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1 Introduction
1.1 Author
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@ D Journal of
&,39 Cell Biology
ARTICLE

Competition between two phosphatases fine-tunes
Hedgehog signaling

Min Liut?*, Aiguo Liu*>*®, Jie Wang!*, Yansong Zhang!, Yajuan Li%, Ying Su? and Alan Jian Zhu?®

PP6 in fly

“We identify PpV, the catalytic subunit of PP6, as a direct M. |
target of Hedgehog signaling to negatively requlates Wdb, | < Prof.Alan Jian Zhu
the regulatory subunit of PP2A. PpV functions independent of Mice and Drosophila were

its phosphatase activity to fine-tune Hedgehog signaling used as model systems to

activities, thus forming a requlatory circuit to maintain study the molecular
mechanisms of development,
aging and metabolism.

PP2A

homeostatic Hedgehog signaling.”
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1.2 Hedgehog Signaling in Intertebrates 7 PEKING UNIVERSITY

Involved in embryological development

Controls cell patterning and differentiation
« Ex. Pattern Venation of Wing Discs D. Melanogaster

Graded signaling
« Gradient of Hh protein induces different subsets of genes
« Gene activation at thresholds
« Different concentrations of Hh, different levels of intracellular signaling
« Ratio of CiR/CIA
Organ/Tissue-specific gene induction
 Wing disc
« Decapentaplegic(app), collier(col) genes efc.

) Neural tUbe Normal Hed;e;:)g
«  NK6 homeobox 1, oligodendrocyte transcription factor 2 (OLIGZ2) efc. A Ptz

Denticle
bands

Denticle
“lawn”~

........
ket

Mohler,1988
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1.2 Hedgehog Signaling in Intertebrates
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.ﬁ | Watch the video
and focus on

\_/\ —— following proteins.
\ PKA ) Hh
81:1 Ckia e i * Patch ed(p tC)

— WL Pa "« Smo
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Download From YouTube




1 Introduction
1.2 Hedgehog Slgnallng in Intertebrates

.\ s  Inactivated

« Ptc promotes the degradation of
Smo by proteasome
« Hyperphosphorylation of CiFL
(Ci155) targets it for proteolytic
processing to generate CiR (Ci75)

uur,%i: At’%*g

PEKING UNIVERSITY

Cell Patterning &
Differentiation

>

 Activated
4  Hh alleviates the inhibition of Smo
b by ptc and allows it to insert into
.. e the plasma membrane and be
cenes Sequential phosphorylated by

VIR PKA, CKI and efc.

« High levels of Hh induce
maturation of CiFL into a labile,
hyperactive form-CiA

Nucleus

Download From YouTube

7
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1.3 Grade Hh Signaling in Wing Discs 57 PEKING UNIVERSITY

Hh morphogen gradient

Hh signaling is produced only at posterior(p) and
form an Hh gradient in anterior(a)

% anterior-posterior
(a-p) boundary

hinge CiFL

% ventral (v)

¢ dorsal (d)

yw

Gao et.al,2019 Nahmad et.al,2009 Zhu et.al,2004 Zhu et.al,2020

8
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2 Background
2.1 Sequential phosphorylation of Smo

Smo is activated by sequential
phosphorylation of PKA, CKI and GSK

555
595
m o
675
PKA :

CK1dle Gish -

Smo  — ( Smo ——— | Smo
R oo ® —_—

} }

Low to medium
pathway activity

795

High pathway

activity 835

Jia et.al,2004

Li et.al,2016
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PKR R/K-R/K-X-8/T
CK1 pS-X-X-8/T
GSK3 -X-X-X-pS

£ 0N Fl -
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L Rk &
SSNRETQRRRDY IAAATGKSSRRRESSTEVESQVIALKKT
Vi
TYPNASHEVGVFAHHSSKKQHNYTS SMERRTANAGLDPSI

oo
LNEFLQKNGDFIFPFLONQDMSSSEEEDNSRASQKIQDLN
VI

*
VVVKQOEISEDDHDGIKIEELFNSKQVALENFLENIK. . .
Vil

Zhang et.al,2004



. 2 Background

2.2 Previous research

SClence Slgnallng Curren t Issue First release papers  Archive  About Vv

@  RESEAR CH ARTI CLE = DEVELOPMENT in & %

Sequential Phosphorylation of Smoothened Trans-
duces Graded Hedgehog Signaling

ANDREW P. MICHELSON, ADAM M. SCHOEN, AND ALAN JIAN ZHU  Authors Info & Affiliations

Antigen for Smo-pS®’ antibody

AR
Since kinases phosphorylate

Smo, which phosphatases

regulate the dephosphorylation

of Smo?

How to distinguish Smo with
different phosphorylation levels?

HGPRKNSLDSEISVSVRHV

667 670 673

HGPRKNSLDSEISVSVRHV 5 1 (ng)
667 HGPRKNSLDSEISVSVRHV
PKA/CKI consensus sites HGPRKN%SHSVSVRHV
PKA consenses R/K-R/K-X-S/T
CKI consenses pS-X-X-SIT HGPRKNSLDSEISVSVRHV
WB: Smo-pS&7
EILISPOT

Su et.al,2011 h




2 Background

2.2 Previous research
C

PKA + + + o+ o+
PP1 - + 4+ = -
PP1-12 - -  + = -
PP2A - - - o+ -
4Fipase - - - - % WB: a-Smo-pS°¢’
B0 - w— o — — . GST-PKA-pSmo
WB: o-GST
80 - [ e RS G5 T-Smo
kD 1 2 3 4 5
GST-Smo (cold)
PKA - + + o+ o+ o+ o+ o+
CKI - - - + + + + o+
PP1 - - 4+ = =+ o+ -
PP2A - - - - + = 4+ -
\Ppase - - - - - - - +

WB: a-Smo-pS7

%0 - [ est-pa-psmo
WB: a-GST
0 - [ GST-Smo
kD 1 2 3 4 5 6 7 8
GST-Smo (cold)

TN

ez 5 F

AR ,
e 5 -
Tsss” PEKING UNIVERSITY
PKA + + + + +
PP1-12 — - - + -
- = = = +
PP2A S e AutoRad:
- - -
kb4 2 3 a4 5
Phosphorylation of GST-Smo:
32P
...R-R/K-x-S-x-x-S-x-x-S...
PKA CKI CKiI
PKA (cold) + + + + + +
CKI (hot) + + + + + +
2A - 4+ = 4+ =  +
PP . — AutoRad:
o DN I
kD
1 2 3 4 5 6

Lanes 1, 2: Phosphorylation of GST-Smoc'uster
Lanes 3, 4: Phosphorylation of GST-Smo¢' st
Lanes 5, 6: Phosphorylation of GST-Smo¢'uster!
P 32p 32p
...R-R/K-x-S-x-x-S-x-x-S...
PKA CKI CKiI

Su et.al,2011 12
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22 PreV|OUS researCh PEKING UNIVERSITY

PP1 and PP2A respectively antagonize PKA and CKIi
activities to maintain sequential phosphorylation of Smo

"‘ .

Basal-pSmo ; Moderate-pSmo 5 Enhanced-pSmo
(P @ ....... (P) @
Sequential Smo < /de PPZA
phosphorylation
Graded Hh CIFL dpp ptc, col
signaling activities low-threshold intermediate-threshold high-threshold

Su et.al,2011 E



2 Background

2.2 Previous research
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 How such Smo-associated kinases and phosphatases sense Hh
signaling gradient?
« How they in turn collectively coordinate graded Smo phosphorylation?

gfp hh - B
50 - e fo hh .
oy ki — WB: How such Smo-associated
PRI oKl phosphatases sense and

0 SR PKARI (07 me——c-GAPDH

A o 1D regu!ate Hh signaling
gradient?

Hh signaling does not affect PKA

or CKIl abundance or activity Let's Begin—

Su et.al,2011 4
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3 Research 25 e 508
3.1 ldentification of the PpV &Y prcanG unveRsITY

20€ |G 29°C « Gal4-UAS system

Parental generation

dpp>PpV RNAi

L3-L4 distance anterior cross vein(ACV)

* RNAI Screening , generaton g
d  Long dsRNA A : Protein X
e Drosophila cells -—#enhanmr
OR
ITIITITYIT S S ssssnsnss gy O —UAS| GFP i
— UAS| Gene X - RNAi |

— UAS| Reporter —

Kelly et.al,2017
Sharma et.al,2009
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3.1 ldentification of the PpV &7 PEKING UNIVERSITY

The decrease in the distance between L3 and L4 is a sign of the
decrease in Hh signaling

A o 1 o 29°C B 29°C C 29°C F

%k k *k %k
L2 e " 0.30-
A - *% % n.s.
333.,*“* L S 0.25- |
BNk -
: N 0.20
3 0.5 i
D ) 29°C E 29°C 0.10- %‘ vd*
= . | =T 0.05——T—T— T
ﬂg«':& A ¢ B W
puc:the inhibitor e | ' ) 4:‘?9,@5\@%‘\@3&&?
of JNK pathway h HE 6@3?5\@
dpp>puc dpp>PpV RNAi; puc o
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3.1 ldentification of the PpV PEKING UNIVERSITY

There is a requirement of PpV activity in mediating Hh
signaling in Drosophila wing development

A 18°C D 18°C

salm>ci RNAi; w RNAi salm>ci RNAi; PpV RNAI salm>ptc; w RNAi salm>ptc; PpV RNAi
29°C H 27°C

==

FM7/+; ; ; ci®/+ PpVXO/4; ; ; cicl/+



3 Research
3.1 Identification of the PpV

Hh morphogen gradient

% ventral (v)

, ‘;_.: dorsal (d)

“* anterior-posterior
(a-p) boundary

Graded Smo 0
Phosphorylation

de-PP2y
i
PPy

AKA

‘ S5 ppvro/FM7C

Differential col
Hh activities High

dpp
Intemediate
Low -

Ci

¥H a t ( .3
i858 PEKING UNIVERSITY

PpV inhibits
phenotypes at
low and
intemediate Hh
signal, but
promotes
phenotypes at
high Hh signal
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32 va aCtS upStream Of de %2/ PEKING UNIVERSITY

Loss of both wdb and PpV expression phenocopied

. . . wdb is epistatic to PpV
the defect associated with wdb RNAI alone

A 25°C B 25°C D 25%C

D P e

PP6 in fly SN - == -.}
= salm>w RNAI salm>wdb RNAi salm>wdb RNAI; PpV RNAi

S40965PPV.RNAI

PP2A

S
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3 35 9 X955 c &> 5 2 29099 R 5 32
3.2 PpV acts upstream of wdb  gmsmmmensmmansms
< - 5 > ., o LA 1
PIP S ot o I rl
DN J.)J i““ C el er
> 3y 3 I
§ 7

i e 2055307 13 52 X
) STt S5 32D ety 35 D352 3 0% i
SEENEE ] TS DAt 5 3y B a5 30 Ay >
{520 500 g ) P07 S 0o, ce
PV acCts upstre w b DO a8 4,
30 3R x NI >~
375 L5 32 N

modulate Smo phosphorylation T %g
in Hh signaling s |
e 1

 IGFP-pSmo
~“GFP-Smo
- PpV-Myc

s [B-Tub

SMmo:GFP Smo mSmo:membrane Smo
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3.3 PpV regulates Wdb protein abundance S5 PENG UNIVERSITY

The amount of endogenous \Wdb was significantly increased in cell
lysates extracted from hemizygous PpVKO larvae

A &
ko <R
65- — o= Wdb

25 PpV

_ —
35— GAPDH

hemizygous(4&-1):
Unmatched alleles

L TTURE T ©

_ap*gip;-PpV RNAI




3 Research
3.3 PpV regulates Wdb protein abundance

PpV knock-down results in the increase of q The regulation of wdb by PpV
exogenously expressed hs-Wdb-HA occurs after transcription

e“”’p" }
¢
/ \ l, ,ﬁ
| =
“&: at}f' = ]
1598

PEKING UNIVERSITY

N
A < \‘\\\G D QQS\QS\V
Fot” O
kD @ ° o Q° { oo Bl
65- = Wdb-HA  g5.7 == Wdb-HA ; g :,4‘”1‘“

25. == PpV-Myc 25.*== = PpV
65- e — B-Tub 45.~— — B-Tub

."H;l

hs-Wdb-HA; PpV¥° clones

*  hs-wdb-HA | .
ap>gfp; PpV RNAi

" hs-wdb-HA




3 Research
3.3 PpV regulates Wdb protein abundance

PpV may regulate the proteasome degradation
of Wdb by direct interaction

C DMSO+CHX D DMSO+MG132 E DwmMsoO+CQ
0 1 3 5h 0 1 3 5h 0 1 3 5h

65- TN == Wdb-HA 5. "wessamess Wdb-HA ¢5. e Wdb-HA
65'—— —— = - B-TUb 65'* B-TUb 65- D e B-TUb

G H I
PpV-Myc - + + + + Ny
MG132 - - - + + S ¥ S N
cQ i = ® & @ &R &R

65- W e Wdb-HA - we@ Wdb-HA g5 #8888 wdb
5. W w wm— = PpV-Myc oz @le= Ppv-Myc 5. @EMED PpV-Myc

45 S —— B-Tub 45_- B-Tub 45.1 B-Tub

e"‘;“p"’ }

&

2N e ) N4
| =

:‘.:5] 519 =
I598

PEKING UNIVERSITY

24



3 Research
3.3 PpV regulates Wdb protein abundance

J wdb-HA - + + K Myc-Ub + + = -
PpV-Myc - - + IP:HA Myc-Ub<* - - + o+ ;
Myc-Ub"®? - + o+

PpVMyc -+ + IP:HA

| Ub ' - -
65- "8 Myc-Ub

65- « W= == Wdb-HA

95. " PpV-Myc c5- N e Wdb-HA
Input
~e~ g &
& 8° S
IP:HA @R Myc-Ub

| 65- = W% Wdb ®-HA ¢
65- MyC-Ub 25- - va'Myc

45. " == B-Tub 65- ST T wdb-HA

65-== == Wdb-HA

::, ;]EXJ’.,,

PEKING UNIVERSITY

How does PpV
facilitates Wdb
degradation?

PpV promotes
the K48 poly-Ub
on modification
of Wdb for
proteasome
degradation

25



3 Research
3.4 Effect of PpV phosphatase activity

A PP6 in vertebrate PP6 in fly

ez 5 F

PEKING UNIVERSITY

TNID
G,

=, ¢¢

> t

el =

= ]

o iy
598

PP6R: PP6R1, PP6R2, PP6R3
ANKRD: ANR28, ANR44, ANR52

PpV does not seem
A B C O to affect the

&\ u
AN electrophoretic
> > Wdb T
o X o c§de 65- . oo mobility of wdb
65- == == Wdb-HA 65 =— == (Endo) T~ Hsp60
45. = == B-Tub 45 I B-Tub 45- N p42/44
P o
A \‘@ D Q@\&@\;} A g \\\s\o
Q Ny O &

o 3¢ &® X kD <& <°

65 —= === Wdb 65-~ == Wdb-HA .. ==  Wdb-HA

25-HEmm— PpV 258 PpV 25. == PpV-Myc

35 e GAPDH ,. — — B-Tub 65 — p-Tub §



3 Research
3.4 Effect of PpV phosphatase activity

B Ppv MG EVEEN EDVKK
PP6C APL YVE I ARLI

Consensus M-PLD-DK - ----CKYLPEN LK LC -VCD LLEE N -PVSTPVTVCGDIHGQFYDL--LFRTGGQVP TNYIFMGDFVDRGYY

Catalytically inactive mutant PpV*: PP6CH53@RESA/pp\/HS3A/REIA

NP

PEKING UNIVERSITY

GDxVDR
GDxHG ﬁ ’E‘?,NEE HGG
(—— RG H
ppea [T T a0s How do H53Q and R83A affect the
e structure and function of PpV?
—pPre[[ T HN 1 [T T ]30s
S SN I I . S—
NI N N N A N O N -
-p|.:2|3. 521 B
— el L — " b /| \ioa Conserved active site residues in PPP
e[l [T 1T [T WWN T TT T B4 Q28 = | PP1 D64 H66 D92 N124 H173 H248
7T TELL T 1T T 1 | 413 H173 Q, PP2A D57 H59 D85 N117 H167 H241
Catalytic core doman Ve D92 PP2B D90 H92 D118 N150 H199 H281
s e - PP4 D54 H56 D82 N114 H164 H238
PPM Pr2c [ I | i | 382 pes T PP5 D242 H244 D271 N303 H352 H427
l Catalytic core domain : HE6 PP6 D53 H55 D81 N113 H163 H237
PP7 D84 H86 D113 N149 H197 H303
DOT, T oA
Scp1 | N IR I | 261
FCP/SCP Insertion BRCT domain
Fep1 | BT 1 [ | l [ ) [] o6t .
FCPH domain Shl,Ce//,2009 27
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3.4 Effect of PpV phosphatase activity <57 PEKING UNIVERSITY

20 40 60 ao
B . . ‘ .
PpV MG- -DVDKWI EDVKKCKYLPENELKKLCEMVCD | LLEETNILPVSTPVTVCGD I HGAQFYDLEQLFRTGGQVPHTNY | FMGDFVDRGY Y ------ 303aa

PP6C MAPLDLDKYVEIARLCKYLPENDLKRLCDYVCDLLLEESNVQPVSTPVTVCGDIHGQFYDLCELFRTGGAQVPDTNY IFMGDFVDRGYY 305aa
Consensus M-PLD-DK--E----CKYLPEN-LK-LC--VCD-LLEE-N--PVSTPVTVCGDIHGQFYDL--LFRTGGQVP-TNYIFMGDFVDRGYY

Catalytically inactive mutant PpV*: PPGCH>¥REA/pp\/H3Q/REIA
C IR D E o

U
kD ;\e’ ?f SQ PpV-Myc PpV*-Myc (}o* \\x\w‘“
45. ——— AURKA-HA \(\Q \Q \QQ \Q 65- # == = Wdb-HA

25w wm == PPECHPDV  ~ op sl @8 WdbHA 25 = = Myc The phosphatase

45- e == == B-Act o activity of PpV
did not affect the

regulation of
Wdb
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3.4 Effect of PpV phosphatase activity &Y st otversir

The absence of fmt, the only PpV facilitates Wdb protein
regulatory subunit of ppv, did not ‘ degradation independent of
affect its regulation of Hh phenotype its phosphatase activity

PP6 in fly

O
& v\x\*\
&

65- "= w» Wdb-HA

135- == Fmt-Myc
45-=~ == B-Tub
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5 Je 2
3.5 Mechanism of PpV inhibiting Wdb activity

PEKING UNIVERSITY

A ™ W B
i QRN
RemO\_/aI of the catalytic KA \&v \: N — I
subunit mts from the PP2A w & PP E 0135 01 3 5h
complex decreases Wdb 65-= i nen A
stabilit i o
y 45l B-Tub 45 __Latl
- ; » »
__EGFP A C | C D ‘\%@\ E ‘\?\&
—_————— - A 0 1 3h & 486«\6 IP:HA
_________ —— B56-1 65-%m ww Ww Wdb-HA < | 65- =548 HA
tppepepetgepp-eend BT L 1Ly L W ews
_________ - 65- i AMts _ = .
PP2A 0 246 8024680246 8 5::-B-Tub gss ::\
500 uM Cycloheximide (Hours) 45- =135 S 65-

Silverstein,2002 ——
ilverstein e A

30
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3.5 Mechanism of PpV inhibiting Wdb activity

0N1>¢E‘: atz}‘*g

PEKING UNIVERSITY

F G
Auxin .y .
o W 0 3 6 9h PpV facilitates Wdb degradation
S " gg: DG Vclo-HA by interference with the PP2A
65-2== == Wdb-HA I |35- " Mmts
< = . . J
£ | 35200 s & | oo I FoV-mAID-GFP complex assembly
=125- ™ Ppv-Myc 65- = = s ww Wdb-HA
. | 65- == == Wdb-HA 5§ 35. - - - Mts va @
Q
E. 35- S Mts £ |65- %% ©F 77 ¥F PpV-mAID-GFP PP6 in fly
25- S ppV-Myc 45- == == == = B-Act K48 Ub
PpV-Myc
H PUEMye I .
< 65-=m = = Wdb-HA g 12- Z :ﬂ;::l:%vssf 05 ‘ .’
T|35-== = o Mts 3 10- Lo m
=|25. == == PpV-Myc %‘g 0.8+ | s %&% py \
65- # s w4 Wdb-HA ‘gé ol 5 ‘gé S (\
o = 0.4- ) o =
é 35- SN Mts % - 0.2- 1 [ % § PP2A
£|25. == " PpV-Myc € . & ]
45 I p-Tub Pov-Mlyc n— Is this the end? No!
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3.5 Mechanism of PpV inhibiting Wdb activity

PEKING UNIVERSITY

* Auxin-inducible degron system

AlID
Heok el DC D L

Regulates protein

TIR1

. B +AUX1n N N
degradation conditionally l (TAAOrNAA) (I((
mAID

G

Auxin
0 3 6 9h

65. 88 5% &% 8% Wdb-HA
35-F ™" Mts

65-%= PpV-mAID-GFP
65- m s s = Wdb-HA

35_---— Mts

IP:HA

A

5.8 ¥ ©% % ppy.mAID-GFP o

45- B B-Act

Input

Ma et.al,2018 Aisha et.al,Nat. Commun.,2020

32
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3.6 PpV is regulated by the Hh signaling

‘;w%% atz}‘*g

PEKING UNIVERSITY

fo  hh
A _ il , WB: B
07 e e a-PKA-C gfp  hh WE:
The Hh signal reduces the 60~ e W DKAR| 30— —— CK]
abundance and activity of Wdb ig- T PKA-RII :g'f- s .-GAPDH
D a-GAPDH
Zhu et.al, 2011
A ‘E’ B C
§§ QN
5 < 100 w &X <
oa 80 S Wdb SR
o an 65- d kbp ¢
2 40 65-w= == Pp2A-29B(A)  0.3-== == wdb
%c_‘%' 20 i I 35- 7 Mts 0.2-#== === ptc
a® 0 45- e B-Act 0.1- ws ws B-Tub
Substrate - * + *
NaF s =
Hh . 33
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3.6 PpV is regulated by the Hh signaling

ez 5 F

PEKING UNIVERSITY

The inhibition of
Wdb by Hh signal
comes from post-
transcriptional
regulation
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3.6 PpV is regulated by the Hh signaling

e“w’p" } :g
¢

2] ° D

t: ;]t 5 J‘ ]
1598

PEKING UNIVERSITY

 From ‘low’ to ‘high’, the signal intensity of PpV increases gradually
« But at the ‘highest’, PpV signal strength drops rapidly

Signal intensity

Highest

' — GiFL
— PpV
— Smo

Intermediate

Anterior Posterior

35
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e g X F
3.6 PpV is regulated by the Hh signaling

PEKING UNIVERSITY

The
expression
of PpV
correlates
SR Srid gt with graded
marew rmas o=y Hh signaling

o

r

ap>ptc R

BS

36



3 Research 29 Je 5 ¥
3.7 PpV is a genuine Hh transcriptional target o TR
Hh signhaling may regulate PpV at the transcriptional level

dpp>ci-HA |
A | Ci/Gli consensus binding site: GACCACCCA or TGGGTGGTC
Genomatix PpV-5-1 PpV-5-2 PpV-5-3 PpV-5-4 PpV-5-5
Matl t - “m b L, it eV
atinspector -4000 -3000 -2000 21000 1
— = PpV 5’-gfp 37
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3.7 PpV is a genuine Hh transcriptional target o TR

) Bl iy PoVRNAIBR GIFL

Ppv 5 '-GFP cloning
of the PpV promoter
reproduces the
expression pattern
of Hh signal for PpV
regulation

_ PpV.5-GFP

. PpV.5"-GFP | E”

38

ap>ptc RNAi |~
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3.7 PpV is a genuine Hh transcriptional target

‘,“p%:: at !}‘ J: %
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The EMSA experiment verified the specificity
of Ci and Ci consensus binding site

A | Ci/Gli consensus binding site: GACCACCCA or TGGGTGGTC

PpV-5-1 PpV-5-2 PpV-5-3 PpV-5-4  PpV-5-5
Ll W L} w I Ll I L] l !_> va
-4000 -3000 -2000 -1000 1
D ptc-5  PpV-5-1  PpV-5.2  PpV-5-3  PpV.5-4  PpV-5.5
Ci ZnF domain - *+ #+ +« # * - * * - * +* + * + +
Labeled probe + + + + + + + + + *+ * + + + + + * +
Cold probe - -+ - - 4+ - o+ - + - o+ 4
(100-fold)
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3.7 PpV is a genuine Hh transcriptional target o T

A | Ci/Gli consensus binding site: GACCACCCA or TGGGTGGTC
PpV-5-1 PpV-5-2 PpV-5-3 PpV-5-4 PpV-5-5
- i1 - S — Y PpVKO verification
-4000 -3000 -2000 -1000 1 p

o L.
Ty -

PpV is a bona fide
Hh signaling target
whose transcription
iIs maintained by
graded Hh signaling|
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. 4 Discussion

4.1 PpV acts as a graded Hh signaling sensor in the feedback
control of Hh signaling homeostasis
« act both as a sensor and target of Hh signaling How to regulate?
 participate in feedback regulatory loops
 contribute to the robustness and reliability of Hh signaling

B K1 GRK ~
T e S0 s o -® = Smo- DD Smo-®,
Lo PP PP2A :
\ wdb,\
e &
‘\ En("\
CiR< CiFL > CiA
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. 4 Discussion

« 4.2 What are the applications of this discovery? PP2A:cancer

suppressor gene
Screening of disease agents targeting

PP2A disorders, especially cancer agents

Forskolin

ini Celastrol
FC-),-F;‘E;LQO Pgaer'::,t;fﬁgzs Ethoxysanguiparine
Vitamin E analogs Bortezomib
A B Name Gene  Percentage
(| Aa PPP2R1A 14.29%
/| AB PPP2R1B 6.27%
E Ca PPP2CA 3.26%
== Cp PPP2CB  3.01%
3 BS6a  PPP2R2A  4.76%
Em B56B PPP2R2B  4.01% wE CIP2A
B BS6y PPP2R2C 7.02%
B B5656 PPP2R2D 5.14%
Bl B550 PPP2R5A 5.89%
RN 0 B558 PPP2R5B  7.64%
[Junmutated 91.82% Bl BSS5y PPP2RSC  8.02%
Samples £ B558 PPP2RSD  6.64% po— '
e [ ) innibitor ENSA
=IWutaled  SAER e = e oo e e ARFP1E
Samples Total=798

E PR48 PPP2R3B  5.76%

Sangodkar,2016 .
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« 4.3 Possible future research directions
 How does En regulate PpV at the transcriptional level
 How does PpV sense Hi signal concentration
« Formation principle of Hh concentration gradient

A (-3315) GGGGTGGTA-TGGGTGGTA-

TCCCCECTA-TCCETCETA- (-2906) TGGCTGGTT--TGGGTGGTT--TGGGTGGTT-
-GGGGTGGTA--TGGGTGTTG- -TGGGTGGTG (-2862)
-AGCCACCCA (-3216
( ) (-2175) TGGGTGGTT(-2167)
\ (-1090) TGGGTGGCG(-1082)
(-408) GACCGCCAA(-400)
PpV-5-1 PpV-5-2 PpV-5-3 PpV-5-4 PpV-5-5
L] I m L w l I L I L I !_— va
-4000 -3000 -2000 -1000 1
(-3782)TAATTGAACGATTA(-3767) ‘\ Predicted En/EN1 binding site

(-2400)TAATTAGCCATTTA(-2385)

(-2986) TAAGTGGGTGGTTA(-2981)
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« 4.4 Difference between Modern and traditional research methods

What's the difference between the traditional biochemical paradigm
shown in the main paper and the modern molecular and genetical paradigm
shown in the supplementary paper?

« Traditional  Morden
 More macroscopic * microcosmic
« Various chemical reagents « Gene cloning and transfection
« Organic chemistry experiment « (Gene editing technology
 Filtration, extraction... * Gene knockout and RNA.I
« Chromatography * In situ hybridization
» Electrophoresis * Fluorescence imaging technique
« Radioactivity detection * Antibodies and immunological
« Condition-based exploration of techniques

chemical molecules
45
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« 4.5 Modern research methods of protein phosphorylation
 How to prove that phosphorylase is phosphorylated when phosphorylase
b is converted to phosphorylase a?
 How do we study protein phosphorylation today in a modern way?
 How do we study different phosphorylases?

__ Name | Class | Reaction

Transferase A-B + H-OP = A-OP +

PhosPhorylase  rc'9 4 2.7.7) H-B
Hydrolase P-B + H-OH = P-OH +
Phosphatase (EC 3.1.3) H-B
Kinase Transferase P-B+H-A=P-A+
(EC 2.7.1-2.7.4) H-B

From wikipedia
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« Specific antibody detection

HGPRKNSLDSEISVSVRHV

667 670 673
25 5 1 (ng)
HGPRKNSLDSEISVSVRHV
HGPRKNgJSEISVSVRHV
HGPRKNSLDSEISVSVRHV

WB: Smo-pS®’

» |sotope detection

PKA + + + o+ +
PP1 - . + -
PP12 - - - + -
PP2A - - -

- e AutoRad:
o- M M.

Kb 4 2 3 4 5
Phosphorylation of GST-Smo:

32P
...R-R/IK-x-S-x-x-S-x-Xx-S...
PKA CKIl CKI

Liu,2011

» Phos-tag SDS-PAGE

CA phosphorylated protein (slower migration)

phosphoprotein

phosphoprotein-bound
Phos-tag

(M2* = Zn?* or Mn?*)

Relative Intensity (%)

0.

100

ez 5 F

O nonphosphorylated protein (faster migration) PEKING UNIVERSITY
]
@W VI A7
QD W v
DI > °
@ v |
O Vol ©
» ® Phos-tag SDS-PAGE Ke,2022
Q Phos-tag banding image
v
| [MHJ**  [pMH,J**
[MH,J* 845.40 | 871.72
! [PMH ]+
5634'06 654.05
+ + v
i L
M Steen,2006
F654.05 MH*  [pMH
[MH,J+ 845.40 871.72
1 634.06
R v
AN N
620 700 780 860 940
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. 4 Discussion

« 4.6 What activates the proteins(PhK) required to
catalyze the conversion of phosphorylases b and a?

liver: AD—aR—-G,—PLCB—IP;—ER—Ca?*
muscle: AP—-DHPR—RyR1—-SR—Ca?*

A€ >

AGC Ser/Thr PKAI/Il,PKCc/n/a,PKGI/Il,GRK
CAMK Ser/Thr CaMK,PhK,eEF2K,MLCK,(AMPK)
CK1 Ser/Thr CK1,TTBK,VRK
CDK,CDKL,MAPK,GSK3,CLK,SRPK,D
CMGC Ser/Thr YRK RCK,CK2
STE Ser/Thr STE20,STE11,STE7
RTK:EGFR,VEGFR,EphR,INSR
TK Tyr CTK:Src,JAK
TKL Ser/Thr/Tyr TGFBR,Raf
Atypical Ser/Thr PDHK,ATM,ATR,mTOR
Other Ser/Thr lkk, Wee

Manning et.al,Science,2002
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The KD domain of the y subunit binds to the a subunit, the aJ
hydrophobic helix of the CRD domain binds to the & subunit,
and the AID domain is inserted between the C-lobe and D5

Xiao et.al,2024
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MC-peptide

alL—aM loop

———————————————————————————————————————————————————————

Lys361-GIn363 in AlID occupies the binding position
of the substrate peptide, and self-inhibition of kinase
activity is realized through the mechanism of
"pseudosubstrate” competitive inhibition

Xiao et.al,2024
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. 4 Discussion

« spring-loaded mechanism c !:
Input pu?lf;leoivn npa puﬁt-;ﬁvn
TEV - = - = + 4+ -
EDTA + - L - + - + -
b Ca?* - + - + - + - +

.
-----

N

.
.....

.
.
.......

Ca2+trig_gered> L
activation

-
------
-

active

inactive

Coomassie

Xiao et.al,2024

51



e"v“%«a ; \g
N 5“5 5~ . =
I59 %8

PEKING UNIVERSITY

. Reference

1. Fischer EH, Krebs EG. CONVERSION OF PHOSPHORYLASE b TO PHOSPHORYLASE a IN MUSCLE
EXTRACTS. Journal of Biological Chemistry. 1955 Sep;216(1):121-32.

2. LiuM, Liu A, Wang J, Zhang Y, Li Y, Su Y, et al. Competition between two phosphatases fine-tunes
Hedgehog signaling. Journal of Cell Biology. 2020 Dec 29;220(2):e202010078.

3. Yang X, Zhu M, Lu X, Wang Y, Xiao J. Architecture and activation of human muscle phosphorylase
kinase. Nat Commun. 2024 Mar 28;15(1):2719.

4. Burnett G, Kennedy EP. THE ENZYMATIC PHOSPHORYLATION OF PROTEINS. Journal of Biological
Chemistry. 1954 Dec 1;211(2):969-80.

5. Walsh DA, Perkins JP, Krebs EG. An Adenosine 3',5-Monophosphate-dependant Protein Kinase from
Rabbit Skeletal Muscle. Journal of Biological Chemistry. 1968 Jul 10;243(13):3763-5.

6. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S. The Protein Kinase Complement of the
Human Genome. Science. 2002 Dec 6;298(5600):1912-34.

7. Zhang C, Williams EH, Guo Y, Lum L, Beachy PA. Extensive phosphorylation of Smoothened in
Hedgehog pathway activation. Proc Natl Acad Sci U S A. 2004 Dec 28;101(52):17900-7.

8. Zhu AJ, Scott MP. Incredible journey: how do developmental signals travel through tissue? Genes Dev.
2004 Dec 15;18(24):2985-97.

9. Nahmad M, Stathopoulos A. Dynamic Interpretation of Hedgehog Signaling in the Drosophila Wing Disc.
PLoS biology. 2009 Sep 1;7:e1000202.



UNT
R 5)‘: }J, 74
4 5 59\ =
59 8

PEKING UNIVERSITY

. Reference

10. Su Y, Ospina JK, Zhang J, Michelson AP, Schoen AM, Zhu AJ. Sequential Phosphorylation of
Smoothened Transduces Graded Hedgehog Signaling. Sci Signal. 2011 Jul 5;4(180):ra43.

11. Sharma S, Rao A. RNAI screening: tips and techniques. Nat Immunol. 2009 Aug;10(8):799-804.

12. Kelly S, Elchert A, Kahl M. Dissection and Immunofluorescent Staining of Mushroom Body and
Photoreceptor Neurons in Adult Drosophila melanogaster Brains. Journal of Visualized Experiments. 2017
Nov 6;2017.

13. Silverstein AM, Barrow CA, Davis AJ, Mumby MC. Actions of PP2A on the MAP kinase pathway and
apoptosis are mediated by distinct regulatory subunits. Proc Natl Acad Sci U S A. 2002 Apr 2;99(7):4221-6.
14. Yesbolatova A, Saito Y, Kitamoto N, Makino-Itou H, Ajima R, Nakano R, et al. The auxin-inducible
degron 2 technology provides sharp degradation control in yeast, mammalian cells, and mice. Nat Commun.
2020 Nov 11;11(1):5701.

15.Li S, Li S, Han Y, Tong C, Wang B, Chen Y, et al. Regulation of Smoothened Phosphorylation and High-
Level Hedgehog Signaling Activity by a Plasma Membrane Associated Kinase. PLoS Biol. 2016

Jun ;14(6):e1002481.

16. O’'Connor CM, Perl A, Leonard D, Sangodkar J, Narla G. Therapeutic Targeting of PP2A. Int J Biochem
Cell Biol. 2018 Mar;96:182—-93.

17 Shi Y. Serine/Threonine Phosphatases: Mechanism through Structure. Cell. 2009 Oct 30;139(3):468—84.




Thank You
For your Listening |




