
Hes-1 Hes-1 

GluR1 

Sumoylation of Hes-1 regulates the protein stability of Hes-1 

and GluR1 expression
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(post-translational modifications)  

(methylation) (phosphorylation) (ubiquitination)

(sumoylation) 

DNA 

DNA 

lysine

 (activation)  

(conjugation)  (ligation) E1 E2 E3 

E3 PIAS1 

Hairy and Enhancer of split 1 (Hes-1) 

E3 PIAS1 Hes-1 

PIAS1 

Hes-1 lysine 

Hes-1 PIAS1 

Hes-1 

Hes-1 GluR1 

Hes-1 GluR1 
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 Abstract

There are several post-translational modifications including methylation

phosphorylation ubiquitination sumoylation, etc. Previously studies 

indicated that sumoylation can regulate target protein stability. Sumoylation 

also modulates many cellular processes, including nuclear transport, DNA 

replication, transcription, chromosome segregation, signal transduction, cell 

cycle and DNA repair. Sumoylation is a process mediated by SUMOs which 

are attached to specific lysine residues of target proteins by the action of a 

series of enzymes. Sumoylation is a dynamically reversible process. 

Sumoylation consists of three steps activation, conjugation and ligation, 

which are respectively mediated by E1, E2 and E3 ligase. This study focuses 

on SUMO modification by E3 ligase. Here, we identified a new target protein, 

Hairy and Enhancer of split 1 (Hes-1), for SUMO conjugation. The E3 ligase 

deficient mutant of PIAS1 that leads to failure of Hes-1 protein sumoylation. 

We demonstrared that PIAS1 is involved in SUMO modification of Hes-1. In 

addition mutantion of  Hes-1 protein on lysine 8 residue that inhibits the 

sumoylation of Hes-1. Therefore, sumoylation of Hes-1 regulates the protein 

stability of Hes-1. Further study of the relationship between sumoylation of 

Hes-1 and GluR1 in spatial memory formation indicated that spatial memory  

is impaired and GluR1 protein expression is decreased upon sumoylation of 

Hes-1. 
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31
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          Hes-1 51
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AD acid domain

Ala (A)  alanine

AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

ANOVA analysis of variance

Arg (R) arginine  

Asn (N) asparagine

APS  ammonium persulfate 

bHLH  basic helix-loop-helix

BSA bovine serum albumin

BMP bone   morphogenic   protein

CA1 cornu ammonis 1

CaMK Ca2+/calmodulin-dependent kinase 

CNS central nerve system

Cys (C) cystine

CHX cycloheximide

CMV cytomegalovirus 

DNA deoxyribonucleic acid

DMSO dimethyl sulfoxide 

DMEM Dulbecco's Modified Eagles Medium

EGFP enhanced green fluorescent protein 

FBS fetal bovine serum

GluR1 glutamate receptor 1

HA hemagglutinin A 

Hes-1 Hairy and Enhancer of split 1

HEK293T  human embryonic kidney 293T

ICD intracellular domain

Ile (I) isoleucine 

IP immunoprecipitation

JNK1  c-Jun N-terminal kinase 1

kDa kilodalton

µg microgram 

µl microliter

mRNA messenger RNA 
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NDSM negatively charged amino acid dependent SUMO motif 

NMDA  N-methyl-D-aspartate

NSCs  neuron stem cells

Lys (K) lysine

PBS phosphate buffered saline

PCR  polymerase chain reaction

PDSM phosphorylation-dependent SUMO motif

PIAS1 protein inhibitor of activated signal transducer and activators of transcription 1

PINIT Pro-Ile-Asn-Ile-Thr

Pro (P) proline

PVDF polyvinylidene fluoride membrane 

RLD RING finger like zinc binding domain

RNA ribonucleic acid

SAP scaffold attachment factor-A/B/acinus/PIAS

SD Sprague-Dawley

SDS  sodium dodecyl sulfate 

SDS-PAGE  SDS-PolyAcrylamide Gel Electrophoresis

Ser (S) serine

SENP sentrin-specific proteases

Shh sonic hedgehog

siRNA small interfering RNA

STAT1 signal transducer and activators of transcription 1

SUMO Small ubiquitin-like modifier

TEMED tetramethylethylenediamine

Thr (T) threonine

Trp (W) tryptophan

Ubc9 ubiquitin-conjugating 9

WRPW Trp-Arg-Pro-Trp
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(learning and memory) 

(recall) 

(hippocampus) (Morris et al., 

1996) (amygdala) (Bear et al., 2001c)

(encoding) (storage)

(consolidation) (retrieval)

(immediate memory) (short-term memory) (long-term memory)

(memory 

consolidation) (memory formation)

(remodeling)

(Goelet et al., 1986 Squire and Alvarez, 1995)

(declarative memory) (explicit) (nondeclarative memory) 

(implicit) 
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(1) 

(2) (priming)

(Warrington and Weiskrantz, 

1968) (3) (classical conditioning)

(Milner et al., 1998)

1952 Paul D. Maclean (limbic system) 

(cortex) (sub-cortex) (hypothalamus)

(hippocampus) (amygdala) (limbic cortex) (septal area)

(Maclean, 1952)

1957 Scoville Milner Henry Molaison (H.M.) 

(epilepsy)

H.M. (Temporal lobe) 

H.M. 

H.M. 

(Scoville and Milner, 1957) Milner 

H.M. H.M. 

H.M. 

 (Maclean, 1952)

(Amunts et al., 2005)

(fear conditioning learning) 

(McGaugh et 

al., 1996) (functional magnetic resonance imaging, fMRI) 

(striatum) (Parkinson’s disease) 

(Sarazin et al., 2002)
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(temporal horn of lateral ventricle) 

C 

(Ammon) (Ammon’s horn cornu ammonis CA)

(hippocampal 

complex) (hippocampus) (dentate gyrus)

(parahippocampal gyrus) 

(molecular layer) (pyramidal 

layer) (polymorphic cell layer) (pyramidal cell) 

(Amaral and Witter, 1989)

CA1 CA2 CA3 CA3 > CA2 > CA1 (Bartesaghi and Ravasi, 

1999) CA1 3 6 

(dendrite) (basal dendrite) 

(apical dendrite) (multipolar neuron) 

(cell body)  (Bartesaghi and 

Ravasi, 1999)

CA3  (Bartesaghi and Ravasi, 1999)

(granule cell layer) (acellular 

molecular layer) (polymorphic cell layer)

(granule cell layer) 4 6 

(monopolar neuron) (Johnston and 

Amaral, 1998)

(Perforant fiber pathway)

(Mossy fiber pathway) Schaffer collateral

(entorhinal cortex) 

(longitudinal projection) 

Mossy fiber CA3 

Schaffer collateral CA3 

CA1 CA1 CA1 

(fornix) 
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(subcortex)

(1) (subiculum) 

(2) (Amaral and Witter, 1989 Burwell et al., 1995)

(1) (contexual fear-conditioning learning) (2) 

(one-way inhibitory avoidance learning) (3) 

(Morris water maze learning) 1998 Atkins ( )

( ) 

( ) 

(Atkins et al., 1998)

(Kesner and Hardy, 1983)

1971 O’Keefe 

(place 

cells) (O’Keefe and Dostrovsky, 1971) 1989 McNaughton Foster 

(spatial map) (Foster et al., 1989  McNaughton et 

al., 1989)

 1984 Morris  

(cue)

(escape latency)

(Morris, 1984)

(reference)

(water maze reference memory task) 1990 Eichenbaum 
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(Eichenbaum et al. ,

1990)

Hes-1 

Hes-1 

Hairy and Enhancer of split 1 (Hes-1) Hairy and 

Enhancer of split (Hes) (Akazawa et  al., 1992

Sasai et  al., 1992)  Hes-1 (basic helix-loop-helix, bHLH) 

 (Akazawa et  al., 1992 Kageyama et al.,1999 Kageyama et al.,2005

Kageyama et al., 2008) Hes-1 Hes   Hes-1 Hes-4 

hairy E (spl) Hes bHLH 

Hesr/Hey/HRT/Herp/CHF/Gridlock (Iso et al., 2001) Hes-like (Miyoshi et al., 

2004) Hes Hes-1 Hes-3 Hes-5

 (Bae et al., 2000) (Southern blot) 

(interspecies backcross) Hes 

(single-copy) 16 26  (Takebayashi et al., 1994)

S (S nuclease) (primer extension) Hes-1 

(transcription initiation site) TATA 31 

(nucleotide) (Takebayashi et al., 1994)  

Hes conserved domains (1) bHLH domain [

(basic region) (helix-loop-helix, bHLH)] (2) Orange domain ( the  helix 3–

helix 4 domain) (3) WRPW ( Trp-Arg-Pro-Trp ) domain

( ) (Kageyama et al., 2008)

bHLH domain dimer formation) 

deoxyribonucleic acid (DNA) bHLH domain 

bHLH domain HLH domain 

(homodimer) (heterodimer) (Sasai et al., 1992) bHLH 
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Hes bHLH domain proline (P)

proline DNA  (Sasai et al., 1992)

Hes-1 N (N box CACNAG) C site (CACGCG) E 

 (E box CANNTG) Hes-1 N 

(Sasai et al., 1992) Hes-1 N 

Mash1 

E (Chen et al., 1997 Takebayashi et al., 1994 Sasai et al., 

1992)

Orange domain bHLH domain Orange domain 

(amphipathic helices) Orange domain bHLH 

(Dawson et  al., 1995;  Taelman et al., 2004) Hes 

Hairy Orange domain Scute 

Hes E (spl)  

(Dawson et  al., 1995) Orange domain (Castella et al., 

2000)

WRPW  domain  C  (carboxyl terminus) C  domain 

(repression  domain)  WRPW  domain (co-

repressor) TLE (transducin-like enhancer of split) / Grg (a homologue of  Drosophila 

Groucho ) (histone deacetylase, Rpd3) 

(chromatin) (active 

repression) ( Paroush et  al., 1994 ; Fisher et al., 1996) Grg 

(histone deacetylase Rpd3)  (chromatin)

(represses   transcription) active   repression (Chen et al., 1997)

     Hes-1 

Hes-1 (negative regulatory) 

(1) N (2) 

E  (Sasai et al., 1992)

Hes-1 

Hes-1 Notch  signaling Notch

(transmembrane protein) ligand Delta Jagged 

γ (γ-secretase) Notch   (intracellular domain, ICD)

7
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DNA RBP-J (transcriptional 

activator) Hes-1 Hes-5 ICD RBP-J 

RBP-J  Hes-1 Hes-5 

 (Artavanis-Tsakonas et al., 1999 Honjo, 1996)

Notch (neurogenesis) 

(neuron stem cells, NSCs) (Gaiano et al., 2000) Hes-1 Hes-5

Notch Hes-1 Hes-5 Notch signaling 

(Ohtsuka et al., 1999) Hes-1 Hes-5 

Notch ventricular zone (VZ) 

(Ohtsuka et al., 1999)

   Hes-3 Notch  signaling 

Hes-1 Notch Delta Notch  signaling 

Hes  Shh (sonic hedgehog) Wnt 

signaling BMP (bone morphogenic protein) Hes Hes 

Notch  signaling (Issac et al., 1998

Nakashima et al., 2001 Solecki et al., 2001)

Hes-1 

(neuroepithelial  cell) (neural  

plate)  (neural tube) (radial glial 

cells) (Hatakeyama et al., 2004) Hes-1 

Hes-1 

 (Ishibashi et al., 1995)

Hes-1 (neuroepithelial  cell) (radial 

glial cells) Hes-1  (astrocytes) 

Hes-1 Hes-5 

Hes-5 (midbrain) (hindbrain) isthmus Hes-1 

isthmus (Hatakeyama et al., 2004) 13.5 Hes-1 

Hes-5 (neuron) 

(Ohtsuka  et  al., 2001) Hes proneural   bHLH Mash1 Ngn2 

(Neurog2) (premature neurogenesis)   

(Hatakeyama et  al., 2004) Hes-1 (knock-out mice) 

8
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proneural Mash1 

(Ishibashi et al., 1995 Cau et al., 2000)

(gliogenesis) Hes-1 

Hes-1 Hes-5 

(retina) Muller (Nakashima et al., 2001)

Hes-1 Hes-5 Muller  

(Hojo et al., 2000 Nakashima et al., 2001) Hes-1 

2007  Lee Serum- and 

glucocorticoid-inducible kinase 1, SGK1)  Hes-1 

Hes-5 (Lee et al., 2007) γ 

(γ-secretase)  Notch Notch

 (Dash et al., 2005) Notch  Hes-5

(Lee et al., 2007)  Notch  Hes-1 

Hes-1 

Hes-1 

(endocrine) (exocrine) (somite) (Kageyama et al., 

2005) T  Hes-1 T 

 Hes-1 B  (Tomita et al., 1999)

(SUMO) small ubiquitin-like modifier

S. cerevisiae SMT3 

(Suppressor of MIF Two 3 protein) (Meluh and Koshland, 1995)

(Kerscher et al.,2006 18 

%  (ubiquitin)  (Hershko et al., 1998

Ohsumi, 1999) β (β-sheet) α (α-helix)  (Bayer et 

al., 1998 ) (ubiquitin-

9
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related protein) C glycine 

(di-glycine) lysine (isopeptide bond) 

(Gill, 2004) N (N-terminal) 10-25 

(Johnson, 2004)

100 10 kDa  (Bayer 

et al. , 1998)

(Kurepa et al., 2003)

SUMO1 (Ubl1, Smt3c, 

Sentrin, PIC1, GMP1) SUMO2 (Smt3a, Sentrin2) SUMO3 (Smt3b, Sentrin3) SUMO4 

(Melchior et al., 2000) SUMO2 SUMO3 97  

SUMO2/3 SUMO2/3 SUMO1 50 SUMO4 

87   (Melchior  et al. ,  2000) SUMO1 - 3 

SUMO4  (Melchior et al., 

2000) SUMO SUMO2/3 (nucleoplasm)

SUMO1 (nuclear envelope) (nucleolus) (Ayaydin et al., 2004)

ΨKXE Ψ 

K lysine (K) X E 

glutamic acid (Rodriguez et al., 2001)  ΨKXE   motif E2 

(E2 conjugating enzyme) Ubc9 (ubiquitin-conjugating 9) 

lysine 

motif phosphorylation-

dependent SUMO motif (PDSM)  negatively charged amino acid dependent SUMO motif 

(NDSM) (Wilkinson and  Henley et al., 2010) PDSM SUMO motif

ψKXEXXSP S  Serine  P  proline 

in virto in vivo  PDSM E2 

 lysine motif NDSM motif

ψKXEXXD / E 

 lysine (Hay 

et al., 2005)  (activation)  

10
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(conjugation)  (ligation) E1 E2 E3 (Liu 

et al., 2008)

(immature proform)

2~11 SENPs (sentrin-specific proteases) C 

C glycine (di-glycine)

(Bailey et al., 2004  Li and Hochstrssser, 2003)

ATP C E1 

(E1 activating enzyme) cysteine AMP E1 

(thioester bond) E1 SAE1 / SAE2 

(heterodimer) (Okuma et al., 1999) E1 

cysteine E2 

E3 (E3 ligation enzyme) E2 (Ubc9) 

lysine C 

(isopeptide bond) (conformation) 

(structure) (Gill, 2004)

E1 E2 

SUMO1 RanGap1 SAE Ubc9  (Hay, 

2005  Tatham et al., 2001) E3 

E3 E3 E2 

E2 (Johnson, 

2004)

( )

SENPs C (hydrolase) 

(de-sumoylation) (Schwienhorst et al., 2000)

SENPs Ulp1 Ulp2 (Gill, 2004)

Ulp1 (nuclearpore complex, NPC)  immature  

Ulp2  

immature   (Gill, 

2004) SENPs

 (Gill, 2004)

11
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(post-translational modifications)  (methylation)

(phosphorylation) (ubiquitination) (sumoylation)

(nucleus protein)  (Verger et al., 2003)

DNA 

DNA 

DNA 

(Bies et al., 2002 Gill et al., 2003 Kahyo et al., 2001

Nacerddine et al., 2005)

E1 E2  (cell 

cycle) G2 / M phase (Seufert et al. ,1995)

(genotoxic stress) 

(dominant-negative) Ubc9 Gam1 E1 

(apoptosis) (Tempé et. al, 2008)

DNA 

E3 Mms21 / Nse2 (Non-structural maintenance of 

chromosomes element 2 homolog) Smc5 / 6 (structural-maintenance-of-

chromosome, SMC) DNA (Andrews et al., 

2005 McDonald et al., 2003 Potts et al., 2005 Zhao et al., 2005) E3 

DNA DNA 

proliferating-cell nuclear antigen (PCNA) G2 DNA 

PCNA lysine 164 (mono-ubiquitination) 

 (poly-ubiquitination) S PCNA lysine 164 

DNA DNA (Hoege et al., 2002)

lysine 

12
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RanGAP 

(nucleocytoplasmic transport) RanGAP (Ran small GTPase activating 

protein) RanGAP 

(nuclearporecomplex) RanBP2 

(Mahajan et al., 1998)

lysine 

NF-

kappaB Bα Tumor 

necrosis  factor (TNF) Bα 26S (26S proteasome) 

NF-kappaB 

Bα lysine Bα NF-kappaB 

NF-kappaB (Desterro et al., 1998)

lysine von Hippel-Lindau (VHL) 

(Qiliang Cai et al., 

2010)  Smad4 (mothers against decapentaplegic homolog 4) 

 (Lin et al., 2003)

2003 Gill SUMO1 p53 p53 

p53  (Gill et al., 2003) Specificity 

Protein 1 (Sp1) 

Sp1 Sp1 26S (Wang et al., 

2008)

p53 Elk-1

STAT1 C/EBPs SRF p300 

(androgen receptor) (Gross et al., 2001 Gross et al., 2004 Nishida et al., 2002)

HDAC Daxx 

DNA 
13
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TFIID DNA 

TFIID (heat shock factor, 

HSF) HSF1 HSF2 DNA  

(Hong et al., 2001)  

(Goodson et al., 2001 Johnson, 2004)

E3 PIAS1 

PIAS

PIAS (protein inhibitor of activated signal transducer and activators of transcription) 

STAT1β (signal transducer and activators of transcription 1) 

B (B cell library) STAT1β 

650 STAT1 

PIAS1 (Liu et al.,1998) (co-

immunoprecipitation) in vivo STAT1 tyrosine 701 

PIAS1 STAT1  (Liu et al., 1998)

(interferon) PIAS1 STAT1  (Liu et al., 1998)

(cytokine) PIAS1 STAT1 STAT1  DNA  

(Liu et al., 1998) PIAS1 

 PIAS1  PIASx PIAS2) PIAS3

PIASy ( PIAS4) PIAS  (Chung et al., 1997 Copeland 

et al., 1995) PIAS1 PIAS mRNA 

(isoform) PIAS 

Zimp10 Zimp7 SIZ1 SIZ2 PIAS 

 (Johnson and Gupta, 2001)

PIAS1 

PIAS 

(Shuai et al., 2005)

PIAS1 STAT1 E3 

STAT1  (Liu et al., 2007 Song et al., 2006)

E3 PIAS Pc2 RanBP2 (Jackson, 2001)

Pc2 PIAS PIAS 
14
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PIAS 

50 % N 

PIAS motif  N SAP (scaffold 

attachment factor-A/B/acinus/PIAS) motif PINIT ( Pro - Ile - Asn - Ile - Thr) motif  RING 

finger like zinc binding domain (RLD) C acid domain (AD) 

serine  threonine rich (S / T)  (Rytinki et al., 2009) ( )

SAP motif PIAS1 DNA 

scaffold attachment regions (SARs) (A, adenine) (T, thymidine) 

 (Klapp et al., 1993) SAP motif LXXLL (L lysine X 

(nuclear receptor) (co-activator) 

PIASy LXXLL lysine 

alanine PIASy STAT1 

PINIT motif PIAS PINIT motif RING finger motif 

E3 PINIT motif RING finger motif 

PIAS3 PINIT motif (Duval et al., 2003)

PIAS1 RLD domain cysteine conserved domain

RING finger motif Siz / PIAS RING (SP-RING) E3 

(zinc finger) conserved domain E3 

 (Jackson, 2001) PIAS1 

RLD E3 PIAS C 

serine / threonine PIASx PIASxα PIASxβ C 

 (Arora et al., 2003 Rytinki et al., 2009)

C acid domain (AD) SIM (SUMO1 

Interaction Motif) SUMO1 (Shuai K., 2006) SIM 

E3 PIAS E3 

(Kotaja et al., 2002) PIAS 

E3 

PIAS1 

15
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c-Jun N-terminal kinase 1 (JNK1 Hes-1 Serine

263 Hes-1 Hes-1 

GluR1 (Lin et al., 2012) Hes-1

Hes-1 

Hes-1 Hes-1 

Hes-1 

E1 E2 

E3 E3 PIAS1

Hes-1 PIAS1

E3 (Tai et 

al., 2011) Hes-1 

Hes-5 (Lee et al., 2007) PIAS1 

Hes-1 GluR1 

Hes-1 E3 PIAS1 

Hes-1 

Hes-1 GluR1 

16
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(cell  culture)

human embryonic kidney 293T

HEK293T

10 % (fetal bovine serum, FBS) 

Dulbecco's Modified Eagles Medium(DMEM, Life Technologies) 37 ℃ 

37 ℃ 

10 ml 

1000 rpm 5  dimethyl 

sulfoxide (DMSO, Sigma) 10 ml 

10 

37 ℃ 5 % CO2 

HEK293T 10 10 % 

(fetal bovine serum, FBS) DMEM 37 ℃ 5 % CO2 

(subculture) 

10 ml 10 

6 12 

20 µl 20 µl 0.4 % trypan blue (Invitrogen, USA) 

(Hemocytometer) 2.5x105 cell/

well 20 

15 ml 1000 rpm 5 

10 % DMSO (Sigma) 
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1 ml 

-80 ℃ 24 

(transfection)

HEK293T (Hemocytometer) 

2.5x105 cell/well 6 12 37 ℃ 5 % CO2 

Dulbecco's Modified Eagles Medium (DMEM, Life Technologies) 

lipofection 

100 µl DMEM 100 µl 

DMEM µg 2.5 µl Lipofectamine TM 2000

Invitrogen

20

37 ℃ 5 % CO2 24 

48 

(protease inhibitor, Roche) (phosphotase inhibitor, Roche) 

(RIPA Lysis  Buffer) (shaker) 120 rpm 

1.5 ml 4 ℃ 14000 rpm 

(cell lysate) -80 ℃ 

(Western blot)

Bradford Protein Assay Dye Reagent  (Coomassie 

Brilliant Blue G-250 Bio-Rad Labtories, USA) 
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Protein Assay Dye Reagent 2 µl 1000 µl 

Protein Assay Dye Reagent 2 

595 nm 

Coomassie Brilliant Blue G-250 465 nm 

595 nm 595 nm 

(bovine serum albumin, BSA) 2 4 6 8 μg/μl 

5 loading dye

1 µl 1 µg 95 ℃ 

(heat plate)  10 

-20 ℃ 

(separating gel)

1 ml (isopropanol) 

 (comb) 

(stacking gel) 

(well)

4 ℃  

(sodium dodecyl sulfate-polyAcrylamide gel electrophoresis, SDS-PAGE) 10 % 

SDS-PAGE 

10 % separating gel 

40 % Acrylamide 2.5 ml

Separating gel buffer 2.5 ml

ddH2O  4.85 ml

10 % SDS 100 µl

10 % APS 100 µl

TEMED 7.5 µl
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stacking gel 

40 % Acrylamide 333.33 µl

Stacking gel buffer 833.33 µl

ddH2O  2.1 ml

10 % SDS 33.33 µl

10 % APS 33.33 µl

TEMED 5 µl

-20 ℃ 95 ℃ 5 

(running buffer)

30 

polyvinylidene fluoride membrane (PVDF) (Millipore, MA) 100 %

(methanol)   (transfer buffer) 

3M (Bio-Rad, CA) 

(black side) (white side) PVDF 

membrane

105 

65 PVDF PVDF 

2 % BSA 0.05 % TBST blocking

PVDF 4 ℃ 

mouse anti-β-actin antibody (1:10000, Chemicon) rabbit-anti-HES-1 

antibody (1:3000, Genetex) rabbit-anti-PIAS1 antibody (1:6000, Genetex) mouse anti-

Flag M2 antibody (1:10000, Sigma) mouse anti-Myc antibody (1:6000, Millipore)  

mouse anti-EGFP antibody (1:6000, Millipore) mouse anti-HA antibody (1:2000, 

Millipore) rabbit-anti-GluR1 antibody (1:3000, Millipore) PVDF
21
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0.1 % TBST HRP (anti-rabbit or anti-

mouse IgG conjugated to horseradish peroxidase) (1:10000, Jason)

0.1 % TBST PVDF 

(Chemiluminescence reagent) (Immobilon Western Chemiluminescent HRP Substrate, 

Millipore) 

Image J PVDF 

stripping buffer 

80 ℃ PVDF 0.1 

% TBST blocking 

 (Co-immunoprecipitation, Co-IP)

48 300 μg 

300 μl 15 μl anti-Flag M2 Affinity 

Gel (Sigma) 4 ℃ 1000 g 1 

1000 g 1 2x loading dye 95 ℃ 10 

(Plasmid construction)

RNAspin mini kit (GE Healthcare, UK) RNA

OD260 nm RNA (QuantiTect Reverse 

Transcription, QIAGEN 1 μg template RNA 2 μl g DNA Wipeout Buffer

nuclease-free water 14 μl 42 ℃ 2 5 

6 μl (  1 μl Quantiscript Reverse Transcriptase 4 μl 

Quantiscript RT Buffer 1 μl RT Primer Mix) 42 ℃ 30 95 ℃ 3 

(complementary DNA, cDNA) 

-20 ℃ 
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   cDNA (template) (primer) Forward primer 5’ ATC 

GGG ATC CAT GCC AGC TGA TAT AAT GG 3’ Reverse primer 5’  CGA TTC TAG 

ACT GTT CCG CCA CGG CCT CCA C 3’ 5 μl DNA (10 ng/μl) 0.5 μl pfu ultra 

polymerase 2 μl pfu ultra buffer  0.5 μl dNTP 0.4 μl forward primer (10 μM) 0.4 μl 

Reverse primer (10 μM) 20 μl (polymerase chain 

reaction, PCR) 2 % (agarose gel electrophoresis) 

100 

BamHI 

Xbal (restriction enzyme site) pCMV-Flag (Vector) pCMV-

Flag-Hes-1 CMV (cytimegalovirus) 

10 μl DNA (competent cell, Ecos)

42 ℃ (Heat shock) 45 

pCMV-Flag 

(vector) 500 μl LB-broth medium 37 ℃ 

recover kanamycin LB 

37 ℃ 

DNA

(colony) 100 μg/ml kanamycin 

LB-broth medium 37 ℃ (Orbital shaker incubator)

16 2 ml 3500 rpm 

(pellet) QIAGEN Plasmid Purification Kits DNA

250 μl resuspension solution (vortex)

250 μl lysis buffer

350 μl neutralization solution

13000 rpm spin column 

13000 rpm column 500 μl 

column wash solution 13000 rpm

700 μl  column wash solution 13000 rpm 

spin column 1.5 ml 60 μl elution 

buffer spin column 13000 rpm (plamid) 

DNA BamHI Xbal 

23

‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y



(sequencing) (plamid) DNA -20 ℃ 

(site-directed mutagenesis) 

Forward primer 5’ ATCGGG ATC 

CAT GCC AGC TGA TAT AAT GG 3’ Reverse primer 5’ CGA TTC TAG ACT GTT CCG 

CCA CGG CCT CCA C 3’ (wild type) DNA 

5 μl DNA (10 ng/μl) 1 μl pfu ultra polymerase 5 μl pfu ultra buffer  1 μl 

dNTP 1 μl forward primer (10 μM) 1 μl Reverse primer (10 μM) 50 μl

2 % (agarose gel 

electrophoresis) 100 

1 μl 20 u/μl DpnI 

37 ℃ DNA

DNA 

600 μl 50 % Glycerol 400 μl -80 ℃  

 (Protein stability assay)

24 

cycloheximide (Sigma) cycloheximide 

translocase enzyme DMSO 

50 μg/ml  cycloheximide (CHX) DMEM 2 

μg/ml 10 μl cycloheximide 20 μg/ml

Image J 

(Experimental animals)

Sprague-Dawley ( Bio LASCO 

Taiwan Co., Ltd) 250~400 

25 ± 1 12 / 12 
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PV 

 (transfection)

Sprague-Dawley 

(stereotaxic surgery) (sodium 

pentobarbital, 50 mg/kg)

(stereotaxic instrument) (tooth bar) -2.4 mm

(bregma)

 (Paxinos et al., 1986) 

CA1 3.5 mm 2.0 mm 

( 0.63 mm 0.33 mm) CA1 

3.4 mm 1.5 mm 1.9 mm

CA1 

(polyethylenimine, PEI) 

 (endocytosis) 

48 72 

(Abdallah et al., 1996 Martres et al., 1998 Lungwitz et al., 2005)

5 % 2.7 μg/μl 0.45 

μl 1M PEI 0.55 μl  (2.7μg/μl) 15 

1.5 μg/μl 15 CA1 

CA1 

CA1 

0.1 μl 0.5 μl 

CA1 
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48 

(Morris water maze)

Richard Morris 1984 

2 0.6 30 8 

20 25 ± 2 ℃ 

2.5 

(spatial cues)

 (water-maze video 

tracking record system, HasoTec, Germany) 

 (hidden platform) (Morris  water maze 

learning task) 1984 Morris 

48 

CA1 72 

 (escape laterncy)

20 (trail)

60 20 

 (session)

(probe trial)

60 
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4 ℃ 

(pH7.4) (brain slicer) 

0.2 mm 

( 0.63 mm 0.33 mm) CA1 

-80 ℃ 

 (protease inhibitor) (phosphotase 

inhibitor) (sonifier/cell disruptor, Branson 

Sonic Power, USA) 4 ℃ 14000 rpm 

-80 ℃ 

500 μg 

500 μl 3 μl anti-Flag M2

4 ℃ 1 2 15 20 μl A 

(protein A Mag Sepharose Xtra, GE) 4 ℃ 

16 20 

2x loading dye 95 ℃ 5 

Flag-bound 

protein A Hes-1 

(Preparation of drugs)

1. (RIPA lysis buffer) Tris-HCl (50 mM, pH8.0) NaCl (150 mM) NP-40 (1 

%)  EDTA (2 mM)

2. 5x loading dye  Tris-HCl (250 mM, pH6.8) DTT (500 mM) 10% SDS 50 % 

Glycerol 0.5 % Bromophenol

3. (Running buffer)  Tris-HCl (25 mM)  Glycine (192 mM) 0.1 % SDS
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4. (Transfer buffer)  Tris-HCl (25mM, pH8.3) Glycine (192 mM) 15 % 

Methanol

5.PBS (phosphate buffered saline) NaCl (137 mM) Na2HPO4 (10 mM) KH2PO4  (1.8 

mM) pH7.4

6.TBST  Tris-HCl (25 mM, pH8.0)  NaCl (150 mM) 0.05 % Tween-20

7.Stripping buffer Glycine (200mM, pH2.5) 0.05 % Tween-20

 (Statistics)

Student’s t-test 

one-way analysis of variance (ANOVA) with repeated 

measure Newman-Kuels method 

two-way analysis of variance (ANOVA) with repeated measure
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Hes-1 PIAS1 

 Hes-1 E3 PIAS1 

HEK293T PIAS1 (HA-PIAS1-WT)

HEK293T PIAS1 

Hes-1 (1.0  μg) PIAS1 Hes-1 

( 1A) 1A

(0.4  μg) SUMO1 (Myc

SUMO1) PIAS1 

SUMO1 1A Hes-1 

1A PIAS1 

Hes-1  ( 1B) 1 

HEK293T Hes-1 PIAS1 SUMO1 

PIAS1 Hes-1 Hes-1 

30

‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y



1 (A)

� 0.4 0.6 0.8 1.0 HA-PIAS1-WT 

anti-HA 

anti-Actin 

anti-Hes-1 
SUMO form of Hes-1 
(light band) 

(B) 

0.4 0.6 0.8 1.0 
0.4 0.4 0.4 0.4  

HA-PIAS1-WT 
Myc-SUMO1 

PIAS1 

SUMO form of PIAS1 

anti-HA 

anti-Actin 

anti-Hes-1 SUMO form of Hes-1 

Non-specific band 
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1 HEK293T Hes-1 PIAS1 

(A) HEK293T 0.4 μg 0.6 μg 0.8 μg 1.0μg 

E3 PIAS1 (1.0 μg) PIAS1 

HEK293T Hes-1 PIAS1 

(B) HEK293T  (0.4 μg) SUMO1 

0.4 μg 0.6 μg 0.8 μg 1.0 μg E3 PIAS1 

HEK293T Hes-1 PIAS1 SUMO1 
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Hes-1 lysine 

lysine Hes-1 

SUMO1 (SUMOsp 2.0) Hes-1 

(Jian et al., 2009)

lysine 

PIAS1 (HA-PIAS1-WT) E3 (HA-PIAS1-W372A) 

SUMO1 (Myc-SUMO1) Hes-1 (Flag-Hes-1-WT) Hes-1 

lysine (K) arginine (R) (Flag-Hes-1-K8R)

 (HA-vector Myc-vector Flag-vector)

SUMO1 (Myc-SUMO1) PIAS1 (HA-PIAS1-WT) SUMO1 

(Myc-SUMO1) SUMO1  (Myc-SUMO1) Hes-1 (Flag-

Hes-1-WT) PIAS1 (HA-PIAS1-WT) SUMO1  (Myc-SUMO1) 

Hes-1 (Flag-Hes-1-WT) PIAS1 HA-PIAS1-W372A) 

SUMO1  (Myc-SUMO1) Hes-1 (Flag-Hes-1-WT)

PIAS1 (HA-PIAS1-WT) SUMO1 (Myc-SUMO1) Hes-1 (Flag-

Hes-1-K8R) Hes-1 

PIAS1 E3 PIAS1 

Hes-1 

PIAS1 E3 Hes-1 

(Flag-Hes-1-K8R) ( 2A ) Hes-1  (

2A ) Hes-1 lysine (K) 

arginine (R) Hes-1 Hes-1 

lysine 

Hes-1 PIAS1 Hes-1 

PIAS1 

HEK293T (1) PIAS1 (HA-

PIAS1-WT) (2) Hes-1  (Flag-Hes1-WT) (3) PIAS1 

Hes-1 (4) PIAS1 Hes-1  (Flag-Hes-1-K8R) (5)

PIAS1 HA-PIAS1-W372A) Hes-1 (Co-

immunoprecipitation)

Hes-1 PIAS1 
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PIAS1 E3 Hes-1 

Hes-1 PIAS1 

Hes-1 PIAS1 
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2 (A)

anti-Flag 

anti-Myc 

anti-HA 

anti-Actin 

HA-PIAS1 
Myc-SUMO1 

Flag-Hes-1 

- 
- 
- 

- 

- 
+ 

WT 

- 

- 
+ + + 

WT WT WT K8R 

+ 

WT W372A WT 

+ 

SUMO form of Hes-1 

 (B)

HA-PIAS1 
Flag-Hes-1 - 

- WT 

WT WT K8R WT 

W372A WT WT 

anti-Flag 

anti-HA 

IP:Flag 
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2 Hes-1 lysine 

(A) HA-PIAS1 Myc-SUMO1 Flag-Hes-1 Hes-1 

HA-PIAS1 Myc-SUMO1 Flag-Hes-1

HA-PIAS1-W372A Myc-SUMO1 Flag-Hes-1 HA-PIAS1 

Myc-SUMO1 Flag-Hes-1-K8R PIAS1 Hes-1 

Hes-1 E3 PIAS1 

Flag-Hes-1-K8R ( 2A ) 

Flag-Hes-1-WT ( 2A ) Hes-1

lysine 

(B) Hes-1 

PIAS1 Hes-1 (Hes-1-K8R) 

PIAS1 
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Hes-1 

Hes-1 Serine 263 

Hes-1 (Lin et al., 2012) Hes-1 

Hes-1 

Hes-1  Hes-1 (Hes-1-K8R)

HEK293T 0.1 μg 0.2 μg 0.4 μg

0.6 μg Hes-1  Hes-1 (Hes-1-K8R)

Hes-1 Hes-1 (Hes-1-K8R) 

( 3A) Hes-1 Hes-1 (Hes-1-K8R) 

 0.6 μg ( 3B 3C) ( 0.1 μg

T1,6=3.59 0.2 μg T1,6=5.04 0.4 μg T1,6=3.88 0.6 μg T1,6=1.92, p<0.05, Student’s  t-

test ) Hes-1 

Hes-1 

cycloheximide 

Hes-1  Hes-1 (Hes-1-K8R) 24 

 20 μg/ml cycloheximide 0 1 2 4 6

8 

Hes-1 ( 4) Hes-1 0 

Hes-1 Hes-1 (Hes-1-K8R)

Hes-1 ( 4B 

4C) Hes-1 Hes-1 (Hes-1-K8R)

Hes-1 (Hes-1-K8R)

(0 T1,10=14.28 1 T1,10=9.74 2 T1,10=12.24 4 

T1,10=18.44 6 T1,10=150.42 8 T1,10=19.87, p<0.001, Student’s t-test ) ( 4B 

4C) 0 

2 4 6 8 (1 T1,10=4.42 2 T1,10=7.20 4 

T1,10=16.84 6 T1,10=28.25 8 T1,10=17.02, p<0.001, Student’s t-test ) 

( 4D) Hes-1 Hes-1 

Hes-1 

 ( 4 )

37

‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y



3 (A)

anti-Flag 

anti-Actin 

Flag-Hes-1- WT  Flag-Hes-1-K8R  
�μ��� ���� ��	� ��
� ���� ���� ��	� ��
� ����

g g

(B)

Flag-Hes-1-WT   

Flag-Hes-1-K8R  

H
es

-1
/A

ct
in

 
(fo

ld
) 

3.5 

2.5 

1.5 

0.5 

0.6�0.4�0.2�0.1� (μg)�

3.0 

2.0 

1.0 

0 

�

�

�

Flag-Hes-1-WT 
Flag-Hes-1-K8R 

(C)

Flag-Hes1-WT  

Flag-Hes1-K8R 

H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 

0 

�

�

�

4.0 

3.0 

2.0 

1.0 

0.6�0.4�0.2�0.1� (μg)�

Flag-Hes-1-WT 
Flag-Hes-1-K8R 
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3 Hes-1 Hes-1 HEK293T 

(A) HEK293T 0.1 μg 0.2 μg 0.4 μg 0.6 μg  

Hes-1 Hes-1 (Hes-1-K8R) Hes-1 

(B)  (C) Hes-1 Hes-1 

Hes-1 0.1 μg 0.2 

μg 0.4 μg 

mean±SEM  ( , p<0.05, Student’s t-test )
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4 (A)

0          1          2           4          6          8 CHX(hour) 

anti-Flag 

anti-Actin 

Flag-Hes-1- WT (0.4 μg) Flag-Hes-1-K8R (0.4 μg)�

0          1          2           4          6          8 

(B)

H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 

100 

80 

60 

40 

20 

0 
0hr 2hr 1hr 4hr 6hr 8hr 

cycloheximide(20 μg/ml)��

�

�

�

�

�

�

Flag-Hes-1-WT 
Flag-Hes-1-K8R 

(C) 

H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 

100 

80 
60 

40 

20 
0 

0hr 2hr 1hr 4hr 6hr 8hr 
cycloheximide(20 μg/ml)��

�
�

�
�

�

�

Flag-Hes-1-WT 
Flag-Hes-1-K8R 

 (D)

0hr 2hr 1hr 4hr 6hr 8hr 
cycloheximide(20 μg/ml)��

N
or

m
al

iz
ed

 H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 

100 

0 

�
�

�

�80 

60 

40 

20 

Flag-Hes-1-WT 
Flag-Hes-1-K8R �

40

‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y



4  Hes-1 

(A) Hes-1  Hes-1 (Hes-1-K8R) 24 

 20 μg/ml cycloheximide ( CHX) 0 1

2 4 6 8  

(B) (C) (D)  Hes-1 (Hes-1-K8R) 

Hes-1

Hes-1 mean

±SEM ( , p<0.05 , p<0.001  Student’s t-test )
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Hes-1 

HEK293T Hes-1 PIAS1 

Hes-1 SUMO1 (Myc-SUMO1)  

(HA-vector) SUMO1  (Myc-SUMO1) PIAS1  (HA-PIAS1)

24  20 μg/ml cycloheximide 

0 1 2 4 6 8 Hes-1 (

5A) SUMO1 PIAS1 cycloheximide 

Hes-1 ( 5A) SUMO1 

0 SUMO1 PIAS1 

( 5B) SUMO1 PIAS1 

Hes- 1 ( 5B 5C) (0 T1,10=7.90 1 

T1,10=8.63 2 T1,10=6.78 4 T1,10=5.93 6 T1,10=7.98 8

T1,10=4.45, p<0.001, Student’s t-test) SUMO1 

SUMO1 PIAS1 0 

 1 4 6 (1 T1,10=1.62 4 T1,10=4.39 6 

T1,10=5.19, p<0.05, Student’s t-test ) ( 5D)

PIAS1 Hes-1 

SUMO1 (Myc-SUMO1) 

PIAS1 (HA-PIAS1) 0.3 μg 0.6 μg 1.2 μg 24 

 20 μg/ml cycloheximide 0 4 8 

Hes-1  ( 5E) Hes-1 

(1.2 μg) PIAS1 

SUMO1 8 cycloheximide 

0.3 μg PIAS1 0 0.6 μg 

1.2 μg PIAS1 0 4 8  0.3 μg 0.6 μg 

4  (4 0.3 μg vs. 0.6 μg T1,4=2.27 0.3 μg vs. 1.2 

μg T1,4=3.44 0.6 μg vs. 1.2 μg T1,4=0.54, p<0.05, Student’s t-test)  0.3 μg 1.2 

μg 8  (8 0.3 μg vs. 0.6 μg T1,4=1.68 0.3 μg vs. 

1.2 μg T1,4=5.13 0.6 μg vs. 1.2 μg T1,4=1.90, p<0.01, Student’s  t-test) ( 5F) 5 

Hes-1 PIAS1 

PIAS1 Hes-1 

(short interfering RNA, siRNA) 
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PIAS1 control siRNA PIAS1 siRNA (siPIAS1)

 50 μM 24  20 μg/ml cycloheximide 

0 1 2 4 6 8 Hes-1 

PIAS1 siRNA 0 PIAS1 siRNA 

( 6B) PIAS1 siRNA 

Hes-1 (0 T1,10=67.45  1 T1,10=16.52 2 

T1,10=17.71 4 T1,10=23.17 6 T1,10=8.81 8 T1,10=3.75, p<0.001, 

Student’s t-test ) PIAS1 Hes-1 0 

cycloheximide 8 Hes-1   

(T1,10=3.751, p<0.001, Student’s t-test) ( 6B 6C)  control siRNA  PIAS1 

siRNA 0 1 2 4 8 

 (1 T1,10=1.62 2 T1,10=3.93 4 T1,10=4.39 8 T1,10=3.18,

p<0.01, Student’s t-test) 6 (6 T1,10=5.19, p<0.05, Student’s  t-

test) ( 6D) Hes-1 PIAS1 

5 6 Hes-1 PIAS1 
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5 (A)

HA (0.6 μg) 
�

HA-PIAS1-WT (0.6 μg) 
���

anti-Hes-1 

anti-HA 

anti-Actin 

CHX(hour) 

Myc-SUMO1 (0.4 μg) 
�

0 1 2 4 6 8 0 1 2 4 6 8 

PIAS1 

SUMO form 
of PIAS1 

Non-specific 
band 

(B)     

HA+Myc-SUMO1

HA-PIAS1-WT+Myc-
SUMO1

H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 

160 

0hr 2hr 1hr 4hr 6hr 8hr 
cycloheximide (20 μg/ml)��

�
�

� ��140 
120 
100 

80 
60 
40 
20 

   0 

�

HA+Myc-SUMO1 

HA-PIAS1+Myc-SUMO1 

(C)

HA+Myc-SUMO1

HA-PIAS1+Myc-
SUMO1

H
es

-1
/A

ct
in

 
(%

 o
f c
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tro

l) 

140 

120 
100 

40 
20 
0 
0hr 2hr 1hr 4hr 6hr 8hr 

cycloheximide (20 μg/ml)��

�
�

� � � �
160 

60 
80 

HA+Myc-SUMO1 

HA-PIAS1+Myc-SUMO1 

(D)

HA+Myc-SUMO1

HA-PIAS1-
WT+Myc-SUMO1

0hr 2hr 1hr 4hr 6hr 8hr N
or

m
al

iz
ed

 H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 

100 

80 

60 

40 

20 

0 

cycloheximide (20 μg/ml)��

�

� � HA+Myc-SUMO1 

HA-PIAS1+Myc-SUMO1 
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(E)

0          4            8 

HA-PIAS1-WT (0.3 μg) 

Myc-SUMO1 (0.4 μg) 
�

HA-PIAS1-WT (0.6 μg) HA-PIAS1-WT (1.2 μg) 

anti-Hes-1 

anti-HA 

anti-Actin 

CHX(hour) 0          4            8 0          4            8 

PIAS1 

SUMO form 
of PIAS1 

Non-specific 
band 

(F)

HA-PIAS1-WT (0.3
mg)+Myc-SUMO1-WT

HA-PIAS1-WT (0.6
mg)+Myc-SUMO1-WT

HA-PIAS1-WT (1.2
mg)+Myc-SUMO1-WT

H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 

140 

120 

100 

40 

20 

0 0hr 8hr 4hr 
cycloheximide ( 20 μg/ml)��

60 

80 

HA-PIAS1-WT(0.3 μg)+Myc-SUMO1 

 

 
HA-PIAS1-WT(0.6 μg)+Myc-SUMO1 

 

 
HA-PIAS1-WT(1.2 μg)+Myc-SUMO1 

 

 

��
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5  HEK293T Hes-1 PIAS1 

Hes-1 

(A) SUMO1 (Myc-SUMO1)  (HA-vector) SUMO1

 (Myc-SUMO1) PIAS1  (HA-PIAS1) 24 

 20 μg/ml cycloheximide ( CHX) 0 1 2 4

6 8  

(B) (C) (D) ( , p<0.05 , p<0.001, 

Student’s t-test)

(E) SUMO1 PIAS1 0.3 μg 0.6 μg

1.2 μg 20 μg/ml cycloheximide CHX) 

0 4 8 

(F) 4  0.3 μg 0.6 μg 8  0.3 μg 

1.2 μg mean±SEM ( , 

p<0.05 , p<0.01, Student’s t-test)
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6 (A)
control siRNA (50 �M)   PIAS1 siRNA (50 �M)  

CHX(hour) 0         1          2           4          6         8 

anti-Hes-1 

anti-PIAS1 

anti-Actin 

0         1          2           4          6         8 

(B) 

negative siRNA

siPIAS1

H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 

100 

80 

60 

40 

20 

0 0hr 2hr 1hr 4hr 6hr 8hr 
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� � �
�

�

�
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PIAS1 siRNA 

(C)
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siPIAS1

H
es

-1
/A

ct
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�
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PIAS1 siRNA 

(D)

negative siRNA

siPIAS1

0hr 2hr 1hr 4hr 6hr 8hr N
or

m
al
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ed

 H
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(%
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control siRNA 
PIAS1 siRNA 

47

‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y



6  PIAS1 Hes-1 

(A)  control siRNA PIAS1 siRNA 24 

 20 μg/ml cycloheximide ( CHX) 

0 1 2 4 6 8 Hes-1 

(B) (C) (D)  Hes-1 PIAS1 

mean±SEM ( , p<0.05 , p<0.05 , p<0.001, Student’s t-test)
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Hes-1 PIAS1 Hes-1 

PIAS1 (HA-PIAS1) Hes-1

PIAS1 (HA-PIAS1) Hes-1 (Hes-1-K8R) Hes-1 

PIAS1 Hes-1 24 

 20 μg/ml cycloheximide 0 1 2 4 6

8 Hes-1 PIAS1 Hes-1 

 ( 7)  PIAS1 Hes-1 0 

 PIAS1 Hes-1 (Hes-1-K8R) 

Hes-1 

( 7B 7C)

0 1 4  0 T1,10=4.89  1 

T1,10=5.27 4 T1,10=4.78, p<0.01 2 6 8  2 

T1,10=3.62 6 T1,10=3.15 8 T1,10=2.81, p<0.05 

0 (

7D)

SUMO1 PIAS1 HEK293T 

Hes-1 ( 1) Hes-1 

 Hes-1 (Hes-1-K8R) SUMO1 PIAS1 

Hes-1 SUMO1 (Myc-SUMO1) PIAS1 

(HA-PIAS1)  Hes-1 (Hes-1-K8R) SUMO1 (Myc-SUMO1) 

PIAS1 (HA-PIAS1) 24  20 μg/ml 

cycloheximide 0 1 2 4 6 8 Hes-1 

( 8) Hes-1 0 

Hes-1 (Hes-1-K8R) Hes-1

( 8C) Hes-1 Hes-1 

(Hes-1-K8R) Hes-1 

(Hes-1-K8R) (0 T1,10=279.07  1 T1,10=18.28 2 

T1,10=15.05 4 T1,10=16.10 6 T1,10=13.96 8 T1,10=18.09, 

p<0.001, Student’s t-test ) ( 8B 8C) 0 

1 4 6 8 (1 

T1,10=3.45 4 T1,10=3.81 6 T1,10=3.61 8 T1,10=3.31, p<0.001, 

Student’s t-test ) ( 8D) 4 SUMO1 

PIAS1 Hes-1 
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Hes-1 (Hes-1-K8R) lysine 

SUMO1 PIAS1 

Hes-1 SUMO1 PIAS1 

Hes-1 4 7 

Hes-1 PIAS1 

Hes-1  Hes-1 (Hes-1-K8R) PIAS1 

( 9)

50

‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y



7 (A)

Flag-Hes-1-WT (0.2 μg) Flag-Hes-1-K8R  (0.2 μg) 
HA-PIAS1-WT (0.6 μg) 

CHX(hour) 0         1          2           4          6         8 

anti-Flag 

anti-HA 

anti-Actin 

0         1          2           4          6         8 

(B)

HA-PIAS1-WT+Flag-
Hes-1-WT   
HA-PIAS1-WT+Flag-
Hes-1-K8R  

H
es

-1
/A

ct
in
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(C)
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SUMO1+Flag-Hes1-
WT   
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K8R  
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/A
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Flag-Hes-1-WT 

HA-PIAS1-WT+ 
Flag-Hes-1-K8R 

(D)

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-
WT   
HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-
K8R  

0hr 2hr 1hr 4hr 6hr 8hr N
or

m
al
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ed

 H
es
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(%
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HA-PIAS1-WT+ 
Flag-Hes-1-K8R 
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7 PIAS1 Hes-1 Hes-1 Hes-1 

(A) PIAS1 (HA-PIAS1) Hes-1 PIAS1 (HA-

PIAS1) Hes-1 (Hes-1-K8R) 24 

 20 μg/ml cycloheximide ( CHX) 0 1 2 4 6 8 

PIAS1 Hes-1 Hes-1

(B) (C) (D) Hes-1 

Hes-1 Hes-1 

mean±SEM ( , p<0.05 , p<0.01  Student’s t-test)
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8 (A)

Flag-Hes-1-WT (0.2 μg) Flag-Hes-1-K8R  (0.2 μg) 
HA-PIAS1-WT (0.6 μg) 

CHX(hour) ������������������������������������������������������ ������������������������������������������������������

Myc-SUMO1(0.4 μg��
�

anti-Flag 

anti-Actin 

(B)                                                       

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-WT   

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-K8R  

H
es

-1
/A

ct
in

 
(%
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f c
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tro

l) 
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80 

60 

40 

20 

0 
0hr 2hr 1hr 4hr 6hr 8hr 

cycloheximide (20 μg/ml)��

�
�

�

�

�

�

HA-PIAS1-WT+ 
Myc-SUMO1+ 
Flag-Hes-1-WT 
HA-PIAS1-WT+ 
Myc-SUMO1+ 
Flag-Hes-1-K8R 

(C)

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes1-WT   

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes1-K8R  

H
es

-1
/A

ct
in

 
(%
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l) 

100 

80 

60 

40 

20 

0 
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SUMO1+Flag-Hes-1-WT 
HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-K8R 

(D)

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-WT   

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-K8R  

0hr 2hr 1hr 4hr 6hr 8hr N
or

m
al

iz
ed

 H
es

-1
/A

ct
in

 
(%

 o
f c

on
tro

l) 100 

80 

60 

40 

20 

0 

�
�

�

�

cycloheximide (20 μg/ml)��

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-WT 

HA-PIAS1-WT+Myc-
SUMO1+Flag-Hes-1-K8R 
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8  SUMO1  PIAS1  Hes-1  Hes-1

 Hes-1 

(A) Hes-1 SUMO1 (Myc-SUMO1) PIAS1 (HA-

PIAS1)  Hes-1 (Hes-1-K8R) SUMO1 (Myc-SUMO1) 

PIAS1 (HA-PIAS1) 24  20 μg/ml 

cycloheximide ( CHX) 0 1 2 4 6 8 

Hes-1 

(B) (C) (D) Hes-1 (Hes-1-K8R) 

Hes-1 Hes-1 

mean±SEM ( , p<0.05 , p<0.001  Student’s t-test )
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9 (A)

Hes-1-WT 

PIAS1 SUMO1 

Hes-1-K8R 

Hes-1-WT 

PIAS1 

PIAS1 

Hes-1-K8R 

PIAS1 

Protein stable Protein unstable 

Sumoylation Sumoylation 

SUMO1 SUMO1 

SUMO1 
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9 Hes-1 PIAS1 Hes-1 

(A) Hes-1 PIAS1 Hes-1 

Flag-Hes-1-K8R PIAS1 Hes-1 
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Hes-1 CA1 

GluR1 

Hes-1 GluR1 N 

(Lin et al., 2012) Hes-1 PIAS1 

CA1 

GluR1 

CA1 (n=8) Hes-1 (n=8)

 Hes-1 (Hes-1-K8R) (n=8) (spatial learning) 

48 CA1 

72 

CA1 

CA1 

CA1 CA1 

10A Hes-1 

 F2,21=12.469, p<0.001, q=4.4, 

p<0.01  Hes-1 (Hes-1-K8R) 

q=2.584, p>0.05)  Hes-1 

q=6.984, p<0.001) ( 10B)

CA1 GluR1   (

10C) (1) Hes-1  (n=6) (n=6) 

GluR1 (F2,15=38.38, q=5.397, p<0.01, one-way ANOVA and Newman-

Keuls method 10D)  (2)  Hes-1 (Hes-1-K8R)  (n=6) Hes-1 

 (n=6) GluR1 (F2,15=38.38, q=12.389, p<0.005, one-way 

ANOVA and Newman-Keuls method 10D)  (3)  Hes-1 (Hes-1-K8R)  

(n=6)  (n=6) GluR1 

(F2,15=38.38, q=6.992, p<0.005, one-way ANOVA and Newman-Keuls  method 10D)

Hes-1 GluR1 

 Hes-1(Hes-1-K8R) 

GluR1 

57

‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y



10 (A)

anti-Hes-1 

Flag Vector Flag-Hes-1-WT Flag-Hes-1-K8R 

IP:Flag 

1        2        3 1        2        3 1        2        3 

(B)

E
sc

ap
e 

La
te

nc
y 

(S
ec

) 

Training trial (in four days) 

Acquisition 

(C)

�������	
�

��������

Flag Vector Flag-Hes-1-WT Flag-Hes-1-K8R 

1        2        3 1        2        3 1        2        3 

(D)

G
lu

R
1/

A
ct

in
 (f

ol
d)

 

0 

0.6 

0.2 

1.0 

1.4 

1.8 

Flag- 
 

Vector 
Flag- 

Hes-1-WT 

Flag- 

Hes-1-K8R 

�

�

�
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10 CA1 Hes-1 

(A) CA1 

CA1 

(B) Hes-1  Hes-1 (Hes-1-K8R) Hes-1 

(F2,21=12.469, p<0.001, two-way 

mixed ANOVA, one factor repeated measure)

(C) (E) CA1 

Hes-1  Hes-1 (Hes-1-K8R)  GluR1 

( , p<0.001, Student’s t-test)

(A) (B) 8 8 Hes-1 8 Hes-1-

K8R (C) (D) 6 6 Hes-1 6 

Hes-1-K8R mean±SEM ( , p<0.05 , 

p<0.01 , p<0.001, Student’s t-test)
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(post-translational modifications) ubiquitination  

(sumoylation)  (activation)  

(conjugation)  (ligation) (Liu et al., 2008)

E3 

E2 Ubc9 

E3 (Hay et al., 2001  Johnson, 2002 

Tatham et al., 2001) 2009 Zimnik E2 Ubc9 FKBP (FK506 binding 

protein) FKB (FKBP rapamycin associated protein) 

(fusion protein) membrane permeable AP21967 

Ubc9/substrate dimerization-dependent SUMOylation (USDDS) Hes-1 

AP21967 

Ubc9 Hes-1 Hes-1 

Zimnik Hes-1 USDDS  (Zimnik 

et al., 2009)

E2 Ubc9 

E3 PIAS1 SUMO1 HEK293T Hes-1 

PIAS1 

Hes-1 ( 1) SUMO1 

PIAS1 SUMO1 Hes-1 

HEK293T Hes-1 

PIAS1 Zimnik 

(Zimnik et al., 2009) HEK293T Hes-1 

E2 Ubc9 

Ubc9 

E2 Ubc9 Hes-1 

E2 E3 Hes-1

2  HEK293T  PIAS1 HA 

 PIAS1  HA-
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PIAS1-WT Myc-SUMO1  PIAS1  HA-

PIAS1-WT

PIAS1

 PIAS1 Hes-1 Hes-1-K8R 

 HA  PIAS1

 Hes-1 Lysine 

2B Hes-1 PIAS1 

2A 

Myc-SUMO1 Flag-Hes1-WT Hes-1

PIAS1 E3 Hes-1 2A Flag-

Hes-1-WT Myc-SUMO1 HA-PIAS1-W372A Flag-Hes-1-WT Myc-SUMO1 

 Hes-1 E2 E3 

 Hes-1 Hes-1 

E2 E3 

Hes-1 Lysine E3 

PIAS1 Hes-1 

 Hes-1  Hes-1  PIAS1  

 Hes-1  PIAS1  

Hes-1 Lysine 8  Hes-1 

Hes-1 

1 2  PIAS1 Hes-1  SUMO1

SUMO1 (Ubl1, 

Smt3c, Sentrin, PIC1, GMP1) SUMO2 (Smt3a, Sentrin2) SUMO3 (Smt3b, Sentrin3)

SUMO4 (Melchior et al., 2000) E3 PIAS 

Pc2 RanBP2 (Jackson, 2001) PIAS1 

 PIAS1  PIASx 

PIAS2) PIAS3 PIASy ( PIAS4) PIAS  (Chung et 

al., 1997 Copeland et al., 1995) SUMO E3 ligase 

 Hes-1 SUMO1

SUMO1  Hes-1  PIAS1 SUMO1 
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Hes-1 

lysine 

Hippel-Lindau (VHL) lysine 

(Qiliang Cai et al., 2010) SUMO1

retinoblastoma suppressor (Rb)-associated protein 46 (RbAp46) 

cycloheximide SUMO1 

RbAp46 (Giri R. et al., 2008)

3  Hes-1 

Hes-1 (Hes-1-K8R)  Hes-1 

Hes-1 

Hes-1 

Hes-1 

 Hes-1  Hes-1 (Hes-1-K8R) 

( 4) cycloheximide 

30 μg/ml cycloheximide 

20 μg/ml (

) 20 μg/ml cycloheximide 

cycloheximide 20 μg/ml 

Hes-1  

Hes-1 (Hes-1-K8R) 

48 20 μg/ml 

cycloheximide ( A) 24 

20 μg/ml cycloheximide 

24 20 μg/ml 

cycloheximide 

Hes-1 

 cycloheximide Hes-1 

Hes-1 cycloheximide Hes-1  (

B)
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E3 PIAS1 SUMO1

E3 

PIAS1 SUMO1 Hes-1 

Hes-1 (Hes-1-K8R) 

Hes-1 

E3 PIAS1 SUMO1 

Hes-1 Hes-1 

Hes-1 (Hes-1-K8R) 

E3 PIAS1 SUMO1 

2B PIAS1 Hes-1 

PIAS1 Hes-1 Hes-1 

PIAS1 cycloheximide HEK293T 

PIAS1 Hes-1 (

) PIAS1 0 4 8 

cycloheximide Hes-1  

( ) PIAS1 Hes-1 

HEK293T Hes-1 PIAS1 

PIAS1 HEK293T 

Hes-1 

SUMO1 PIAS1 SUMO1 Hes-1 

E3 PIAS1  ( 5) PIAS1 

SUMO1 HEK293T Hes-1 

SUMO1 Hes-1 

PIAS1 SUMO1 

Hes-1 

PIAS1 Hes-1 

cycloheximide 

SUMO1 

SUMO1 PIAS1 cycloheximide 0 

SUMO1 Hes-1 

PIAS1 HEK293T 

Hes-1  Hes-1 

PIAS1 E3 Hes-1 PIAS1 
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PIAS1  PIAS1 

( Liu et al., 2008 ) Hes-1  Hes-1 

Hes-1 PIAS1 PIAS1 siRNA 

PIAS1 cycloheximide 

PIAS1 HEK293T PIAS1 

Hes-1 Hes-1 

PIAS1 ( 6) PIAS1 Hes-1 

PIAS1 Hes-1 

PIAS1 Hes-1 PIAS1 Hes-1

PIAS1 Hes-1 

6D PIAS1 siRNA control siRNA  0 PIAS1 

siRNA Hes-1 PIAS1 

 Hes-1 cycloheximide 0 

 PIAS1 siRNA  cycloheximide Hes-1 

PIAS1  Hes-1 

 PIAS1  Hes-1 mRNA 

7 PIAS1 Hes-1 

Hes-1 PIAS1 

PIAS1 Hes-1 (Hes-1-

K8R) PIAS1 PIAS1 

Hes-1 Hes-1 PIAS1 

6 7 PIAS1 Hes-1 

PIAS1 Hes-1 

PIAS1 Hes-1 

PIAS1 Hes-1 

 PIAS1 Hes-1 mRNA 

      PIAS1 Hes-1 

Hes-1 7D 

 0 Hes-1 

8 SUMO1 PIAS1 Hes-1 

Hes-1 (Hes-1-K8R) 
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7D 8 Hes-1 

SUMO1 SUMO1 

Hes-1 Hes-1 

 Hes-1 

PIAS1 PIAS1 

Hes-1 Hes-1 

Hes-1 

PIAS1 E3 PIAS1 

Hes-1 PIAS1 Hes-1 

Hes-1 Hes-1 

PIAS1 SUMO1 Hes-1 PIAS1 

Hes-1 SUMO1 Hes-1 

Hes-1 SUMO1 

Hes-1 

Hes-1 

PIAS1 Hes-1 Hes-1

Hes-1 

Hes-1 

Hes-1 Hes-1 

Hes-1 Hes-1 

Lin Hes-1 

GluR1 N GluR1 (Lin et al., 2012)

Hes-1 

(Teyler and DisScenna, 

1987 Davies and Collingridge, 1989) Hes-1 

CA1 GluR1 

glutamate 

(Fonnum, 1984 Orrego and Villanueva, 1993) glutamatergic neurons 
66

‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y



(forebrain) (cortex) glutamate

(Fagg and Foster, 1983 Cotman et al., 1988) glutamate 

(neuron) (glial) glutamate  glutamatergic neurons 

(mitocondria) (glutaminase) Glutamine glutamate

glutamate ATP (adenosine triphosphate-dependent process) 

(synaptic vesicle)  glutamate 

(glutamine synthetase)  glutamate  glutamine

(Fonnum, 1984)  glutamate 

(synaptic vesicle) (Clements, 1996)  glutamate  

(Kullmann and Asztely, 1998)  glutamate 

(diffusion) (high-affinity 

sodium dependent transporter) glutamate receptor 

(ionotropic) (metabotropic)  glutamate receptor 

(agonist) N-methyl-D-aspartate(NMDA)

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) kainate

(mGluR1-mGluR5) (Hollmann and 

Heinemann, 1994 Sprengel and Seeburg, 1993)

 glutamate receptor (ion channel) 

(resting membrane potential)  

(Magnesium) (voltage-dependent) NMDA 

AMPA kainate 

(Sodium) (Potassium) (depolarization) 

NMDA (Calcium)

(hyperpolarization) (Kandel et al., 

1991  Larkman and Jack, 1995)

 glutamate receptor G 

(G-protein couple receptor) G C 

(phospholipase C, PLC) C phosphatidylinositol 4 , 5 - diphosphate 

(PIP2) diacylglycerol (DAG) 1 , 4 , 5 - triphosphate (IP3) IP3 

IP3 (Malinow et al., 1989)

 glutamate receptor (secondary messenger) 

(enzyme) (protein kinase) 

A (protein kinase A, PKA) (Frey et al., 1993) C (protein kinase C, 
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PKC) (Klapp et al., 1993  Malinow et al., 1989) Ⅱ (Ca2+ / 

calmodulin-dependent protein kinaseⅡ, CaMKⅡ) (Malinow et al., 1989)

AMPA GluR1 GluR4 (subunit) (hetero-

oligomeric) (Hollmann&Heinemann 1994 Wisden et al., 1993) AMPA

(Rosenmund et al., 1998) AMPA GluR1 

GluR2 GluR3 GluR2  (Rosenmund et al., 1998)

AMPA GluR1 GluR1 glutamate receptor 1

glutamate 

GluR1 GluR1 AMPA 

GluR1 (Zamanillo et 

al., 1999 Mack et al., 2001)

     Hes-1 

Hes-1 CA1 PIAS1 

CA1 Hes-1 

Hes-1-K8R 

(endocytosis) 

48 72  (Abdallah et al., 1996

Martres et al., 1998 Lungwitz et al., 2005)

NMDA AMPA 

Ca2+ CA1 cAMP 

Hes-1 (Hes-1-K8R)

Hes-1 AMPA 

GluR1 

 Hes-1 (Hes-1-K8R) GluR1 

2011 PIAS1 

(Tai et al., 2011) Hes-1 PIAS1 

PIAS1 

 E3
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PIAS1 PIAS1 

PIAS1

(Tang et al., 2005) PIAS1 

 Hes-1  PIAS1 

 Hes-1  Hes-1  PIAS1

2011 

(differential display PCR) 

PIAS1  (Tai et al., 2011)

PIAS1 

Hes-1 PIAS1 

 PIAS1 Hes-1 

PIAS1  PIAS1 

Hes-1 N Hes-1 

GluR1 Hes-1 (Hes-1-K8R)

 Hes-1 (Hes-1-K8R) PIAS1 

PIAS1

Hes-1 (Hes-1-K8R) CA1

 PIAS1 PIAS1 

Hes-1 (Hes-1-K8R) Hes-1 

GluR1 

 PIAS1 Hes-1 

PIAS1 siRNA Hes-1 

CA1 Hes-1 PIAS1 

Hes-1 

GluR1 CA1 

Hes-1 GluR1 PIAS1 

Hes-1 PIAS1 

PIAS1  Hes-1  PIAS1 

Hes-1 

GluR1 GluR1  Hes-1 

 Hes-1 GluR1  Hes-1 
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    HEK293T PIAS1 Hes-1 SUMO1 

Hes-1 E3 PIAS1 

Hes-1 PIAS1 

Hes-1 lysine arginine 

Hes-1 

cycloheximide  (translocase enzyme) 

cycloheximide

Hes-1 Hes-1 

PIAS1 SUMO1 SUMO1 

HEK293T Hes-1 

(short interfering RNA, siRNA) PIAS1  control siRNA

PIAS1 siRNA HEK293T Hes-1 PIAS1 

Hes-1

PIAS1 SUMO1 Hes-1 

Hes-1 Hes-1  Hes-1 

GluR1 
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Hes1 conserved  domains

( Kageyama et al., 2008)

Hes conserved  domains

1. bHLH  domain  (dimer formation) DNA 

2. Orange domain ( the  helix 3–helix 4 domain) bHLH 

3. WRPW ( Trp-Arg-Pro-Trp ) domain
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(Liu et al., 2008)

1.  (activation)

2.  (conjugation)

3.  (ligation)
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PIAS1 

 (Rytinki et al., 2009)
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Hes-1 
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