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SUPPLEMENTARY	  MATERIAL	  

Jin	  et	  al.	  

5-hydroxymethylcytosine	  is	  strongly	  depleted	  in	  human	  cancers	  but	  its	  levels	  

do	  not	  correlate	  with	  IDH1	  mutations	  

	  

	  

SUPPLEMENTARY	  FIGURES	  

	  

Supplementary	  Fig.	  1:	  

Analysis	  of	  5hmdC	  by	  LC-MS/MS.	  	  A.	  The	  reaction	  pathway	  from	  cytosine	  (C)	  to	  5-‐

methylcytosine	   (5mC)	   and	   5-‐hydroxymethylcytosine	   (5hmC)	   is	   shown.	  B.	   Typical	  

selected-‐ion	  chromatograms	  (SICs)	  for	  monitoring	  5hmdC	  (a),	  5mdC	  (c)	  and	  dG	  (d)	  

derived	   from	  a	  digested	  DNA	  sample	  of	  normal	  human	  brain	  DNA	  mixed	  with	   the	  

two	  stable	  isotope	  labeled	  standards	  of	  5hmdC	  (b)	  and	  dG	  (e).	  Shown	  in	  the	  inserts	  

are	   chemical	   structures	   for	   each	   nucleoside	   and	   corresponding	   SRM	   transition	   in	  

the	   TSQ	   mass	   spectrometer;	   the	   stable	   isotope	   labels	   are	   indicated	   in	   red	   atom	  

characters.	  	  

	  

	  

Supplementary	  Fig.	  2:	  

Mass	  calibration	  curves.	  An	  897-‐bp	  DNA	  standard	  containing	  100%	  5hmdC	  (Zymo	  

Research;	   Irvine,	  CA)	  was	  used	  to	  generate	  the	  mass	  calibration	  curves	  for	   labeled	  

and	   corresponding	   unlabeled	   nucleosides	   of	   5hmdC	   and	   dG.	   The	   same	   amount	   of	  

labeled	   5hmdC	   and	   dG	   standards	   as	   used	   in	   sample	   analysis	   were	   mixed	   with	  

different	  concentrations	  of	  digested	  DNA	  standard.	  The	  peak	  area	  ratios	  of	   labeled	  

and	  unlabeled	  deoxynucleosides	  of	  the	  LC-‐MS/MS	  measurements	  were	  calibrated	  to	  

the	  actual	  quantity	  ratios	  of	  deoxynucleosides	  in	  the	  standard	  mixture.	  In	  addition,	  

we	   used	   an	   897-‐bp	   DNA	   standard	   containing	   100%	   5-‐mdC	   (Zymo	   Research)	   to	  

construct	  the	  calibration	  curve	  of	  5mdC	  using	  labeled	  dG	  as	  the	  standard.	  The	  peak	  

area	   ratios	   of	   5mdC	   to	   labeled	   dG	   were	   calibrated	   to	   the	   actual	   ratios	   of	  

deoxynucleosides	   in	   the	  standards	  mixture.	  The	  ratios	  of	  unlabeled	  versus	   labeled	  
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standards	  were	  chosen	  to	  be	  in	  the	  expected	  range	  of	  the	  sample	  deoxynucleoside.	  

Linear	   equations	   were	   used	   for	   calculation	   of	   the	   precise	   5hmdC,	   5mdC	   and	   dG	  

quantities	   in	   the	   samples;	   5hmdC	   vs	   dG	   and	   5mdC	   vs	   dG	   were	   used	   to	   present	  

5hmdC	  and	  5mdC	  levels	  of	  the	  samples.	  We	  have	  chosen	  dG	  as	  a	  baseline	  standard,	  

because	   it	  pairs	  with	  all	   three	  2’-‐deoxycytidine	  derivatives:	  dC,	  5mdC	  and	  5hmdC.	  

All	   calibration	   curves	   were	   constructed	   with	   three	   independent	   measurements.	  

Calibration	  curves	  for	  normal	  5hmdC	  vs	  labeled	  5hmdC	  (a),	  normal	  dG	  vs	  labeled	  dG	  

(b)	  and	  normal	  5mdC	  vs	  labeled	  dG	  (c)	  measured	  by	  the	  TSQ	  mass	  spectrometer	  are	  

shown.	  

	  

	  

Supplementary	  Fig.	  3:	  

Quantitation	  of	  5hmdC	  in	  various	  mouse	  and	  human	  tissues	  and	  cell	  types.	  

A.	  5hmdC	  was	  measured	   in	  DNA	  from	  mouse	  sperm,	  mouse	  embryonic	  stem	  cells,	  

mouse	  brain,	  human	  brain,	  the	  293T	  cell	  line,	  a	  small	  cell	  lung	  cancer	  cell	  line,	  and	  in	  

human	  fibroblasts.	  B.	  Measurement	  of	  5mdC	   in	   the	  same	  samples.	  All	  assays	  were	  

done	  in	  triplicate.	  

	  

	  

Supplementary	  Fig.	  4:	  

Immuno	  dot	  blot	  analysis	  of	  5hmC	  in	  normal	  brain	  and	  brain	  tumors.	  Normal	  

brain	  DNA	  from	  prefrontal	  cortex	  and	  DNA	  from	  brain	  tumors	  (200	  ng	  each)	  were	  

spotted	   onto	   nylon	  membranes,	   which	   were	   probed	   with	   anti-‐5hmC	   or	   anti-‐5mC	  

antibody	   as	   described	   in	   Jin	   et	   al.	   (2011)	   Nucleic	   Acids	   Res	   39:	   5015-‐5024.	   The	  

samples	  were	  analyzed	  by	  LC-‐MS/MS	  (Fig.	  2).	  

	  

	  

	  

Supplementary	  Fig.	  5:	  

Quantitation	   of	   5hmdC	   and	   5mdC	   in	   lung	   small	   cell	   carcinomas	   and	  

adenocarcinomas.	   A.	   5hmdC	   levels	   in	   primary	   small	   cell	   lung	   cancer.	   N,	   normal	  
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lung;	  T,	  small	  cell	   lung	  cancer.	  B.	  5mdC	  levels	   in	  primary	  small	  cell	   lung	  cancer.	  C.	  

5hmdC	   levels	   in	   lung	  adenocarcinomas.	  LN,	  normal	   lung;	  LT,	   lung	  tumor.	  D.	  5mdC	  

levels	   in	   lung	   adenocarcinomas.	   The	   analysis	   was	   performed	   by	   LC-‐MS/MS	   as	  

described	  in	  Materials	  and	  Methods.	  

	  

	  

Supplementary	  Fig.	  6:	  

Quantitation	   of	   5hmdC	   and	   5mdC	   in	   neurons	   and	   astrocytes	   of	   human	   fetal	  

brain.	  A.	  5hmdC.	  B.	  5mdC.	  The	  analysis	  was	  performed	  by	  LC-‐MS/MS	  as	  described	  

in	  Materials	  and	  Methods.	  

	  

	  

Supplementary	  Fig.	  7:	  

IDH1	   and	   IDH2	   mutations	   in	   brain	   and	   lung	   tumor	   samples.	   A.	   Sequencing	  

scans.	   The	   sequences	   show	   a	   wildtype	   sequence,	   the	   common	   IDH1	   R132H	  

mutation,	   a	   minor	   allele	   fraction	   of	   R132H	   in	   tumor	   BT26	   and	   a	   mutation	   IDH1	  

R132G	   in	   tumor	  BT25.	  B.	   Summary	   of	   the	  mutation	   status	   of	   IDH1/2	   in	   lung	   and	  

brain	  tumors.	  Mutations	  of	   IDH2	  in	  brain	  tumors	  are	  extremely	  rare	  and	  were	  not	  

determined	  (N.D.).	  

	  

	  

Supplementary	  Fig.	  8:	  

Model	   for	   inhibition	   of	   TET	   oxidase	   activity	   and	   5hmC	   production	   by	   the	  

oncometabolite	  2-hydroxyglutarate	  (2HG)	  produced	  by	  mutant	  IDH1.	  

	  

	  

Supplementary	  Fig.	  9:	  

Immunohistochemical	   analysis	   of	   5hmC	   on	   additional	   human	   tissue	   arrays.	  

Human	   tissue	   arrays	   containing	   paired	   samples	   of	   malignant	   tumor	   and	  

corresponding	   normal	   tissue	   (breast,	   colon,	   skeletal	   muscle,	   stomach,	   prostate,	  

ovary)	  were	  stained	  with	  anti-‐5hmC	  antibody	  and	  detected	  with	  secondary	  antibody	  
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conjugated	   to	   Rhod	   Red-‐X-‐AffiniPure.	   The	   magnification	   of	   all	   panels	   is	   10-‐fold.	  

Hoechst	  33258	  staining	  (blue)	  is	  shown	  as	  a	  control.	  

	  

	  

Supplementary	  Fig.	  10:	  

Analysis	  of	  additional	  lung	  tumors.	  	  A.	  5hmC	  staining	  of	  additional	  lung	  squamous	  

cell	  (SCC)	  and	  adenocarcinomas.	  Results	  are	  shown	  for	  matched	  pairs	  of	  tumor-‐

adjacent	  normal	  tissue	  and	  two	  squamous	  cell	  carcinomas	  (sample	  509019,	  panels	  a	  

and	  b;	  sample	  B509018,	  panels	  c,	  d,	  and	  e)	  and	  two	  adenocarcinomas	  (sample	  

B509016,	  panels	  f	  and	  g;	  sample	  B509015;	  panels	  h,	  i,	  and	  j).	  Boundary	  sections	  

between	  normal	  and	  tumor	  are	  also	  shown	  (panels	  d	  and	  i).	  	  B.	  Comparison	  of	  5hmC	  

and	  Ki67	  staining	  in	  normal	  lung	  and	  in	  SCC	  lung	  tumors.	  The	  staining	  for	  5hmC	  and	  

Ki67	  is	  mutually	  exclusive.	  Red,	  5hmC;	  green,	  Ki67.	  All	  Ki67-‐positive	  cells	  lack	  5hmC	  

staining.	  

	  

	  

Supplementary	  Fig.	  11:	  

Co-staining	  with	   anti-5hmC	   and	   anti-5mC	   antibodies.	   A.	  Normal	   brain	   section	  

and	   brain	   tumor;	   B.	  Normal	   liver	   and	   liver	   tumor.	   C.	   Normal	   kidney	   and	   kidney	  

tumor.	  

	  

	  

Supplementary	  Fig.	  12:	  

5hmC	  and	  Ki67	  antigen	   in	  brain	  and	  brain	   tumors.	  A.	  Ki67	   staining	  of	  normal	  

brain	  sections	  and	  brain	  tumors	  shows	  absence	  of	  Ki67	  staining	  in	  normal	  brain.	  B.	  

Mostly	  mutually	  exclusive	  staining	  for	  Ki67	  and	  5hmC	  in	  brain	  tumors.	  Data	  for	  two	  

brain	  tumors	  are	  shown.	  
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Supplementary	  Fig.	  13:	  

Analysis	  of	  5hmC	  and	  Ki67	  in	  uterus,	  breast	  and	  pancreas	  tissue	  and	  tumors.	  

Red,	  5hmC;	  green,	  Ki67.	  Ki67-‐positive	  cells	  lack	  5hmC	  staining.	  Note	  that	  not	  all	  cells	  

that	  lack	  5hmC	  staining	  in	  the	  tumors	  are	  Ki67-‐positive	  presumably	  due	  to	  past	  

history	  of	  proliferation	  leading	  to	  persistent	  loss	  of	  5hmC.	  

	  

	  

Supplementary	  Fig.	  14:	  

Expression	  of	  the	  TET1,	  TET2,	  and	  TET3	  genes	  in	  normal	  brain	  and	  astrocytic	  

gliomas	  and	  in	  normal	  lung	  and	  lung	  squamous	  cell	  carcinomas.	  A.	  Brain.	  BN,	  

normal	   brain;	   BT,	   brain	   tumor.	   B.	   Lung.	   LN,	   normal	   lung;	   LT,	   lung	   tumor.	   Gene-‐

specific	  RT-‐PCR	  data	   for	  all	   three	  TET	   genes	  were	  normalized	   to	  beta-‐actin	   levels.	  

PCR	   was	   performed	   with	   the	   TaqMan	   MGB	   primer	   with	   6FAM-‐based	   probes	  

(Applied	   Biosystems)	   using	   the	   following	   assay	   ID	   numbers:	   TET1	  

(Hs00286756_m1),	   TET2	   (Hs00325999_m1),	   TET3	   (Hs00379125_m1).	   Although	  

expression	   levels	   of	   certain	   TET	   genes	   were	   higher	   in	   some	   tumors	   than	   in	  

corresponding	   normal	   tissue,	   no	   generalized	   trend	   was	   observed.	   Overall,	   TET	  

expression	   levels	   were	   not	   reduced	   in	   tumors,	   and	   there	   was	   no	   correlation	  

between	  TET	  expression	  and	  levels	  of	  5hmdC	  (Figs.	  1	  and	  2).	  



TET1,2,3 

5-methylcytosine (5mC) 5-hydroxymethylcytosine (5hmC) 

NH2 

N 

N 

R 

O 

NH2 

N 

N 

R 

O 

CH3 CH2OH 

cytosine (C) 

NH2 

N 

N 

R 

O 

DNMTs 

1.0 2.0 3.0 4.0 

Time (min) 

0 

50 

100 
0 

50 

100 
0 

50 

100 

R
el

at
iv

e
 A

bu
nd

an
ce

 

0 

50 

100 
0 

50 

100 0.62 

0.62 

0.90 

2.78 

2.78 

dG 

m/z  268.1  152.1 

Labeled dG 

m/z  273.1  157.1 

N H 
N 

N 
O 

N H 2 N 
O 

O H 
H O 

5mdC 

m/z  242.1  126.1 

5hmdC 

m/z  258.1  142.1 

Labeled 5hmdC 

m/z  261.1  144.1 

(a) 

(b) 

(c) 

(d) 

(e) 

O 
O H 

H O N 
N 

N H 2 

O 
H O 

D 

O 
O H 

H O N 
N 

N H 2 

O 
H O 

O 
O H 

H O N 
N 

N H 2 

O 

N H 
N 

N 
O 

N H 2 N 
O 

O H 
H O 

A

B

Suppl. Fig. 1



y = 0.96x - 0.0308 

R2 = 1 

0 

20 

40 

60 

80 

100 

120 

0 20 40 60 80 100 120 

Actual quantity ratio of unlabeled 5hmdC vs labeled 5hmdC 

P
ea

k 
ar

ea
 ra

tio
 o

f u
nl

ab
el

ed
 

5h
m

dC
 v

s 
la

be
le

d 
5h

m
dC

 

y = 1.0256x - 1.0351 
R2 = 1 

0 

200 

400 

600 

800 

1000 

1200 

0 200 400 600 800 1000 1200 

Actual quantity ratio of unlabeled dG vs labeled dG 

P
ea

k 
ar

ea
 ra

tio
 o

f u
nl

ab
el

ed
 

dG
 v

s 
la

be
le

d 
dG

 

(a) 

(b) 

y = 1.5281x + 0.6601 
R2 = 0.9994 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

0 10 20 30 40 50 60 

Actual quantity ratio of unlabeled 5mdC vs labeled dG 

pe
ak

 a
re

a 
ra

tio
 o

f u
nl

ab
el

ed
 

5m
dC

 v
s 

la
be

le
d 

dG
 (c) 

O 
O H 

H O N 
N 

N H 2 

O 
H O 

N H 
N 

N 
O 

N H 2 N 
O 

O H 

H O 

O 
O H 

H O N 
N 

N H 2 

O 

Supplementary Fig. S2 



0.020%
0.101% 0.022% 0.011% 0.019%

1.03%

0.537%

0.00%

0.20%

0.40%

0.60%

0.80%

1.00%

1.20%

Mouse  
Sperm

Mouse  
ESC

Mouse 
Brain

Human 
Brain

293T SCLC Human 
Fibroblasts

5h
m

dC
/d

G

Supplementary Fig. S3

Mouse  
Sperm

Mouse  
ESC

Mouse 
Brain

Human 
Brain

293T SCLC Human 
Fibroblasts

0.00%

1.00%

2.00%

3.00%

4.00%

5.00% 4.82% 4.91%
4.51% 4.48%

3.91%
3.62%

3.82%

5m
dC

/d
G

A

B



   BN1    BN2    BN3     BN4    BN5    BN6    BT31 

     BT32   BT33   BT34  BT35  BT36   BT37   BT38   

   BN1    BN2    BN3     BN4    BN5    BN6    BT31 

     BT32   BT33   BT34  BT35  BT36   BT37   BT38   

A

B

anti-5hmC antibody

anti-5mC antibody

Supplementary Fig. S4



4.21 

3.58 

5.30 

4.475 4.35 

3.10 

4.21 

3.18 
2.95 

3.62 

4.68 

4.20 
4.46 

4.25 

4.62 

3.91

4.53 

3.80 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

N1 T1 N2 T2 N3 T3 N4 T4 N5 T5 N6 T6 N7 T7 N8 T8 N9 T9 

5m
dC

/d
G

 (%
) 

B

0.165 

0.099 

0.351 

0.108 

0.242 

0.122 

0.227 

0.114 

0.242 

0.098 

0.300 0.312 

0.179 

0.109 

0.188 

0.067 

0.219 

0.048 

0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

N1 T1 N2 T2 N3 T3 N4 T4 N5 T5 N6 T6 N7 T7 N8 T8 N9 T9 

5h
m

dC
/d

G
 (%

) 
A

Normal (n=9)
Tumor  (n=9) 

0.261 
0.242 

0.263 

0.180 

0.326 0.316 

0.259 

0.069 

0.237 

0.124 

0.344 

0.187 

0.249 

0.329 0.359 

0.263 0.246 

0.169 

0.275 

0.335 

0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

0.35 

0.40 

LN
25

 

LT
25

 

LN
26

 

LT
26

 

LN
27

 

LT
27

 

LN
28

 

LT
28

 

LN
29

 

LT
29

 

LN
30

 

LT
30

 

LN
31

 

LT
31

 

LN
32

 

LT
32

 

LN
33

 

LT
33

 

LN
34

 

LT
34

 

5h
m

dC
/d

G
 (%

) 

4.16 4.18 
4.41 

3.83 

4.35 4.31
4.59 

4.04 

4.43 
4.28 4.27 

4.04 
4.31 4.35 4.32 4.44 

4.34 4.32 4.23 

3.76 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

LN
25

 

LT
25

 

LN
26

 

LT
26

 

LN
27

 

LT
27

 

LN
28

 

LT
28

 

LN
29

 

LT
29

 

LN
30

 

LT
30

 

LN
31

 

LT
31

 

LN
32

 

LT
32

 

LN
33

 

LT
33

 

LN
34

 

LT
34

 

5m
dC

/d
G

 (%
) 

C D
Normal (n=10)
Tumor  (n=10) 

Supplementary Fig. S5

5hmdC

5hmdC

5mdC

5mdC



0 

0.4 

0.8 

1.2 

1.6 

2 

Neurons Astrocytes 

5h
m

dC
/d

G
 (%

) 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

Neurons Astrocytes 

5m
dC

/d
G

 (%
) 

A.
5hmdC 5mdC

B.

Supplementary Fig. S6



130 131 R132 133 134 

130 131 R132H 133 134 

130 131 R132H 133 134 

130 131 R132G 133 134 

IDH1 (Wild type) 

IDH1 (R132H) 

IDH1 (R132H) 
- BT26 

IDH1 (R132G) 
- BT25 

Supplementary Fig. S7

A

B

Number % Number %

Normal 6 0 0 N.D. N.D.

Tumor 39 19 48.7 N.D. N.D.

Normal 18 0 0 0 0

Tumor 24 0 0 0 0

IDH1 mutations IDH2 mutations

Brain

Lung (SCC)

Number of 
SamplesTissue



-ketoglutarate 
( KG) IDH1 

isocitrate 

TETs 5mC 

succinate 

IDH1 mutant 

(2HG) 
2-Hydroxyglutarate 

NH2 

N

N

R

O

O

HO 

O OH 
O

OH 

OH O 

O

HO 

O

OH 

CH3 

5hmC 

NH2 

N

N

R

O

CH2OH 

O

HO 

O

OH 
OH 

Supplementary Fig. S8



Hoechst

Normal

Tumor

Normal

Tumor

Normal

Tumor

5hmC Hoechst5hmC
Breast

Colon

Skeletal Muscle

Prostate

Ovary

Stomach

Supplememtary Fig. S9



Hoechst Merged

Normal

A
5hmC

Hoechst MergedB

Tumor

Tumor

Normal

Boundary
Tumor/Normal

Tumor

Normal

Tumor

Ki675hmC

a   B509019

Hoechst Merged5hmC
f   B509016

c   B509018 h   B509015

g   Adenocarcinomab SCC

d

e   SCC

i

j   Adenocarcinoma

Supplememtary Fig. S10



Hoechst Merged

Brain
Normal

A

Tumor

5hmC 5mC

Hoechst Merged

Liver
Normal

B

Tumor

5mC5hmC

Hoechst Merged

Kidney
Normal

Tumor

5hmC

Supplementary Fig. S11

5mC



Hoechst

Hoechst Merged

Brain
Normal

A

B

Brain
Tumor

Brain
Tumor

Hoechst Ki67Ki67

Ki675hmC

Supplementary Fig. S12



Hoechst Merged

Uterus
Normal

Tumor

Ki675hmC

Suppementary Fig. S13

Hoechst Merged

Breast
Normal

Tumor

Ki675hmC

Hoechst Merged

Pancreas
Normal

Tumor

Ki675hmC



0.00

0.05

0.10
Normal

0.00

1.00

2.00

3.00

0.00 

0.05 

0.10 

BT
1 

BT
2 

BT
3 

BT
4 

BT
5 

BT
6 

BT
7 

BT
8 

BT
9 

BT
10

 
BT

11
 

BT
12

 
BT

13
 

BT
14

 
BT

15
 

BT
17

 
BT

18
 

BT
19

 
BT

20
 

BT
21

 
BT

22
 

BT
23

 
BT

24
 

BT
25

 
BT

26
 

BT
27

 
BT

28
 

BT
29

 
BT

30
 

BN
3 

BN
4 

BN
5 

Normal

Normal

R
el

at
iv

e 
ex

pr
es

si
on

 to
 A

C
TI

N
 (%

)

TET1

TET2

TET3

TET1

TET3

TET2

A

B

0.00 

0.02 

0.04

0.06 

0.08 

0.10 

LN
1 

LT
1 

LN
2 

LT
2 

LN
5 

LT
5 

LN
6 

LT
6 

LN
7 

LT
7 

LN
8 

LT
8 

LN
11

 

LT
11

 R
el

at
iv

e 
ex

pr
es

si
on

 to
 A

C
TI

N
 (%

) 

0.0 

1.0

2.0 

3.0 

4.0 

5.0 

LN
1 

LT
1 

LN
2 

LT
2 

LN
5 

LT
5 

LN
6 

LT
6 

LN
7 

LT
7 

LN
8 

LT
8 

LN
11

 

LT
11

 R
el

at
iv

e 
ex

pr
es

si
on

 to
 A

C
TI

N
 (%

) 

0.00 

0.05 

0.10 

0.15 

0.20 

0.25 

LN
1 

LT
1 

LN
2 

LT
2 

LN
5 

LT
5 

LN
6 

LT
6 

LN
7 

LT
7 

LN
8 

LT
8 

LN
11

 

LT
11

 R
el

at
iv

e 
ex

pr
es

si
on

 to
 A

C
TI

N
 (%

) 

Supplementary Fig. S14




