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Mutation of a
caretaker gene

allele

*Adapted from Kinzler and Vogelstein, Nature 386:761-763 (1997)

Mutation of a 2nd
caretaker gene 
allele leads to

genetic instability

Mutation of a
gatekeeper gene

allele

Mutation of a 2nd
gatekeeper gene
allele leads to 
tumour initiation

Caretaker pathway

Gatekeeper pathway

Caretaker genes: Genes required for DNA repair, DNA replication and 
detoxification of carcinogens

Gatekeeper genes: Genes for protooncogenes and tumour suppressor genes
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Rare human cancer forms:
Xeroderma pigmentosum - skin cancer; deficiency in one of  at least seven different genes for 
nucleotide excision repair (NER)
Fanconi’s anemia - leukemia and solid tumors; four complementation groups, chromosome 
breakage, genes not identified
Ataxia teleangiectasia - mostly lymphomas. Very sensitive to ionising radiation. Mutation in ATM-
gene. Function not clear
Bloom’s syndrome -many cancer forms. Mutation in BLM-gene, a RecQ helicase-gene homologue

More common human cancer forms:
Early onset hereditary breast cancer -Mutation in BRCA2-gene, responsible for 50% of these 
cancers. Brca2 protein may be an essential cofactor for HsRad51, involved in repair of double strand 
DNA breaks
Hereditary nonpolyposis colorectal cancer (HNPCC) - 5% of all colorectal cancers. Deficient 
mismatch repair. Mutations in hMSH2 (45%) or hMLH1 (45%) most common 
Hereditary colon cancer with polyposis - hMYH-mutations (Y165G and G382D), (not frequent)
Sporadic colorectal cancer – defective mismatch repair genes in 12-15% of all cases
Sporadic lung cancer: - Low activity of DNA glycosylase hOGG1 and some SNPs enhance risk, 
Mutations in other BER enzymes genes enhance risk of lung cancer in smokers (APE1 and  XRCC1) 
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I. Loss of base:
Depurination →→→→ AP-site  ( 10 000/cell/day )  
Depyrimidination → → → → AP-site   ( 500/cell/day )

II. Deamination:
Adenine   →→→→ Hypoxanthine  ( 10/cell/day )
Cytosine →→→→ Uracil    ( 500/cell/day )

III. Oxidative damage:
Guanine  →→→→ 8-oxoGuanine ( 10 000/cell/day ? )
Thymine   →→→→ Thymine glycol  ( 500/cell/day ? )

IV. Alkylation damage:
Guanine→→→→ O6-methylGuanine  
(spont./induced)
Adenine→→→→ 3-methylAdenine ( spont./induced)

Consequences:
1. Mispairing in replication (mutation)
2. Block of replication (cytotoxic)
3. Block of transcription (cytotoxic)

I

II

I

I
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Recombinant SMUG1 partially 
restores U/G repair by repairosome
inhibited by UNG-antibody

Repair of abasic sites and nicks is
not affected by UNG-antibodies

Recombinant SMUG1 does not
restore U/A repair by repairosome
inhibited by UNG-antibody

Repair of abasic sites and nicks is
not affected by UNG-antibodies



IP (GFP) IP (IgG) Extract

N
uc

le
ar

M
ito

ch
on

dr
ia

 (-
tr

yp
si

n)

M
ito

ch
on

dr
ia

 (+
 tr

yp
si

n)

M
ito

ch
on

dr
ia

 (+
 tr

yp
si

n)

M
ito

ch
on

dr
ia

 (+
 tr

yp
si

n)

M
ito

ch
on

dr
ia

 (-
tr

yp
si

n)

M
ito

ch
on

dr
ia

 (-
tr

yp
si

n)

N
uc

le
ar

N
uc

le
ar

1 2 3 4 5 6 7 8 9

HMW

Ligated
Unligated

UNG1-GFP

-T
ry

ps
in

+ 
Tr

yp
si

n

1 2

UNG2
UNG1

APE1

PCNA

POLδδδδ

APE2

� 	�
��
���	� �����
� ������ 	��9����'��
� 	�
��
���	�� 9�����
��	�
��
��
���
�� ����
� ���:

Western blot
(mit. extr.)

BER assays



�
����
	
�
 D 9����
� ���:�



� ' )����� 123 �������������� ���������� ��
��� ���+�� ���� ����� �)����� ����� 123

>��6 ������������123 ����� �������� �����G)���
��� ��������� ��� ���+��



" �+ ���
��
���� 	��

• & �/���� ���� �������������!������

• ( ��)� )� )���� )������������.���� �

• & �!����/� �������4���������/� )�������� �/��

• & �/���� 14������� ���� �� 	�?4!���↑������������!�
	����' ������������#�>???#�>??��

• (  ���� ����� ���� ������ )������ 	< 8 6 �����
����� �* ���� �����  ������� 	�< 3�����14�����
	3����������#�>??>�

• %�������� ���������� ��  ���� ��=)��
	2������������#�>??
�



>?���± ���


����± ��@

>
�?�± K��

�#���!���!��
;� 
���
<�± % �


�& �!!)������.��14�������� ���� ��
	& C1�C�

@������)������� ���� �

�������)���������������

�
��	�!�

	
�;�E//<

" �! �@� � ����F �& � �� ���,% �,*���78� *� ,� �



� �% & ,*�& � ,7,+ 8�,-�� 8*��*7�% �������78� *� ,� �

HES T-cells (CD3) B-cells (CD45)
Fo

lli
cu

la
r

ly
m

ph
om

a 20x 20x 20x

D
LB

C
L

40x 40x 40x

Fo
lli

cu
la

r
hy

pe
rp

la
si

a

10x 10x 10x



��
���	�$ ����$
	
 � �:�� ���

P

ea
k

in
te

ns
ity

P
ea

k
in

te
ns

ity

Fragment size (base pairs)

Fragment size (base pairs)

6 ���������

F���������



?

?




F���

�







����

>@& �!!)������.��14����
��� ���� �

?�������)��� ��� ���� �

?
8 ����������

1�6 ���& ��.�����L���������

��
���	�$ 
���$������
	�
 �����$� ��
� �




Ung+/+ Ung-/-

CD4

CD19

NK-1.1

20.22 % 14.93 %

60.91 % 66.44 %

3.02 % 1.18 %

2.265.78.615.6Ung-/-

3.760.89.720.6Ung+/+

NK-1.1CD19CD8CD4

CD 19

NK-1.1

CD 4

CD 8

0

10

20

30

40

50

60

70

80

%
 o

f c
el

ls

�� '������� ����
�$�� �
�����	
�
 ������$ 	��
	��#��$�$
��!" �!����	�	��� � 	�� ;10�1/� ���
<



IL-6

LPS ConA PHA PMA/ionom.

IL
-6

, p
g/

m
l x

 1
03

0

1

2

3

4

5

6

7

8

9

10
Ung+/+
Ung-/-

IFNγγγγ

0
10
20
30

40
50
60

70
80

90
100

LPS ConA PHA PMA/ionom.

IF
N

γγ γγ,
 p

g/
m

l x
 1

03 Ung+/+
Ung-/-

IL-2

0

100

200

300

400

500

600

700

PMA/ionom.

IL
-2

 (U
/m

l)

Ung+/+
Ung-/-

S
tim

ul
at

io
n

in
de

x

0

50

100

150

200

250

300

LPS ConA PHA PMA/ionom

Ung+/+
Ung-/-

�9�,�� �7��8& ,�����*�,�" �& �,������" �!���-�����& � ���



Cγγγγ3333 I S Cγ1γ1γ1γ1I SCδδδδC
µ

I S

V D J

Cγγγγ3333I SCδδδδC
µ

I S

VD
J

Primary 
repertoire

VD
J

Class Switch 
Recombination 
Somatic Hyper Mutation

S
µ

SγγγγSecondary 
repertoire

I

Germ line Igh
locus

IgM

IgG, IgA, IgE

I S Cγ1γ1γ1γ1

Cγ1γ1γ1γ1
***

+ ������	
��
�����	'
�$�������
	��

(Slide prepared by Dr. Anne Durandy, Paris)



-����	
�
�
������������������	����
��	�
�	��% � � ������% �
" �+ /���
�����	�	�����
���	��% � � ������% �

Apparently AID and UNG
are more important than 
mismatch repair proteins.

UNG2 precedes functions of many
other repair factors in SHM and CSR

In humans, CSR is more compromised
than SHM when UNG is mutated

UNG2 is important for normal SHM and
essential for CSR in humans
Patients suffer from HyperIGM
syndrome 	%� ���������#�>??�#
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MIGQKTLYSF FSPSPARKRH APSPEPAVQG TGVAGVPEES GDAAAIPAKK APAGQEEPGT     60 

PPSSPLSAEQ LDRIQRNKAA ALLRLAARNV PVGFGESWKK HLSGEFGKPY FIKLMGFVAE 120 

ERKHYTVYPP PHQVFTWTQM CDIKDVKVVI LGQDPYHGPN QAHGLCFSVQ RPVPPPPSLE 180 

NIYKELSTDI EDFVHPGHGD LSGWAKQGVL LLNAVLTVRA HQANSHKERG WEQFTDAVVS 240 

WLNQNSNGLV FLLWGSYAQK KGSAIDRKRH HVLQTAHPSP LSVYRGFFGC RHFSKTNELL 300 
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Patients with truncated UNG-proteins, 
as well as Phe251Ser have increased 
uracil in the genome

C1 P3

All growing cells from patients have
comet tails, thus uracil content is
increased in all cell cycle phases



UNG2-EYFP
Two S-phase cells with 
UNG2 in nuclear foci

UNG2 F251S-EYFP
Localisation varies - some cells have 
mutated protein in both nucleus and 

cytoplasm, others mainly in cytoplasm
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UNG2-EYFP UNG1-ECFP MERGED

Yellow and blue tag does not affect the 
sorting of the proteins; normal sorting 
of both.

UNG1-EC MERGEDUNG2 F251S-EYFP

When co-expressing Phe251Ser with 
UNG1, all mutant protein is found in the 
cytoplasm where it co-localises with 
UNG1. After longer incubations F251S 
disappears, but wild type is stable

Conclusions:
The cellular sorting of the Phe251Ser mutant is clearly abnormal and disappears after
longer incubations

Hypothesis: UNG2 F251S forms dimers with UNG1 and transported to mitochondria, where it 
is degraded. The lack of nuclear UNG2 causes the hyperIGM syndrome in the patient. 
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