouse retina, both mRNAs are expressed in a subset of cells scattered throughout the ONL.  Since the 
in situ probes hybridization probes used here are complimentary to the first untranslated exon of Trβ1 
and Trβ2, were are able to detect expression of this portion of the Trβ2 transcript in Trβ2—/— mice, as the 
first exon is not disrupted by the targeted mutation of Trβ2.  Scale bar: 50 µm. (b) Trβ1 and Rxrγ can 
weakly activate expression of a Pias3 promoter luciferase reporter construct in the presence of 9-cis 
retinoic acid (9CRA), but do so much less efficiently than Trβ2 and Rxrγ.  Pink and green right 
triangles represent increasing concentrations of 9CRA (5 µM and 10 µM) and 3,5,3′-triiodothyronine (T3, 
1 nM and 5 nM), respectively.  ‘+’ and ‘++’ represent 15 ng and 30 ng of transfected plasmid, 
respectively.  All data are represented as mean ± s.d. (n = 3). 
 



 
 
Supplementary Figure 5. ChIP assays performed using P14 retinas from C57BL/6 and Trβ2—/— 

mice. (a) Trβ1, Trβ2, and Rxrγ preferentially occupy cone photoreceptor-specific gene 



promoters. (b) and (c) Quantitative PCR for the promoters for Mop, Sop, Rhodopsin 
(Rho), rod transducin (Gnat1), Pias3 and metabotropic glutamate receptor 6 (Grm6) 
using chromosomal DNA immunoprecipitated with antibodies for Trβ2 and Pias3 (b) and Trβ2 and 
Sumo1 (c). Input ratio is calculated as in Figure S4A.  Data are presented as mean ± s.d. (n = 3). 
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Supplementary Figure 6.  ChIP assays performed using P14 retinas from C57BL/6 and Nrl—/— 

mice.  PCR analysis for the promoters for Mop, Sop, Rhodopsin 
(Rho), rod transducin (Gnat1), Pias3 and metabotropic glutamate receptor 6 (Grm6) using chromosomal 
DNA immunoprecipitated with antibodies for Pias3 and Sumo1 is shown. 
 



 
 
Supplementary Figure 7.  Section immunohistochemistry of adult C57BL/6 and Trβ2—/— mouse retinas 
immunostained with Rorα (red) and Trβ2 (green) antibodies.  White arrowheads represent cone 
photoreceptors expressing Trβ2, which are immunonegative in Trβ2—/— animals.  Scale bar: 50 µm. 



 

 
Supplementary Figure 8.  Model of the mechanism of action of Pias3 in mouse photoreceptor 
development.  “S” indicates SUMOylated proteins, while “X” indicates an unidentified SUMOylated 
factor present on the promoters of rod-specific genes as suggested in our recent study22.  In cone 
precursors, Trβ2 and Rxrγ activated by 9CRA enriched in dorsal retina activate expression of Pias3.  
Pias3 expression in cones causes downregulation of S-opsin expression and induction of M-opsin 
expression by SUMOylation of cone-enriched transcription factors (Rorα, Rxrγ, Trβ1 and Trβ2).  
T3-bound Trβ1 and/or Trβ2 enhance Pias3-dependent M-opsin expression. 
 



Su
ip

pl
em

en
ta

ry
 T

ab
le

 1
. D

N
A

 c
on

st
ru

ct
s u

se
d 

in
 th

is
 st

ud
y 

  

de
sc

rip
tio

n 
in

 th
e 

te
xt

cl
on

ed
 D

N
A

/g
en

e
co

ns
tr

uc
ts

 c
lo

ne
d 

in
to

 p
C

A
G

IG
(1

)
C

A
G

-G
FP

ire
s-

G
FP

 (p
C

A
G

IG
)

gi
ft 

fr
om

 C
. C

ep
ko

 (P
ro

c 
N

at
l A

ca
d 

Sc
i U

 S
 A

. 1
01

:1
6-

22
)

C
A

G
-P

ia
s3

m
ou

se
 P

ia
s3

 (a
cc

es
si

on
 n

o.
 N

M
_0

18
81

2.
1)

R
T-

PC
R

Pi
as

3 
∆

SU
M

O
Pi

as
3 

m
ut

an
t i

n 
R

IN
G

 d
om

ai
n 

(C
29

9S
, H

30
1A

)
PC

R
 fr

om
 m

yc
-ta

gg
ed

 P
ia

s3
 R

IN
G

 m
ut

an
t (

gi
ft 

fr
om

 F
. L

iu
)

C
A

G
-G

am
1

G
am

1 
(a

cc
es

si
on

 n
o.

 A
C

_0
00

01
4.

1:
37

39
1-

38
23

9)
PC

R
 fr

om
 m

yc
-ta

gg
ed

 G
am

1 
(g

ift
 fr

om
 S

. C
hi

oc
ca

)

co
ns

tr
uc

ts
 c

lo
ne

d 
in

to
 p

cD
N

A
3.

1/
H

is
C

 o
r 

pc
D

N
A

3.
1/

nV
5-

D
E

ST
(2

)
Pi

as
3

m
ou

se
 P

ia
s3

 (a
cc

es
si

on
 n

o.
 N

M
_0

18
81

2.
1)

R
T-

PC
R

Pi
as

3 
∆

SU
M

O
Pi

as
3 

m
ut

an
t i

n 
R

IN
G

 d
om

ai
n 

(C
29

9S
, H

30
1A

)
PC

R
 fr

om
 m

yc
-ta

gg
ed

 P
ia

s3
 R

IN
G

 m
ut

an
t (

gi
ft 

fr
om

 F
. L

iu
)

R
xr
γ

hu
m

an
 R

X
R

G
 (a

cc
es

si
on

 n
o.

 N
P_

00
10

09
59

8.
1)

G
at

ew
ay

 c
lo

ni
ng

 fr
om

 U
lti

m
at

e 
H

um
an

 O
R

F 
C

ol
le

ct
io

n 
(I

nv
itr

og
en

)
Tr
β2

m
ou

se
 T

rβ
2 

(a
cc

es
si

on
 n

o.
 N

P_
03

34
06

.1
)

PC
R

 fr
om

 T
rβ

2 
cD

N
A

 (g
ift

 fr
om

 D
. F

or
re

st
)

C
rx

bo
vi

ne
 C

rx
H

um
 M

ol
 G

en
et

. 1
4:

74
7-

76
4

Tr
β1

hu
m

an
 T

H
R

B
 (a

cc
es

si
on

 n
o.

 B
C

10
69

29
.1

)
G

at
ew

ay
 c

lo
ni

ng
 fr

om
 U

lti
m

at
e 

H
um

an
 O

R
F 

C
ol

le
ct

io
n 

(I
nv

itr
og

en
)

R
or
α

hu
m

an
 R

O
R

A
 (a

cc
es

si
on

 n
o.

 N
M

_1
34

26
2.

1)
G

at
ew

ay
 c

lo
ni

ng
 fr

om
 U

lti
m

at
e 

H
um

an
 O

R
F 

C
ol

le
ct

io
n 

(I
nv

itr
og

en
)

R
or
α

 K
18

5R
R

O
R

A
 K

18
5R

 m
ut

an
t

Q
ui

kC
ha

ng
e 

X
L 

si
te

-d
ire

ct
ed

 m
ut

ag
en

es
is

 K
it 

(S
tra

ta
ge

ne
)

co
ns

tr
uc

ts
 c

lo
ne

d 
in

to
 p

Si
le

nc
er

2.
1/

H
yg

ro
(3

)
U

6-
Pi

as
3

Pi
as

3 
sh

R
N

A
 (5

16
-5

32
)

Sy
nt

he
tic

 o
lig

o
U

6-
co

nt
ro

l
N

eg
at

iv
e 

co
nt

ro
l s

hR
N

A
Si

le
nc

er
®

 N
eg

at
iv

e 
C

on
tro

l #
1 

si
R

N
A

 (A
m

bi
on

)

co
ns

tr
uc

ts
 c

lo
ne

d 
in

to
 p

G
L

2/
3(

4)
Pi

as
3 

-6
00

bp
-lu

c
m

ou
se

 P
ia

s3
 p

ro
m

ot
er

 re
gi

on
 (c

hr
3:

96
,5

00
,5

54
-9

6,
50

1,
09

7)
PC

R
M

op
 -2

50
bp

-lu
c

hu
m

an
 M

 o
ps

in
 p

ro
m

ot
er

 (c
hr

X
:1

53
,4

47
,8

73
-1

53
,4

48
,1

63
)

H
um

 M
ol

 G
en

et
. 1

4:
74

7-
76

4
So

p 
-6

00
bp

-lu
c

hu
m

an
 S

 o
ps

in
 p

ro
m

ot
er

 (c
hr

7:
12

8,
41

5,
84

5-
12

8,
41

6,
40

6)
gi

ft 
fr

om
 D

. F
or

re
st

 (M
ol

 E
nd

oc
rin

ol
. 2

0:
17

28
-1

74
1)

co
ns

tr
uc

ts
 c

lo
ne

d 
in

to
 p

B
lu

es
cr

ip
t K

S-
(5

)
Pi

as
3-

1
Ze

br
af

is
h 

Pi
as

3-
1 

(c
hr

18
:1

4,
15

1,
25

7-
14

,1
51

,7
60

)
R

T-
PC

R
Pi

as
3-

2
Ze

br
af

is
h 

Pi
as

3-
2 

(c
hr

7:
29

,5
57

,0
68

-2
9,

55
7,

47
3)

R
T-

PC
R

LW
S

Ze
br

af
is

h 
LW

S 
op

si
n 

(a
cc

es
si

on
 n

o.
 N

M
_1

31
17

5:
 1

11
-1

18
4)

R
T-

PC
R

SW
S1

Ze
br

af
is

h 
SW

S1
 o

ps
in

 (a
cc

es
si

on
 n

o.
 N

M
_1

31
31

9:
 6

2-
10

72
)

R
T-

PC
R

SW
S2

Ze
br

af
is

h 
SW

S2
 o

ps
in

 (a
cc

es
si

on
 n

o.
 N

M
_1

31
19

2:
 1

28
-1

19
2)

R
T-

PC
R

R
h2

Ze
br

af
is

h 
R

h2
 o

ps
in

 (a
cc

es
si

on
 n

o.
 N

M
_1

31
25

3:
 6

8-
11

17
)

R
T-

PC
R

Tr
b1

m
ou

se
 T

rb
1 

5'
 re

gi
on

 (a
cc

es
si

on
 n

o.
 N

M
_0

01
11

34
17

.1
: 0

 b
p-

46
9 

bp
)

PC
R

Tr
b2

m
ou

se
 T

rb
2 

5'
 re

gi
on

 (a
cc

es
si

on
 n

o.
 N

M
_0

09
38

0.
3:

 0
 b

p-
55

4 
bp

)
PC

R
(1

) g
ift

 fr
om

 C
. C

ep
ko

, (
2)

 In
vi

tro
ge

n 
(3

) A
m

bi
on

 (4
) P

ro
m

eg
a 

(5
) S

tra
ta

ge
ne

co
ns

tru
ct

cl
on

in
g 

m
et

ho
d



Suipplementary Table 2. PCR primers used for ChIP analysis.
Gene Forward primer Reverse primer

Aipl1 GGAGCAGGGGAAAGTGGAG  GGAAGGAGAGAAGAAAGCAGGC  
Bbs5 AGCCCCATCAAACCAGTAATG   CTTCCACCAGGTAGTGTGCG   
Fscn2 AAGAAGAGAGACTAAGAACCGTGG  AGAAGCAGTAGCCAACTTGCC   
Gnat1 TTCAGCACTCTCCTGCCAGC   GCCCCAATCCTTCAACTGC   
Gnb1 TCTTTCCTGTCCCACCTGG   TGTGTCCTGCCTGAATGACC   
Guca1a CACACAAGATGCCCACTCAAG   GAACCCACAATGCTCTGCC   
Guca1b CCCAGGCTCTTACCCTCATAG   CCTTAGGCTCCTCTCTCCTTGG   
Pias3 TGGCGGGACTCTGGGATTTC   TAACGACGAGAAGGCGGACC   
Rom1 AGGTAACCCTTCCCTGTCCG   GCTTCTTAGCCTTGCCCTTTAG   


