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“La	  frase	  más	  excitante	  que	  se	  puede	  oír	  en	  ciencia,	  la	  que	  anuncia	  nuevos	  
descubrimientos,	  no	  es	  ¡Eureka!	  (¡Lo	  encontré!)	  sino	  'Es	  extraño...'.”	  	  

	  
	  

“La	  ciencia	  se	  construye	  a	  partir	  de	  aproximaciones	  que	  gradualmente	  se	  
acercan	  a	  la	  verdad.”	  	  

	  
	  

―Isaac	  Asimov―	  
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five features or with 10–20% necrosis are considered
to be equivocal.110

The second pattern, accounting for 20% of cases, is
mucinous adenocarcinoma (Figure 12D).35,109 Extra-
cellular mucin constitutes at least 50% of the
cross-sectional area, and by definition they are poorly
differentiated. Serrations can usually be identified, at
least focally, and typical serrated carcinoma cytology
is retained. Cell balls and papillary rods floating in
the mucin are common, and are characteristic of this
pattern (Figure 12E).
The final pattern is trabecular, constituting approxi-

mately 7% of cases.35,109 These tumours are poorly dif-
ferentiated, with tumour cells growing in a trabecular

fashion; epithelial serrations are typically lost (Fig-
ure 12F). Micropapillary structures are sometimes
seen, and lymphatic invasion is common. Serrated
morphology carcinoma cytology remains apparent.
This pattern is often a minor component of the other
subtypes, usually at the advancing edge of the tumour.
Serrated morphology carcinomas segregate as a

distinct molecular subset, strengthening the assertion
that they represent a reproducible and distinctive
subtype of CRC.111 KRAS and BRAF mutations have
been identified in 45% and 33% of cases, respec-
tively,112 MSS in 50%, MSI-H in 16%, and MSI-L in
30%.110 These figures suggest that serrated pathways
1b and 2, described above, are overrepresented.

Figure 11. Putative pathways to colorectal cancer.
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Birth to 39 40 to 59 60 to 69 70 and older 
Male 0.08 (1 in 1212) 0.94 (1 in 106) 1.40 (1 in 71) 4.19 (1 in 24) 

Female 0.08 (1 in 1236) 0.75 (1 in 134) 0.98 (1 in 102) 3.80 (1 in 26) 

FIGURE 4. Trends in Death Rates Among Males for Selected Cancers, United States, 1930 to 2009.
Rates are age adjusted to the 2000 US standard population. Due to changes in International Classification of Diseases (ICD) coding, numerator information
has changed over time. Rates for cancers of the lung and bronchus, colorectum, and liver are affected by these changes.

FIGURE 5. Trends in Death Rates Among Females for Selected Cancers, United States, 1930 to 2009.
Rates are age adjusted to the 2000 US standard population. Due to changes in International Classification of Diseases (ICD) coding, numerator information
has changed over time. Rates for cancers of the uterus, ovary, lung and bronchus, and colorectum are affected by these changes.
*Uterus includes uterine cervix and uterine corpus.
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lung, and by more than 40% for prostate cancer. The
decrease in lung cancer death rates—among men since
1990 and among women since 2002—is due to the
reduction in tobacco use,20 while the decrease in death rates
for female breast, colorectal, and prostate cancers largely
reflects improvements in early detection and/or
treatment.17,21,22 Over the past 10 years of data
(2000-2009), the largest annual declines in death rates were
for chronic myeloid leukemia (8.4%), cancers of the
stomach (3.1%) and colorectum (3.0%), and non-Hodgkin
lymphoma (3.0%).

Recorded Number of Deaths From Cancer in 2009

A total of 2,437,163 deaths were recorded in the United
States in 2009, 567,628 of these from cancer.23 Cancer is
the second leading cause of death, following heart disease,
accounting for 23% of all deaths. However, within 20-year
age groups, cancer is the leading cause of death among both
men and women aged 40 to 79 years (Table 6).
Table 7 presents the numbers of deaths for all cancers

combined and for the 5 most common sites for each
20-year age group. Among males, leukemia is the leading
cause of cancer death among those aged younger than

40 years, while lung cancer ranks first among men aged
40 years and older. Among females, tumors of the brain
and other nervous system are the leading cause of cancer
death among children and adolescents (aged younger than
20 years), breast cancer ranks first among women aged
20 to 59 years, and lung cancer causes the most cancer
deaths in those aged 60 years and older.

Regional Variations in Cancer Rates

Tables 8 and 9 depict cancer incidence and death rates
for selected cancers by state. Lung cancer shows the
largest geographic variation in cancer occurrence by far,
reflecting the large historical and continuing differences
in smoking prevalence among states.20 For example, lung
cancer incidence rates in Kentucky, which has historically
had the highest smoking prevalence, are almost 4-fold
higher than those in Utah, which has the lowest smoking
prevalence (128 vs 34 cases per 100,000 men). In con-
trast, state variations for other cancer sites are smaller in
both absolute and proportionate terms. For example,
the breast cancer incidence rate in Connecticut, which
has the highest rate (137 per 100,000 women), is only
28% higher than that in Arizona, which has the lowest

FIGURE 6. Total Number of Cancer Deaths Averted From 1991 to 2009 in Men and From 1992 to 2009 in Women.
The blue line represents the actual number of cancer deaths recorded in each year, and the red line represents the number of cancer deaths that would have
been expected if cancer death rates had remained at their peak.
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registries and for Spain as a whole, along with the years in
which the trend changed.
Figure 2 depicts the trend in age-specific rates by birth

cohort, plus the results that identify the age–period and cohort
effects on CRC incidence and mortality among men and
women. The specific rates for incidence and for mortality plot
the characteristic javelin-like trajectory pattern displayed by
diseases with a marked age effect, whereby such diseases register
a change in trend, going from an increase to a subsequent
decrease in risk from a given cohort onwards.
The cohort effect became increasingly pronounced, both in

incidence and in mortality, among men and women until
1995, after which it clearly decreased in importance,
something that was very visible among the <35 age groups. The
change in the mortality trend in the 20–24 age group could not
be assessed because it had been estimated on the basis of
a single rate and very few cases (14 cases in men and 8 in
women).

discussion

Our results indicate an important increase in CRC incidence in
Spain, that remained steady across the entire study period but
became slightly attenuated in both sexes around 1995, when
a change-point was detected. Before this, the annual increase in
incidence was 4.26% per annum among men, falling to 2.53%
thereafter. Among women, the increase in incidence, albeit also

of considerable magnitude, was more moderate. The incidence
trend contrasted sharply with that for mortality (Table 2),
inasmuch as there was a change in trend in 1997–98, after
which mortality rates in both sexes began to decline. To
ascertain the origin of this pattern of change, it is useful to
observe the trend in specific rates for both incidence and
mortality, which reveal a cohort effect in the form of an
increase in the relative risk of dying that affected generations up
to and including those born from 1950 to 1960, and then
decline sharply thereafter. The models show that both effects
are statistically significant, with it being difficult to distinguish
between the contributions attributable to cohort and those
attributable to period. The divergence between incidence
(upward) and mortality rates (a downward trend observed
from the mid-1990s onwards) would suggest that possible
explanations might lie in: enhanced access to endoscopy;
increased early detection with a corresponding shift to an
earlier disease stage; improvements in therapy. This trend is
having important consequences insofar as disease prevalence
and burden of care are concerned.
The results of this study are strengthened by: inclusion of the

latest incidence data available, drawn from all population
cancer registries in operation for a minimum of 10 years, with
close on 90 000 cases being registered; their analysis in parallel
with mortality data; and use of appropriate statistical methods
for detection of changes in incidence and mortality trends and
components.

Table 2. Trends in incidence (1975–2004) and mortality (1975–2007) in Spain among subjects aged >29 years, and identification of changes in trend.

Change-point Annual percentage change (95% CI)

P-values Year (95% CI) Overall Below change-point Above change-point

Men

Incidence <0.0001 1995 (1993, 1997) 3.42 (3.25, 3.59) 4.26 (3.92, 4.61) 2.53 (2.17, 2.89)

Mortality <0.0001 1998 (1996, 2000) 1.86 (1.75, 1.97) 2.88 (2.72, 3.05) –0.39 (–0.70, –0.08)

Women

Incidence 0.008 1996 (1992, 1999) 1.94 (1.75, 2.12) 2.39 (2.07, 2.72) 1.20 (0.74, 1.66)

Mortality <0.0001 1997 (1995, 2000) 0.29 (0.18, 0.39) 1.18 (1.00, 1.35) –1.51 (–1.82, –1.20)

Figure 1. Colorectal cancer in Spain. Trends in incidence (adjusted for age and registry) and mortality rates (adjusted for age) among men and women aged

>29 years, obtained from the change-point model. The vertical grey lines show the time interval when the change in trend occurred.
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Lifetime Probability of Developing Cancer

The lifetime probability of being diagnosed with an
invasive cancer is higher for men (45%) than for women
(38%) (Table 4). However, because of the earlier median
age at diagnosis for breast cancer compared with other
major cancers, women have a slightly higher probability of
developing cancer before age 60 years. These estimates are
based on the average experience of the general population
and may over- or underestimate individual risk because of
differences in exposure (eg, smoking history) and/or genetic
susceptibility.

Trends in Cancer Incidence

Figures 2 to 5 depict long-term trends in cancer incidence
and death rates for all cancers combined and for selected
cancer sites by sex. While incidence rates are declining for
most cancer sites, they are increasing among both men and
women for melanoma of the skin and cancers of the liver
and thyroid (Fig. 3, Table 5). Table 5 shows incidence
(delay-adjusted) and mortality trends for all cancers com-
bined and for selected cancer sites based on joinpoint regres-
sion analysis. Joinpoint is a tool used to describe and quantify
trends by fitting observed rates to lines connected at ‘‘join-
points’’ where trends change in direction or magnitude.13,15

According to data from the SEER 13 cancer registries, inci-
dence rates in the most recent 5 years (2005-2009) decreased
in males by 0.6% per year and were stable in females (Table
5). Incidence rates are decreasing for all 4 major cancer sites
except female breast, for which rates remained relatively
stable from 2005 to 2009 after decreasing by 2% per year
from 1999 to 2005. Lung cancer incidence rates in women
began declining in the late 1990s, more than a decade after
the decline began in men.6 Differences in lung cancer inci-
dence patterns between men and women reflect historical
differences in tobacco use; cigarette smoking prevalence
peaked about 20 years later in women than in men.16 Recent
rapid declines in colorectal cancer incidence rates have
largely been attributed to increases in screening that can
detect and allow the removal of precancerous polyps.17-19

Although joinpoint trend analysis shows that the incidence
rate for prostate cancer declined steadily by 1.9% per year
from 2000 to 2009, it is important to realize that annual
rates fluctuate widely (Fig. 3), likely reflecting variation in
the prevalence of prostate-specific antigen testing for the
detection of prostate cancer. For example, in the SEER 13
areas, the delay-adjusted prostate cancer incidence rate
increased from 154 (per 100,000) to 164 from 2005 to 2006,
then dropped from 168 to 153 from 2007 to 2008.

FIGURE 3. Trends in Incidence Rates for Selected Cancers by Sex, United States, 1975 to 2009.
Rates are age adjusted to the 2000 US standard population and adjusted for delays in reporting.
*Liver includes intrahepatic bile duct.
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registries and for Spain as a whole, along with the years in
which the trend changed.
Figure 2 depicts the trend in age-specific rates by birth

cohort, plus the results that identify the age–period and cohort
effects on CRC incidence and mortality among men and
women. The specific rates for incidence and for mortality plot
the characteristic javelin-like trajectory pattern displayed by
diseases with a marked age effect, whereby such diseases register
a change in trend, going from an increase to a subsequent
decrease in risk from a given cohort onwards.
The cohort effect became increasingly pronounced, both in

incidence and in mortality, among men and women until
1995, after which it clearly decreased in importance,
something that was very visible among the <35 age groups. The
change in the mortality trend in the 20–24 age group could not
be assessed because it had been estimated on the basis of
a single rate and very few cases (14 cases in men and 8 in
women).

discussion

Our results indicate an important increase in CRC incidence in
Spain, that remained steady across the entire study period but
became slightly attenuated in both sexes around 1995, when
a change-point was detected. Before this, the annual increase in
incidence was 4.26% per annum among men, falling to 2.53%
thereafter. Among women, the increase in incidence, albeit also

of considerable magnitude, was more moderate. The incidence
trend contrasted sharply with that for mortality (Table 2),
inasmuch as there was a change in trend in 1997–98, after
which mortality rates in both sexes began to decline. To
ascertain the origin of this pattern of change, it is useful to
observe the trend in specific rates for both incidence and
mortality, which reveal a cohort effect in the form of an
increase in the relative risk of dying that affected generations up
to and including those born from 1950 to 1960, and then
decline sharply thereafter. The models show that both effects
are statistically significant, with it being difficult to distinguish
between the contributions attributable to cohort and those
attributable to period. The divergence between incidence
(upward) and mortality rates (a downward trend observed
from the mid-1990s onwards) would suggest that possible
explanations might lie in: enhanced access to endoscopy;
increased early detection with a corresponding shift to an
earlier disease stage; improvements in therapy. This trend is
having important consequences insofar as disease prevalence
and burden of care are concerned.
The results of this study are strengthened by: inclusion of the

latest incidence data available, drawn from all population
cancer registries in operation for a minimum of 10 years, with
close on 90 000 cases being registered; their analysis in parallel
with mortality data; and use of appropriate statistical methods
for detection of changes in incidence and mortality trends and
components.

Table 2. Trends in incidence (1975–2004) and mortality (1975–2007) in Spain among subjects aged >29 years, and identification of changes in trend.

Change-point Annual percentage change (95% CI)

P-values Year (95% CI) Overall Below change-point Above change-point

Men

Incidence <0.0001 1995 (1993, 1997) 3.42 (3.25, 3.59) 4.26 (3.92, 4.61) 2.53 (2.17, 2.89)

Mortality <0.0001 1998 (1996, 2000) 1.86 (1.75, 1.97) 2.88 (2.72, 3.05) –0.39 (–0.70, –0.08)

Women

Incidence 0.008 1996 (1992, 1999) 1.94 (1.75, 2.12) 2.39 (2.07, 2.72) 1.20 (0.74, 1.66)

Mortality <0.0001 1997 (1995, 2000) 0.29 (0.18, 0.39) 1.18 (1.00, 1.35) –1.51 (–1.82, –1.20)

Figure 1. Colorectal cancer in Spain. Trends in incidence (adjusted for age and registry) and mortality rates (adjusted for age) among men and women aged

>29 years, obtained from the change-point model. The vertical grey lines show the time interval when the change in trend occurred.
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about	  1/8,300	  and	  it	  manifests	  equally	  in	  both	  sexes.	  FAP	  just	  accounts	  for	  less	  

than	   1%	   of	   colorectal	   cancer	   cases	   (Galiatsatos	   &	   Foulkes,	   2006).	   Most	   of	   the	  

colorectal	  cancer	  patients	  (~70%)	  have	  a	  family	  history	  of	  colorectal	  polyps	  and	  

cancer.	  Generally	  cancer	  starts	   to	  develop	  a	  decade	  after	   the	  appearance	  of	   the	  

polyp,	   they	   normally	   are	   asymptomatic	   until	   the	   large	   number	   of	   them	   cause	  

rectal	  bleeding	  or	  other	  complications.	  Without	  treatment,	  FAP	  individuals	  carry	  

100%	  of	  possibilities	  of	  developing	  colorectal	  cancer.	  

Hereditary	   non-‐polyposis	   colorectal	   cancer	   (HNPCC)	   or	   Lynch	   syndrome	   is	  

another	   inherited	  disease	  caused	  by	  mutations	  on	  DNA	  mismatch	  repair	  genes,	  

mainly	  MLH1	  and	  MSH2.	  In	  addition	  to	  colorectal	  cancer,	  HNPCC	  patients	  show	  

an	  increased	  relative	  risk	  in	  other	  cancers	  such	  as	  uterus,	  stomach,	  small	  bowel,	  

pancreas,	   kidney	   and	   ureter.	   In	   contrast	   to	   FAP	   patients,	   HNPCC	   individuals	  

develop	  few	  adenomas.	  Without	  treatment	  individuals	  affected	  with	  HNPCC	  have	  

an	  approximate	  80%	  lifetime	  risk	  of	  developing	  colon	  cancer	  (Lynch	  et	  al.,	  2009;	  

Weissman	  et	  al.,	  2011).	  

·	  Inflammatory	  bowel	  disease	  (IBD):	  IBD	  includes	  two	  diseases:	  ulcerative	  

colitis	  and	  Crohn	  disease.	  Ulcerative	  colitis	  causes	  inflammation	  of	  the	  mucosa	  of	  

the	  colon	  and	  rectum.	  Crohn	  disease	  causes	  inflammation	  of	  the	  full	  thickness	  of	  

the	  bowel	  wall	  and	  may	  involve	  any	  part	  of	  the	  digestive	  tract	  from	  the	  mouth	  to	  

the	   anus.	   These	   inflammatory	   conditions	   are	   known	   to	   increase	   the	   risk	   of	  

developing	   colorectal	   cancer	   (Triantafillidis	   et	   al.,	   2009).	   In	   patients	   with	  

inflammatory	  bowel	  disease	  the	  relative	  risk	  of	  developing	  colorectal	  cancer	  has	  

been	  estimated	  to	  be	  increased	  4	  to	  20	  fold	  (Haggar	  &	  Boushey,	  2009).	  

	  

Environmental	  risk	  factors:	  

·	   Dietary	   and	   nutritional	   practices:	   Evidences	   from	   epidemiological	  

studies	   highlight	   the	   strong	   influence	   of	   the	   diet	   in	   the	   risk	   of	   developing	  

colorectal	   cancer	   (Boyle	   &	   Langman,	   2000).	   It	   is	   believed	   that	   changing	   food	  

habits	   might	   reduce	   up	   to	   70%	   the	   possibilities	   of	   suffering	   colorectal	   cancer	  

(Johnson	  &	  Lund,	  2007).	  Diets	  enriched	  in	  animal	  fat	  are	  a	  major	  risk	  factor	  for	  

colorectal	  cancer.	  The	  specific	  mechanisms	  that	  underlie	  the	  association	  between	  

red	  meat	  and	  colorectal	  cancer	  are	  unclear.	  It	  has	  been	  proposed	  that	  red	  meat	  

might	  stimulate	  secretion	  of	  endogenous	  insulin,	  which	  is	  a	  natural	  mitogen	  and	  
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perhaps	  enhances	  the	  uncontrolled	  cellular	  growth	  (Chan	  &	  Giovannucci,	  2010).	  

Other	   relevant	   hypothesis	   propose	   red	   meat	   as	   a	   source	   of	   heme	   iron,	   which	  

catalyzes	   the	   oxidation	   of	   polyunsaturated	   fats	   to	   some	   compounds	   that	   are	  

known	   risk	   factors	   for	   several	   human	  diseases,	   such	   as	  Malondialdehyde	  or	  4-‐

Hydroxynonenal	  (Bastide	  et	  al.,	  2011).	  

Fiber	  intake	  has	  also	  been	  linked	  with	  colorectal	  cancer	  where	  a	  reduced	  impact	  

was	   observed	   in	   some	   African	   populations	   with	   high-‐fiber	   diet	   more	   than	   4	  

decades	   ago	   (O’Keefe	   et	   al.,	   1999).	   Since	   then,	  many	   studies	   have	   been	   testing	  

this	  hypothesis,	  some	  of	  them	  successfully	  and	  others	  not	  (Chan	  &	  Giovannucci,	  

2010;	  Huxley	  et	  al.,	  2012).	  Anyway,	  it	  has	  been	  proposed	  that	  fiber	  could	  dilute	  

or	   adsorb	   fecal	   carcinogens,	   modulate	   colonic	   transit	   time,	   alter	   bile	   acid	  

metabolism,	   reduce	   colonic	   pH,	   or	   increase	   the	   production	   of	   short-‐chain	   fatty	  

acids	  (Huxley	  et	  al.,	  2012).	  

It	  is	  well	  known	  that	  the	  composition	  of	  the	  individual’s	  flora	  can	  fluctuate	  under	  

some	   circumstances	   and	   is	   deeply	   affected	   by	   dietary	   habits	   (Grölund	   et	   al.,	  

1999;	   	   Smith,	   1965).	   The	   human	   gut	   is	   the	   natural	   habitat	   for	   a	   large	   and	  

dynamic	   bacterial	   community	   but	   a	   substantial	   part	   of	   these	   bacterial	  

populations	   are	   still	   to	  be	  described.	  Out	  of	   curiosity,	   in	   the	   large	   intestine	  we	  

can	   find	  bacterial	   concentrations	  up	   to	  1011	  or	  1012	   cells/g	  of	   luminal	   contents	  

(Guarner	  &	  Malagelada,	  2003),	  these	  concentrations	  are	  similar	  to	  those	  found	  in	  

colonies	   growing	   under	   optimum	   conditions	   over	   the	   surface	   of	   a	   laboratory	  

plate.	   Intestinal	  bacteria	   could	  play	   a	   role	   in	   initiation	  of	   colon	   cancer	   through	  

production	   of	   carcinogens,	   co-‐carcinogens	   or	   pro-‐carcinogens.	   Furthermore,	  

some	  intestinal	  microorganisms	  strongly	  increase	  damage	  to	  DNA	  in	  colon	  cells	  

induced	   by	   heterocyclic	   amines,	   whereas	   other	   intestinal	   bacteria	   can	   uptake	  

and	  detoxify	  such	  compounds	  (Wollowski	  et	  al.,	  2001).	  

·	   Physical	   Activity	   and	   Obesity:	   Evidences	   from	   epidemiologic	   studies	  

demonstrate	  that	  people	  with	  high	  occupational	  or	  recreational	  physical	  activity	  

appear	   to	   be	   at	   a	   lower	   risk	   of	   developing	   colon	   cancer	   (Brown	   et	   al.,	   2012).	  

Physical	   activity	   at	   a	   level	   equivalent	   to	  walking	   4	   h	   per	  week	  was	   associated	  

with	   a	   decreased	   risk	   of	   colon	   cancer	   among	   women	   when	   compared	   to	   the	  

sedentary	  group.	  
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Obesity	  (commonly	  accompanied	  by	  diabetes	  type	  II)	  is	  also	  a	  cancer	  risk	  factor,	  

although	   the	  molecular	  mechanisms	   are	   not	   well	   understood.	   There	   are	   some	  

evidences	   that	   obese	   people	   have	   more	   of	   the	   mitogenic	   factor	   insulin-‐like	  

growth	   factor	   1	   in	   their	   bloodstream	   (Renehan	   et	   al.,	   2003),	   what	   could	  

predispose	   cells	   to	   uncontrolled	   cellular	   growth.	   Adipose	   tissue	   is	   a	   complex,	  

essential,	  highly	  active	  metabolic	  and	  endocrine	  organ	  (Kershaw	  &	  Flier,	  2004).	  

Polypeptide	  hormones	  derived	  from	  adipocytes	  are	  known	  as	  adipokines,	  among	  

them,	   leptin	   and	   adiponectin	   are	   linked	   to	   cancer.	   Leptin	   concentration	   is	  

directly	   correlated	   with	   the	   amount	   of	   body	   fat	   and	   is	   regulated	   by	   insulin.	  

Leptin	  is	  adipogenic,	  antiapoptotic	  and	  mitogenic	  for	  various	  cell	  types,	  including	  

hematopoietic	   progenitor	   cells,	   normal	   and	   transformed	   epithelial	   cells,	   and	  

vascular	   endothelial	   cells	   (Bray,	   2002;	   Rose	   et	   al.,	   2004;	   Vona-‐Davis	   &	   Rose,	  

2007).	  Adiponectin	   is	   the	  most	  abundant	  of	   adipokines,	   it	   is	  an	   insulin-‐sensing	  

hormone	  and	  unlike	   leptin,	   its	  correlation	   is	   inverse	  with	  body	  mass	   index	  and	  

appears	  in	  low	  levels	  in	  cancer	  patients	  (Roberts	  et	  al.,	  2010).	  

	   ·	  Alcohol	   intake:	  The	  risk	   factor	   that	  alcohol	  represents	   to	  some	  cancers	  

like	   gastric	   or	   liver	   is	   clearly	   demonstrated,	   whereas	   in	   the	   case	   of	   colorectal	  

cancer	   is	   not	   so	   well	   understood.	   Some	   studies	   point	   out	   that	   moderate	   and	  

heavy	  drinking	  alcohol	  was	  associated	  with	  a	  21%	  and	  52%	   increased	   risk	   for	  

colorectal	   cancer,	   respectively	   (Fedirko	   et	   al.,	   2011).	   The	   results	   for	   alcohol	  

drinking	   and	   colorectal	   cancer	   risk	   appeared	   to	   be	   similar	   between	   men	   and	  

women.	  

·	  Cigarette	  Smoking:	  Colorectal	  cancer	  has	  not	  historically	  been	  linked	  to	  

cigarette	  smoking	  although	  nowadays	   it	   is	  known	  that	  heavy	  cigarette	  smokers	  

have	   a	   2-‐3	   fold	   elevated	   risk	   of	   developing	   colorectal	   adenomas	   (Giovannucci,	  

2001).	  Overall,	  cumulated	  evidences	  within	  the	  past	  decade	  support	  the	  addition	  

of	   colorectal	   cancer	   to	   the	   list	   of	   tobacco-‐associated	  malignancies.	   It	   is	   known	  

that	   tobacco’s	   carcinogens	   could	   reach	   the	   colorectal	   mucosa	   and	   produce	  

cellular	  damage	  that	  could	  trigger	  the	  cancerous	  process	  (Fu	  et	  al.,	  2013;	  Wei	  et	  

al.,	  2009).	  
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number and thus maintenance of normal tissue architecture and
function. Cancer cells, by deregulating these signals, become
masters of their own destinies. The enabling signals are
conveyed in large part by growth factors that bind cell-surface
receptors, typically containing intracellular tyrosine kinase
domains. The latter proceed to emit signals via branched intra-
cellular signaling pathways that regulate progression through
the cell cycle as well as cell growth (that is, increases in cell
size); often these signals influence yet other cell-biological prop-
erties, such as cell survival and energy metabolism.
Remarkably, the precise identities and sources of the prolifer-

ative signals operating within normal tissues were poorly under-
stood a decade ago and in general remain so. Moreover, we still
know relatively little about the mechanisms controlling the
release of these mitogenic signals. In part, the understanding
of these mechanisms is complicated by the fact that the growth
factor signals controlling cell number and position within tissues
are thought to be transmitted in a temporally and spatially regu-
lated fashion from one cell to its neighbors; such paracrine
signaling is difficult to access experimentally. In addition, the
bioavailability of growth factors is regulated by sequestration in
the pericellular space and extracellular matrix, and by the actions
of a complex network of proteases, sulfatases, and possibly
other enzymes that liberate and activate them, apparently in
a highly specific and localized fashion.
The mitogenic signaling in cancer cells is, in contrast, better

understood (Lemmon and Schlessinger, 2010; Witsch et al.,
2010; Hynes and MacDonald, 2009; Perona, 2006). Cancer cells
can acquire the capability to sustain proliferative signaling in
a number of alternative ways: They may produce growth factor
ligands themselves, to which they can respond via the expres-
sion of cognate receptors, resulting in autocrine proliferative
stimulation. Alternatively, cancer cells may send signals to stim-
ulate normal cells within the supporting tumor-associated
stroma, which reciprocate by supplying the cancer cells with
various growth factors (Cheng et al., 2008; Bhowmick et al.,
2004). Receptor signaling can also be deregulated by elevating
the levels of receptor proteins displayed at the cancer cell

Figure 1. The Hallmarks of Cancer
This illustration encompasses the six hallmark
capabilities originally proposed in our 2000 per-
spective. The past decade has witnessed
remarkable progress toward understanding the
mechanistic underpinnings of each hallmark.

surface, rendering such cells hyperre-
sponsive to otherwise-limiting amounts
of growth factor ligand; the same
outcome can result from structural alter-
ations in the receptor molecules that
facilitate ligand-independent firing.
Growth factor independence may also

derive from the constitutive activation of
components of signaling pathways oper-
ating downstream of these receptors,
obviating the need to stimulate these
pathways by ligand-mediated receptor

activation. Given that a number of distinct downstream signaling
pathways radiate from a ligand-stimulated receptor, the activa-
tion of one or another of these downstream pathways, for
example, the one responding to the Ras signal transducer,
may only recapitulate a subset of the regulatory instructions
transmitted by an activated receptor.
Somatic Mutations Activate Additional Downstream
Pathways
High-throughput DNA sequencing analyses of cancer cell
genomes have revealed somatic mutations in certain human
tumors that predict constitutive activation of signaling circuits
usually triggered by activated growth factor receptors. Thus,
we now know that !40% of human melanomas contain
activating mutations affecting the structure of the B-Raf protein,
resulting in constitutive signaling through the Raf to mitogen-
activated protein (MAP)-kinase pathway (Davies and Samuels
2010). Similarly, mutations in the catalytic subunit of phosphoi-
nositide 3-kinase (PI3-kinase) isoforms are being detected in
an array of tumor types, which serve to hyperactivate the PI3-
kinase signaling circuitry, including its key Akt/PKB signal
transducer (Jiang and Liu, 2009; Yuan and Cantley, 2008). The
advantages to tumor cells of activating upstream (receptor)
versus downstream (transducer) signaling remain obscure, as
does the functional impact of crosstalk between the multiple
pathways radiating from growth factor receptors.
Disruptions of Negative-Feedback Mechanisms that
Attenuate Proliferative Signaling
Recent results have highlighted the importance of negative-
feedback loops that normally operate to dampen various types
of signaling and thereby ensure homeostatic regulation of the
flux of signals coursing through the intracellular circuitry (Wertz
and Dixit, 2010; Cabrita and Christofori, 2008; Amit et al.,
2007; Mosesson et al., 2008). Defects in these feedback mech-
anisms are capable of enhancing proliferative signaling. The
prototype of this type of regulation involves the Ras oncoprotein:
the oncogenic effects of Ras do not result from a hyperactivation
of its signaling powers; instead, the oncogenic mutations
affecting ras genes compromise Ras GTPase activity, which
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Yet other distinct attributes of cancer cells have been
proposed to be functionally important for the development of
cancer andmight therefore be added to the list of core hallmarks
(Negrini et al., 2010; Luo et al., 2009; Colotta et al., 2009). Two
such attributes are particularly compelling. The first involves
major reprogramming of cellular energy metabolism in order to
support continuous cell growth and proliferation, replacing the
metabolic program that operates in most normal tissues and
fuels the physiological operations of the associated cells. The
second involves active evasion by cancer cells from attack and
elimination by immune cells; this capability highlights the dichot-
omous roles of an immune system that both antagonizes and
enhances tumor development and progression. Both of these
capabilities may well prove to facilitate the development and
progression of many forms of human cancer and therefore can
be considered to be emerging hallmarks of cancer. These
enabling characteristics and emerging hallmarks, depicted in
Figure 3, are discussed individually below.

An Enabling Characteristic: Genome Instability
and Mutation
Acquisition of themultiple hallmarks enumerated above depends
in large part on a succession of alterations in the genomes of
neoplastic cells. Simply depicted, certain mutant genotypes
confer selective advantage on subclones of cells, enabling their
outgrowth and eventual dominance in a local tissue environment.
Accordingly, multistep tumor progression can be portrayed as
a succession of clonal expansions, each of which is triggered
by the chance acquisition of an enabling mutant genotype.
Because heritable phenotypes, e.g., inactivation of tumor
suppressor genes, can also be acquired through epigenetic
mechanisms such asDNAmethylation and histonemodifications
(Berdasco and Esteller, 2010; Esteller, 2007; Jones and Baylin,
2007), some clonal expansions may well be triggered by nonmu-
tational changes affecting the regulation of gene expression.

The extraordinary ability of genome maintenance systems to
detect and resolve defects in the DNA ensures that rates of
spontaneous mutation are usually very low during each cell
generation. In the course of acquiring the roster of mutant genes
needed to orchestrate tumorigenesis, cancer cells often
increase the rates of mutation (Negrini et al., 2010; Salk et al.,
2010). This mutability is achieved through increased sensitivity
to mutagenic agents, through a breakdown in one or several
components of the genomic maintenance machinery, or both.
In addition, the accumulation of mutations can be accelerated
by compromising the surveillance systems that normally monitor
genomic integrity and force genetically damaged cells into either
senescence or apoptosis (Jackson and Bartek, 2009; Kastan,
2008; Sigal and Rotter, 2000). The role of TP53 is central here,
leading to its being called the ‘‘guardian of the genome’’ (Lane,
1992).
A diverse array of defects affecting various components of the

DNA-maintenance machinery—often referred to as the ‘‘care-
takers’’ of the genome (Kinzler and Vogelstein, 1997)—have
been documented. The catalog of defects in these caretaker
genes includes those whose products are involved in (1) detect-
ing DNA damage and activating the repair machinery, (2) directly
repairing damaged DNA, and (3) inactivating or intercepting
mutagenic molecules before they have damaged the DNA
(Negrini et al., 2010; Ciccia and Elledge, 2010; Jackson and
Bartek, 2009; Kastan, 2008; Harper and Elledge, 2007; Friedberg
et al., 2006). From a genetic perspective, these caretaker genes
behavemuch like tumor suppressor genes, in that their functions
can be lost during the course of tumor progression, with such
losses being achieved either through inactivating mutations or
via epigenetic repression. Mutant copies of many of these care-
taker genes have been introduced into the mouse germline and
result, predictably, in increased cancer incidence, supporting
their potential involvement in human cancer development
(Barnes and Lindahl, 2004).

Figure 3. Emerging Hallmarks and Enabling
Characteristics
An increasing body of research suggests that two
additional hallmarks of cancer are involved in the
pathogenesis of some and perhaps all cancers.
One involves the capability to modify, or repro-
gram, cellular metabolism in order to most effec-
tively support neoplastic proliferation. The second
allows cancer cells to evade immunological
destruction, in particular by T and B lymphocytes,
macrophages, and natural killer cells. Because
neither capability is yet generalized and fully vali-
dated, they are labeled as emerging hallmarks.
Additionally, two consequential characteristics of
neoplasia facilitate acquisition of both core and
emerging hallmarks. Genomic instability and thus
mutability endow cancer cells with genetic alter-
ations that drive tumor progression. Inflammation
by innate immune cells designed to fight infections
and heal wounds can instead result in their inad-
vertent support of multiple hallmark capabilities,
thereby manifesting the now widely appreciated
tumor-promoting consequences of inflammatory
responses.
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overexpression, we systematically searched for mutually exclusive
genomic events using the MEMo method29. We found a pattern of
near exclusivity (corrected P, 0.01) of IGF2 overexpression with
genomic events known to activate the PI3K pathway (mutations of
PIK3CA and PIK3R1 or deletion/mutation of PTEN; Fig. 3c and
Supplementary Table 5). The IRS2 gene, encoding a protein linking
IGF1R (the receptor for IGF2)with PI3K, is on chromosome 13, which
is frequently gained inCRC. The caseswith thehighest IRS2 expression
were mutually exclusive of the cases with IGF2 overexpression
(P5 0.04) and also lacked mutations in the PI3K pathway
(P5 0.0001; Fig. 3c). These results strongly suggest that the IGF2–
IGF1R–IRS2 axis signals to PI3K in CRC and imply that therapeutic
targeting of the pathway could act to block PI3K activity in this subset
of patients.

Translocations
To identify new chromosomal translocations, we performed low-pass,
paired-end, whole-genome sequencing on 97 tumours with matched
normal samples. In each case we achieved sequence coverage of
,3–4-fold and a corresponding physical coverage of 7.5–10-fold.
Despite the low genome coverage, we detected 250 candidate
interchromosomal translocation events (range, 0–10 per tumour).
Among these events, 212 had one or both breakpoints in an intergenic
region, whereas the remaining 38 juxtaposed coding regions of two
genes in putative fusion events, of which 18 were predicted to code for
in-frame events (Supplementary Table 6). We found three separate
cases in which the first two exons of the NAV2 gene on chromosome
11 are joined with the 39 coding portion of TCF7L1 on chromosome 2
(Supplementary Fig. 5). TCF7L1 encodes TCF3, a member of the
TCF/LEF class of transcription factors that heterodimerize with
nuclear b-catenin to enable b-catenin-mediated transcriptional regu-
lation. Intriguingly, in all three cases, the predicted structure of the
NAV2–TCF7L1 fusion protein lacks the TCF3 b-catenin-binding
domain. This translocation is similar to another recurrent transloca-
tion identified in CRC, a fusion in which the amino terminus of
VTI1A is joined to TCF4, which is encoded by TCF7L2, a homologue
of TCF7L1 that is deleted or mutated in 12% of non-hypermutated
tumours4. We also observed 21 cases of translocation involving
TTC28 located on chromosome 22 (Supplementary Table 6). In all

cases the fusions predict inactivation of TTC28, which has been iden-
tified as a target of P53 and an inhibitor of tumour cell growth30.
Eleven of the 19 (58%) gene–gene translocations were validated by
obtaining PCR products or, in some cases, sequencing the junction
fragments (Supplementary Fig. 5).

Altered pathways in CRC
Integrated analysis ofmutations, copy number andmRNAexpression
changes in 195 tumours with complete data enriched our understand-
ing of how some well-defined pathways are deregulated. We grouped
samples by hypermutation status and identified recurrent alterations
in the WNT, MAPK, PI3K, TGF-b and p53 pathways (Fig. 4,
Supplementary Fig. 6 and Supplementary Table 1).
We found that the WNT signalling pathway was altered in 93% of

all tumours, including biallelic inactivation of APC (Supplementary
Table 7) or activating mutations of CTNNB1 in,80% of cases. There
were also mutations in SOX9 andmutations and deletions in TCF7L2,
as well as theDKK familymembers andAXIN2, FBXW7 (Supplemen-
tary Fig. 7), ARID1A and FAM123B (the latter is a negative regulator
of WNT–b-catenin signalling12 found mutated in Wilms’ tumour31).
A few mutations in FAM123B have previously been described in
CRC32. SOX9 has been suggested to have a role in cancer, but no
mutations have previously been described. The WNT receptor
frizzled (FZD10) was overexpressed in ,17% of samples, in some
instances at levels of 1003 normal. Altogether, we found 16 different
altered WNT pathway genes, confirming the importance of this
pathway in CRC. Interestingly, many of these alterations were found
in tumours that harbour APC mutations, suggesting that multiple
lesions affecting theWNTsignallingpathway confer selective advantage.
Genetic alterations in the PI3K and RAS–MAPK pathways are

common in CRC. In addition to IGF2 and IRS2 overexpression, we
foundmutually exclusive mutations in PIK3R1 and PIK3CA as well as
deletions in PTEN in 2%, 15% and 4% of non-hypermutated tumours,
respectively. We found that 55% of non-hypermutated tumours have
alterations in KRAS, NRAS or BRAF, with a significant pattern of
mutual exclusivity (Supplementary Fig. 6 and Supplementary Table 1).
We also evaluated mutations in the erythroblastic leukemia viral
oncogene homolog (ERBB) family of receptors because of the trans-
lational relevance of such mutations. Mutations or amplifications in
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Figure 4 | Diversity and frequency of genetic changes leading to
deregulation of signalling pathways in CRC. Non-hypermutated (nHM;
n5 165) and hypermutated (HM; n5 30) samples with complete data were
analysed separately. Alterations are defined by somaticmutations, homozygous
deletions, high-level focal amplifications, and, in some cases, by significant

up- or downregulation of gene expression (IGF2, FZD10, SMAD4). Alteration
frequencies are expressed as a percentage of all cases. Red denotes activated
genes and blue denotes inactivated genes. Bottom panel shows for each sample
if at least one gene in each of the five pathways described in this figure is altered.
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and other genetic abnormalities. When a large
part of a chromosome is duplicated or deleted, it
is difficult to identify the specific “target” gene(s)
on the chromosome whose gain or loss confers a
growth advantage to the tumor cell. Target genes
are more easily identified in the case of chro-
mosome translocations, homozygous deletions,
and gene amplifications. Translocations generally
fuse two genes to create an oncogene (such as
BCR-ABL in chronic myelogenous leukemia) but,
in a small number of cases, can inactivate a tumor
suppressor gene by truncating it or separating it
from its promoter. Homozygous deletions often
involve just one or a few genes, and the target is
always a tumor suppressor gene. Amplifications
contain an oncogene whose protein product is
abnormally active simply because the tumor
cell contains 10 to 100 copies of the gene per
cell, compared with the two copies present in
normal cells.

Most solid tumors have dozens of translo-
cations; however, as with point mutations, the
majority of translocations appear to be passen-
gers rather than drivers. The breakpoints of the
translocations are often in “gene deserts” devoid
of known genes, and many of the translocations
and homozygous deletions are adjacent to frag-
ile sites that are prone to breakage. Cancer cells
can, perhaps, survive such chromosome breaks
more easily than normal cells because they con-
tain mutations that incapacitate genes like TP53,
which would normally respond to DNA damage
by triggering cell death. Studies to date indicate
that there are roughly 10 times fewer genes af-
fected by chromosomal changes than by point
mutations. Figure 3 shows the types and distri-
bution of genetic alterations that affect protein-
coding genes in five representative tumor types.
Protein-coding genes account for only ~1.5% of
the total genome, and the number of alterations
in noncoding regions is proportionately higher
than the number affecting coding regions. The
vast majority of the alterations in noncoding re-
gions are presumably passengers. These noncoding

mutations, as well as the numerous epigenetic
changes found in cancers, will be discussed later.

Drivers Versus Passenger Mutations
Though it is easy to define a “driver gene muta-
tion” in physiologic terms (as one conferring a
selective growth advantage), it is more difficult
to identify which somatic mutations are drivers
and which are passengers. Moreover, it is im-
portant to point out that there is a fundamental
difference between a driver gene and a driver
gene mutation. A driver gene is one that con-
tains driver gene mutations. But driver genes
may also contain passenger gene mutations. For
example, APC is a large driver gene, but only

those mutations that truncate the encoded protein
within its N-terminal 1600 amino acids are driver
gene mutations. Missense mutations throughout
the gene, as well as protein-truncating mutations in
the C-terminal 1200 amino acids, are passenger
gene mutations.

Numerous statistical methods to identify driver
genes have been described. Some are based on
the frequency of mutations in an individual gene
compared with the mutation frequency of other
genes in the same or related tumors after correc-
tion for sequence context and gene size (22, 23).
Other methods are based on the predicted effects
of mutation on the encoded protein, as inferred
from biophysical studies (24–26). All of these

methods are useful for prioritiz-
ing genes that are most likely
to promote a selective growth ad-
vantage when mutated. When
the number of mutations in a gene
is very high, as with TP53 or
KRAS, any reasonable statistic
will indicate that the gene is ex-
tremely likely to be a driver gene.
These highly mutated genes have
been termed “mountains” (1). Un-
fortunately, however, genes with
more than one, but still relatively
few mutations (so called “hills”)
numerically dominate cancer ge-
nome landscapes (1). In these
cases, methods based on muta-
tion frequency and context alone
cannot reliably indicate which
genes are drivers, because the
background rates of mutation
vary somuch among different pa-
tients and regions of the genome.
Recent studies of normal cells
have indicated that the rate of
mutation varies by more than
100-fold within the genome (27).
In tumor cells, this variation can
be higher and may affect whole

Fig. 2. Genetic alterations and the progression of colorectal cancer.
The major signaling pathways that drive tumorigenesis are shown at the transi-
tions between each tumor stage. One of several driver genes that encode compo-

nents of these pathways can be altered in any individual tumor. Patient age indicates
the time intervals during which the driver genes are usually mutated. Note that
thismodelmay not apply to all tumor types. TGF-b, transforming growth factorñ b.
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Fig. 3. Total alterations affecting protein-coding genes in
selected tumors. Average number and types of genomic altera-
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deletions, as determined by genome-wide sequencing studies. For
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translocations are also included. The published data on which this
figure is based are provided in table S1D.
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be	   guaiac	   based	   (gFOBT)	   or	   immunochemical	   (iFOBT),	   which	   is	   much	   more	  

accurate	  and	  specific	  (Hol	  et	  al.,	  2010).	  FOBT	  screening	  has	  shown	  a	  decrease	  in	  

mortality	  about	  15-‐20%	  (Faivre	  et	  al.,	  2004).	  Many	  other	  non-‐invasive	  screening	  

markers	  have	  been	  proposed,	  mainly	  through	  the	  stools	  or	  blood	  analysis.	  	  

For	   example,	   detection	   of	   mutations	   in	   DNA	   obtained	   from	   stools	   has	   been	  

suggested	  as	  screening	  method	  since	  early	  90’s.	  Genetic	  tests	  that	  included	  TP53,	  

KRAS,	   APC	   and	   BAT-‐26	   demonstrated	   sensitivities	   for	   cancer	   and	   adenomas	  

between	  52–91%	  and	  specificities	  of	  93–100%	  (Ahlquist	  et	  al.,	  2000;	  Imperiale	  

et	  al.,	  2004;	  Syngal	  et	  al.,	  2006;	  Tagore	  et	  al.,	  2003).	  	  Also	  enzymatic	  activity	  can	  

be	  used	  as	  a	  diagnostic	  marker,	  for	  example	  M2-‐PK	  has	  been	  identified	  as	  a	  key	  

enzyme	  for	  colorectal	  cancer	  cells.	  Thereby,	  fecal	  M2-‐PK	  tests	  are	  able	  to	  detect	  

specific	   alterations	   in	   intestinal	   cells	   and	   it	   can	   detect	   carcinomas	   and	   even	  

bleeding	  and	  non-‐bleeding	  polyps	  with	  high	  sensitivity	  and	  specificity	  (Newton	  

et	  al.,	  2012;	  Pox,	  2011;	  Tonus	  et	  al.,	  2012).	  

Abnormal	   DNA	   methylation	   of	   gene	   promoters	   has	   also	   been	   studied	   as	   a	  

diagnostic	   marker	   in	   both	   blood	   and	   stools.	   Different	   markers	   such	   as	   SEP9,	  

MLH1,	   EN1,	   VIM	   and	  WNT2	   have	   been	   extensively	   studied,	   and	   the	   detection	  

values	   range	   from	   30	   to	   60%	   in	  most	   cases	   and	   the	   specificity	   between	   80	   to	  

100%	  (Azuara	  et	  al.,	  2010;	  Bosch	  et	  al.,	  2012;	  Herbst	  &	  Kolligs,	  2012;	  Mayor	  et	  

al.,	  2009).	  However,	   it	  has	  been	  shown	  that	  different	  cohorts	  exhibit	   important	  

differences	   in	   specificities	   and	   sensitivities,	   maybe	   due	   to	   the	   different	  

approaches	  used	  to	  analyze	  the	  samples	  (Herbst	  &	  Kolligs,	  2012).	  Independently	  

of	   the	   marker,	   any	   positive	   result	   requires	   additional	   examinations,	   normally	  

colonoscopy.	  In	  this	  case	  it	  is	  possible	  to	  perform	  a	  biopsy	  of	  the	  putative	  tumor	  

to	  obtain	  an	  accurate	  diagnosis.	  If	  the	  tumor	  is	  confirmed,	  next	  step	  would	  be	  the	  

classification	   into	  TNM	  stage,	  which	  describes	   the	  spreading	  of	  primary	   tumor,	  

also	   the	   lymph	  nodes	  affection	  and	   if	   there	  are	  metastasis	  and	  how	  many	   they	  

are	   (Cunningham	   et	   al.,	   2010).	   In	   general,	   colonoscopic	   surveillance	   and	  

polypectomy	   have	   had	   a	   tremendous	   impact	   on	   reducing	   CRC-‐related	   deaths:	  

colonoscopies	   have	   resulted	   in	   an	   overall	   reduction	   of	   CRC-‐related	   deaths	   by	  

29%	   and	   deaths	   from	   distal	   CRC	   by	   47%	   (Limketkai	   et	   al.,	   2013).	   Curiously,	  

colonoscopies	   have	   resulted	   in	   no	   observed	   reduction	   in	   deaths	   caused	   by	  

proximal	  CRC	  (Baxter	  &	  Goldwasser,	  2009;	  Singh	  et	  al.,	  2010).	  
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Treatments	  

Surgery	   to	   remove	   the	   cancer	   and	   nearby	   lymph	   nodes	   is	   the	   most	   common	  

treatment	  for	  early	  stage	  tumors	  (TNM	  stage	  I	  and	  II),	  whereas	  in	  more	  advanced	  

cases,	  chemotherapy	  is	  used	  after	  or	  before	  surgery	  (TNM	  stage	  III	  and	  IV).	  

Nowadays,	   in	   the	   era	   of	   personalized	   medicine,	   before	   the	   election	   of	   the	  

treatment	  it	  is	  feasible	  to	  investigate	  some	  allele	  variation	  in	  some	  key	  genes	  in	  

order	  to	  predict	  how	  the	  patient	  will	  respond	  to	  chemotherapeutic	  agents.	  	  

The	  agents	  more	  frequently	  employed	  in	  the	  treatment	  of	  colorectal	  cancer	  are:	  

	  ·5-‐Fluorouracil	   (5-‐FU):	   an	   antimetabolite,	   it	   is	   the	   mainstay	   of	   all	   current	  

standard	   colorectal	   cancer	   chemotherapy	   therapies.	   It	   is	   known	   to	   cause	   side	  

effects	  such	  as	  myelosuppression,	  mucositis,	  diarrhea,	  hand	  and	   foot	  syndrome	  

and	  cardiac	   toxicity.	  Up	   to	  30%	  of	  patients	  will	  experience	  serious	  side	  effects,	  

with	   0.5%	   of	   these	   being	   fatal.	   Some	   deaths	   by	   toxicity	   could	   be	   avoided	   by	  

checking	  DDP	   (Dihydropyrimidine	   dehydrogenase)	   gene	  mutations.	  DDP	   is	   the	  

enzyme	  responsible	  for	  metabolizing	  the	  5-‐FU	  in	  the	  liver	  (Meinsma	  et	  al.,	  1995),	  

at	  least	  17	  known	  germ	  line	  mutations	  could	  affect	  the	  efficiency	  of	  the	  enzyme	  

and	  produce	  the	  accumulation	  of	  the	  agent	  until	  systemic	  fail.	  

·Irinotecan	   is	   a	   topoisomerase	   inhibitor.	   It	   is	   known	   to	   be	   efficacious	   in	   the	  

treatment	  of	  metastatic	  CRC	  when	  used	  in	  combination	  with	  5-‐FU.	  Side	  effects	  of	  

Irinotecan	   are	   diarrhea	   and	   myelosuppression.	   Irinotecan	   is	   inactivated	   by	  

UGTA1	  enzyme,	  for	  which	  more	  than	  50	  less	  active	  variants	  or	  inactive	  ones	  have	  

been	  described,	   the	  most	   studied	   is	  UGTA1*28	   that	   has	   been	   investigated	   as	   a	  

cause	  for	  increased	  irinotecan	  toxicity.	  Taking	  into	  account	  pharmacogenic	  trials	  

(Ando	   et	   al.,	   2000;	   Innocenti	   et	   al.,	   2004;	  Marcuello	   et	   al.,	   2004;	   Rouits	   et	   al.,	  

2004),	   the	   US	   Food	   and	   Drug	   Administration	   (FDA)	   has	   advised	   that	   patients	  

homozygous	   for	   the	   UGTA1*28	   allele	   should	   receive	   a	   lower	   starting	   dose	   of	  

irinotecan.	  

·Oxaliplatin	   inhibits	   DNA	   synthesis	   by	   forming	   both	   inter-‐	   and	   intra-‐	   strand	  

cross-‐links	   in	   DNA.	   The	   main	   side	   effects	   are	   diarrhea,	   myelosuppression,	  

hypokalemia,	  fatigue	  and	  neurotoxicity.	  

Normally	   these	   drugs	   are	   combinated	   for	   the	   treatment	   of	   stage	   III	   and	   IV	  

colorectal	   cancer.	   These	   combinations	   are	   5-‐fluorouracil,	   leucovorin	   and	  
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oxaliplatin	   (FOLFOX);	   5-‐fluorouracil,	   leucovorin	   and	   irinotecan	   (FOLFIRI);	   and	  

capecitabine	  (the	  oral	  form	  of	  5-‐fluorouracil)	  plus	  oxaliplatin	  (XELOX).	  	  

Radiation	   in	   combination	   with	   chemotherapy	   is	   used	   in	   rectal	   cancer	  

(Cunningham	  et	  al.,	  2010)	  and	  not	  routinely	  in	  colon	  cancer	  due	  to	  the	  sensitivity	  

of	  the	  bowels	  to	  radiation	  (Shaib	  et	  al.,	  2013).	  

Three	   targeted	   monoclonal	   antibody	   therapies	   approved	   by	   the	   FDA	   to	   treat	  

patients	   with	   metastatic	   colorectal	   cancer	   are	   bevacizumab	   (inhibiting	  

angiogenesis	   by	   inhibiting	   vascular	   endothelial	   growth	   factor	   A),	   cetuximab	  

(epidermal	   growth	   factor	   receptor	   (EGFR)	   inhibitor)	  which	   is	   ineffective	  when	  

KRAS	   is	   mutated,	   and	   panitumumab	   (EGFR	   inhibitor)	   (Newton	   et	   al.,	   2012).	  

Besides,	  many	  others	  are	  in	  clinical	  trials	  or	  applied	  to	  other	  cancers	  (Scott	  et	  al.,	  

2012;	  Vanneman	  &	  Dranoff,	  2012).	  It	  is	  worth	  to	  note	  that	  aspirin	  treatment	  has	  

multiple	  advantages	  and	  it	  has	  been	  demonstrated	  it	  antitumoral	  role	  in	  almost	  

all	  stages	  of	  the	  cancer.	  In	  polyps,	  aspirin	  inhibits	  WNT	  signaling	  and	  reduces	  the	  

size	  and	  frequency	  of	  sporadic	  colonic	  polyps	  and	  polyps	  in	  patients	  with	  familial	  

adenomatous	   polyposis.	  Moreover,	   aspirin	   hampers	   epithelial	   to	  mesenchymal	  

transition	   (EMT)	   in	   cancer	   by	   inhibiting	   COX-‐2	   cyclooxygenase	   (Oshima	   et	   al.,	  

1996).	   In	  EMT	  and	   in	  metastasis,	  aspirin	  reduces	   lymphatic	  dilation	  and	   lymph	  

node	   metastases	   in	   mouse	   models	   of	   tumor	   lymphatic	   metastases.	   10%	  

reduction	  in	  overall	  cancer	  incidence	  could	  substantially	  broaden	  the	  indications	  

for	  prophylactic	  daily	  treatment	  with	  low-‐dose	  aspirin	  (80mg)	  (Chia	  et	  al.,	  2012;	  

Thun	  et	  al.,	  2012).	  	  

Not	  only	  drug	  treatment	  is	  important;	  recent	  papers	  highlight	  the	  importance	  of	  

gut	   microbiota	   as	   enhancer	   of	   the	   immune	   anticancer	   response,	   these	   papers	  

demonstrate	   the	   importance	   of	   the	   bacterial	   environment	   in	   colorectal	   cancer	  

(Iida	  et	  al.,	  2013;	  Viaud	  et	  al.,	  2013).	  
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Trojer and his colleagues use a number of epi-
genetic techniques. ChIP-seq is a lab standard 
in which antibodies are “the key” to the tech-
nique, he says. But the company has also made 
histone mass spectrometry a priority, because 
it allows the scientists to query the chromatin 
changes without using antibodies and to query 
a number of modifications at once. The com-
pany set up an in-house high-throughput facil-
ity to screen for potential compounds. 

Although other companies tend to out-
source these tasks, the company wants to inte-
grate findings about chromatin biology into 
drug discovery with an in-house suite of tools 
that includes mass spectrometry and biophys-
ics analyses, Dionne explains.

Another Cambridge-based epigenetics com-
pany, Epizyme, focuses on a family of proteins 
called histone methyltransferases. These epige-
netic modifiers act on histones, by catalysing the 
transfer of methyl groups onto specific positions 
in the protein. The company has partnerships 
with the pharmaceutical companies Glaxo-
SmithKline; Celgene Corporation in Summit, 
New Jersey; and Eisai in Woodcliff Lake, New 
Jersey, as well as the Leukemia and Lymphoma 
Society in White Plains, New York, and the 
Multiple Myeloma Research Foundation in 
Norwalk, Connecticut. So far, 96 histone meth-
yltransferases have been identified in humans, 
says Robert Copeland, Epizyme’s chief scientific 
officer. “We believe there are at least 20 of those 
enzymes that are high-value targets for human 
cancers.” 

The company’s goal is to find a molecule that 

blocks an enzyme active in an epigenetic path-
way but not its nearest neighbours, he says. It is 
a selectivity that has been difficult to come by in 
the development of biotherapeutic drugs. 

Copeland believes that epigenetics drugs 
fit into a trend of defining a cancer not by its 
anatomical location but by its molecular pro-
file, which includes epigenetic signatures. Like 
many companies in this field, he and his col-
leagues mine the publicly available databases, 
noting that many genetic alterations in epige-
netic pathways are found in human cancers. 

Kouzarides believes that many cancer cells 
will be very vulnerable to epigenetic drugs 
because they rely on only one or two epigenetic 
pathways, whereas normal cells draw on sev-
eral pathways for their functions. At the same 
time, he believes that epigenetics researchers 
and technology developers will still want to 
develop and refine experimental methods, for 
example to explore the three-dimensional struc-
ture of epigenomic events, to see how chromatin 
is changing throughout the genome. “It’s very 
difficult to look at chromatin itself,” he says. 
“Technology still has to evolve to look at in vivo 
chromatin effects.” The available epigenetic data 
are “extensive, but still a very small snapshot” 
of epigenetic changes, he says. They represent 
a situation at a specific time in a specific cell. 

Epigenetics might find its way into preventive 
medicine, too. Scanning the epigenome could 
be a way to detect disease well before symp-
toms arise. The blood pricked from the heels 
of newborn babies is one way to begin. In many 
countries, the blood spots are placed on Guthrie 

cards and stored indefinitely by hospitals and 
health-care systems. Scientists at Queen Mary, 
University of London are exploring how DNA 
methylation patterns change between newborns 
and in cells from the same children when they 
are three years old. Differences in epigenetic 
marks could be clues to health. 

If the sequencing companies are betting 
right, then genome sequencing could become 
commonplace for many patients, perhaps even 
part of an annual physical examination. An 
epigenetic read-out, updated at regular inter-
vals, might be an important companion file to 
that genome sequence. 

But this type of progress depends on deeper 
understanding of epigenetic mechanisms and 
technology that has yet to evolve, Kouzarides 
says. Because epigenetic events change con-
stantly in the cell, “whatever you see in one 
moment will change in the next”, he says. ■

Vivien Marx is technology editor at Nature and 
Nature Methods.
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Digynic triploid
An embryo that contains two 
maternal genomes and one 
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Bisulphite sequencing
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U but does not modify meC,  
is used to determine the DNA 
methylation pattern.

Blastocyst
An embryonic stage that is 
characterized by the formation 
of the first definitive lineages.

regions are resistant to this wave of DNA demethylation, 
but one possibility is that methylation of these regions 
may be required to ensure transcriptional repression 
and chromosomal stability. Additionally, the maternal 
genome remains methylated during this time even though 
it is exposed to the same cytoplasmic factors. Insight into 
how some regions in the paternal genome are targeted for 
DNA demethylation whereas other regions are resistant 
may also provide clues as to how the maternal genome is 
protected from active demethylation (BOX 1).

The significance of zygotic paternal genome DNA 
demethylation is unclear at present. Genome-wide 
demethylation may facilitate transcriptional activation of 
the paternal genome36, which has been reported to occur 
before transcriptional activation of the maternal genome 
in some species37. Although some transposable elements 
and repeat sequences have been identified to be resistant to 
DNA demethylation, it is likely that others are still targets 
of DNA demethylation, given that these types of sequences 
account for half of the genome. Whether demethylation 

of transposable elements and repeat sequences results in 
their reactivation and, if so, what the significance of their 
reactivation is remains to be determined.

Genome-wide DNA demethylation of primordial germ 
cells. After fertilization, the one-cell zygote undergoes 
several cell divisions that ultimately lead to formation 
of the blastocyst. During this developmental period, the 
maternal genome undergoes passive DNA demethyla-
tion (FIG. 2a) — a gradual loss of DNA methylation occurs 
with each cell division38 in a replication-dependent 
manner39. Consistent with this, maternally contributed 
DNMT1 (also known as DNMT1O) is excluded from the 
nucleus40. Although passive DNA demethylation seems 
to affect a large part of the genome, imprinted genes still 
retain their methylation marks. Recent genetic studies 
indicate that maternal and zygotic DNMT1 (REF. 41) 
and the zinc finger protein ZFP57 (REF. 42) are required 
to maintain the DNA methylation imprints during  
pre-implantation development.

Figure 2 | Dynamics of DNA methylation during development. a | Active demethylation in the zygotic paternal genome. 
Shortly after a sperm fertilizes an egg, the paternal genome rapidly undergoes genome-wide active DNA demethylation 
and remains demethylated following multiple rounds of cell division. During this time, the maternal genome experiences 
gradual, passive demethylation. De novo methylation patterns are established by the DNA methyltransferases DNMT3A  
and DNMT3B during the development of the blastocyst. b | Active demethylation in primordial germ cells (PGCs). After 
implantation of the blastocyst at embryonic day 7.5 (E7.5), the extraembryonic ectoderm (ExE) and visceral endoderm (VE) 
produce signals that specify a subset of epiblast cells (Epi) to become PGCs. This process requires two key transcription 
factors, BLIMP1 (also known as PR domain zinc finger protein 1 (PRDM1)) and PDRM14, which are expressed during this 
stage of development. Following specification, PGC founder cells divide in the presence of the DNA methyltransferase 
DNMT1 and migrate towards the genital ridge. During this migration and on arrival at the genital ridge, 5-methylcytosine 
(5meC) is erased through an active mechanism. ICM, inner cell mass; TE, trophectoderm.
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Two	   key	   papers	   in	   the	   1970s	   proposed	   DNA	   methylation	   as	   a	   silencing	  

epigenetic	  mark	   (Holliday	  &	  Pugh,	   1975;	  Riggs,	   1975).	  Nowadays	   this	   function	  

has	   been	   confirmed	   in	   several	   papers	   and	   now	   this	   mechanism	   is	   widely	  

accepted	  (Garinis	  et	  al.,	  2002).	  Today,	  thanks	  to	  the	  possibility	  of	  genome-‐scale	  

mapping	  of	  methylation,	   it	   is	   feasible	   to	   evaluate	  DNA	  methylation	   in	  different	  

genomic	   compartments,	   such	   as	   gene	   promoters	   with	   or	   without	   CpG	   islands,	  

gene	  bodies,	  regulatory	  elements	  and	  repetitive	  sequences.	  

The	  silencing	  effect	  of	  DNA	  methylation	   into	  gene	  promoters	  with	  a	  CpG	  island	  

has	   been	   extensively	   studied	   in	   cancer	   and	   other	   diseases	   and	   it	   is	   widely	  

accepted.	  However,	   the	  scenario	   is	  not	   that	  clear	   in	   the	  genes	   that	  do	  not	  have	  

CpG	   island	   in	   their	   promoters.	   Genomic	   analyses	   have	   identified	   low	   CpG	  

promoters	  that	  are	  both	  transcriptionally	  active	  and	  DNA	  methylated.	  It	  has	  been	  

shown	   that	   the	  CpG	  methylation	   of	   the	  CRE	  motive	   (TGACGTCA)	   enhances	   the	  

DNA	  binding	  of	  the	  C/EBPα	  transcription	  factor,	  a	  critical	  protein	  for	  activation	  

of	  differentiation	  in	  various	  cell	  types	  (Rishi	  et	  al.,	  2010).	  Furthermore,	  C/EBPβ	  

has	   also	   been	   described	   to	   bind	   methylated	   DNA	   (Mann	   et	   al.,	   2013).	   CpG	  

dinucleotides	  density	   in	   the	  promoter	   is	   a	  key	   factor	   to	  understand	   the	   role	  of	  

DNA	  methylation	  in	  regulating	  gene	  expression.	  

In	  this	  field,	  the	  work	  of	  Dr.	  Dirk	  Schübeler	  has	  shed	  some	  light	  on	  how	  some	  CG	  

poor	   regulatory	   regions	   are	   protected	   from	   DNA	  methylation.	   By	   using	  whole	  

genome	  bisulphite	  sequencing	  in	  mESC	  and	  differentiated	  neurons,	  he	  observed	  

that	  low-‐methylated	  regions	  (LMRs)	  are	  occupied	  by	  DNA-‐binding	  factors,	  which	  

attachment	  protect	  DNA	   from	  being	  methylated	   (Schübeler,	  2012).	  He	  has	  also	  

observed	   that	   cell-‐type-‐specific	   LMRs	   are	   occupied	   by	   cell-‐type-‐specific	  

transcription	   factors,	   meaning	   that	   transcription	   factors	   are	   shaping	   the	  

methylome	  (Bell	  et	  al.,	  2011;	  Stadler	  et	  al.,	  2011).	  	  In	  the	  same	  field,	  Dr.	  Daniel	  G.	  

Tenen	   recently	   described	   a	   new	  mechanism	   by	   which	   DNA	   is	   protected	   from	  

DNA	  methylation.	  He	  observed	  a	  new	  non-‐coding	  transcript	  (ncRNA)	  transcribed	  

some	  Kbs	  upstream	  the	  promoter	  of	  CEBPA	  gene	  that	  modulated	  the	  expression	  

of	   a	   gene	  by	   inhibiting	   the	  methylation	   (Figure	  12.A).	   The	   extra-‐coding	  CEBPA	  

ncRNA	   (ecCEBPA)	   binds	   at	   the	   same	   time	   to	   the	   DNA	   sequence	   (by	   sequence	  

homology)	   and	   to	   the	  DNMT1,	  preventing	  by	   this	  way	   the	  DNA	  methylation	  of	  

the	  DNA	  (Figure	  12.B).	  In	  the	  same	  study	  the	  authors	  demonstrate	  that	  DNMT1,	  
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ecCEBPA blocks methylation and maintains CEBPA
mRNA
To examine the functional role of ecCEBPA in the regulation of
CEBPA transcription, we performed both loss- and gain-of-function
experiments. Knockdown of ecCEBPA in a U937 cell line (up to a
fourfold decrease) achieved by short hairpin RNAs (shRNAs) target-
ing ecCEBPA (but not CEBPA mRNA) led to a decrease of CEBPA
mRNA expression of similar magnitude (Fig. 2a, b), suggesting that
ecCEBPA may regulate CEBPA expression. Silencing of the CEBPA
gene can be associatedwithDNAmethylation of the promoter6,7,23. To
examinewhether therewas a connectionbetween ecCEBPA andmethy-
lation of the CEBPA locus, we analysed methylation within the distal
promoter (located at 20.8 to 20.6 kb from the CEBPA TSS; Fig. 2a).
Intriguingly, ecCEBPA knockdown led to a significant increase inDNA
methylation compared to the non-targeting control (Fig. 2c and
Supplementary Fig. 2a).
To investigate whether enforced expression of ecCEBPA was suffi-

cient to inhibit DNAmethylation, the downstream region of ecCEBPA
(R1; Fig. 2a) was overexpressed in K562 cells expressing ecCEBPA
and CEBPA mRNA at low-to-undetectable levels (Fig. 1b, d). Over-
expression of only part of ecCEBPA was dictated by the necessity to
distinguish the methylation pattern of the endogenous CEBPA locus
from that of the ectopically expressed construct.
Ectopic expression of ecCEBPAR1 resulted in greater-than-threefold

increase in mRNA expression (Fig. 2d), whereas overexpression of an
unrelated region (located 45 kb downstream) and regions immediately
outside of the ecCEBPA boundaries did not affect mRNA levels (Sup-
plementary Fig. 2b–d). Moreover, a concomitant decrease of DNA
methylation in three tested regions within the CEBPA gene, distal pro-
moter, coding region and 39 untranslated region accompanied over-
expression of ecCEBPA but not of the unrelated region (Fig. 2e and
Supplementary Fig. 2e, f). Interestingly, comparative analysis of DNA
methylation changes imposed by ecCEBPA overexpression versus the
hypomethylating agent 59-azacytidine (5-aza-CR), togetherwith genome-
scale analysis (reduced representation bisulphite sequencing; RRBS24)

of DNA methylation changes imposed by ecCEBPA versus unrelated
region overexpression, revealed that ecCEBPA-mediated demethyla-
tion was relatively selective to the CEBPA locus (Supplementary Fig.
2g–l). Indeed, increased mRNA expression and changes in methyla-
tion statuswithin the loci of the neighbouringCEBPG anddistantTP73
(on chromosome 1p36) genes were achieved after 5-aza-CR treatment
but not after ecCEBPA overexpression (Supplementary Fig. 2g–k).
Furthermore, RRBS analysis of promoter and first exon regions
revealed that only ,3.3% of the interrogated loci (396 out of 11,844)
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Figure 1 | Characterization of ecCEBPA. a, Diagram of CEBPA transcripts.
CEBPAmRNA (small black double-headed arrow) and ecCEBPA (small white
double-headed arrow) qRT–PCR primer sets are located in the coding region
and after the poly(A) signal, respectively. b, Assessment of transcripts by
northern blot hybridization. c–e, Relative levels of the transcripts in cellular
fractions. In panel d, ecCEBPA levels are shown on different scales. qRT–PCR
bars indicate mean6 s.d. (n5 3).
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Figure 2 | Loss- and gain-of-function studies demonstrate that ecCEBPA
maintains CEBPA expression by regulating methylation of the CEBPA
locus. a, Diagram indicating the position of target sequences for shRNA
constructs (sh1–sh3); the fragment derived from ecCEBPA used for
overexpression (R1); regions analysed for changes in DNAmethylation (distal
promoter; coding sequence (CDS) and 39 untranslated region (UTR)).
Asterisks indicate number of base pairs away from the CEBPA TSS. b, c, The
results of ecCEBPA loss-of-function in CEBPA-expressing U937 cells. Effect of
ecCEBPA-targeting shRNAs onCEBPAmRNA levels (qRT–PCR, bars indicate
mean6 s.d. (b)) and methylation of the CEBPA promoter (c). DNA
methylation changes are shown as the ratios of methylated (M) to
unmethylated (UM) CpGs in all clones analysed per each construct (n5 14).
s.c., scrambled control. d, e, The results of ecCEBPA gain-of-function studies in
K562 cells, in which CEBPA is methylated and silenced. d, Effect of ecCEBPA
upregulation on CEBPA mRNA levels. UR, unrelated region. qRT–PCR, bars
indicatemean6 s.d. (n5 4). e, Effect of ecCEBPA upregulation onmethylation
of the CEBPA locus (DNA methylation changes were assessed as described in
c (n5 14 for distal promoter and n5 6 for CDS and 39UTR)). f, g, The results
of transcription inhibition in U937 cells. f, ecCEBPA expression levels after
treatment with actinomycin D (actD) and ML-60218 in synchronized and
unsynchronized cells. qRT–PCR, bars indicate mean6 s.d. g, DNA
methylation changes after treatment with actinomycin D and ML-60218 in
synchronized (n5 12) and unsynchronized (n5 10) cells (assessed as
described in c). DMSO, dimethylsulphoxide. Drug concentrations:
actinomycin D, 0.8mm;ML-60218, 150mm. Duration of treatment was 7 h. All
bisulphite sequenced clones were analysed by Fisher’s exact test. **P, 0.01;
***P, 0.001.
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association with gene locus methylation status was observed (Sup-
plementary Fig. 5e).
Next, we clustered genes within both groups according to levels of

expression and methylation. We defined genes as ‘expressed’ or ‘low
or not expressed’ if the log2 score was above or below 4, respectively;
and ‘hypomethylated’ or ‘methylated’ if the mean of all CpG scores
was below or above 50%, respectively (Methods). This approach allowed
us to identify four clusters withinDNMT1-unbound, DNMT1-bound,
and all RRBS-covered groups (Fig. 5b).Hypomethylated and expressed
genes appeared to be predominant in theDNMT1-bound group (clus-
ter C), accounting for 56.64%, whereas hypermethylated and low or
unexpressed genes represented the 51.45% in the DNMT1-unbound
group (cluster B). Moreover, the numbers of genes in clusters B (5,646
genes) and C (2,737 genes) were significantly higher than numbers of
genes in clusters A, F, E (2,528, 1653, 1,146) and G, H, D (584, 930,
582), respectively (P, 0.0001). Examples of genes from clusters B and
C are presented in Fig. 5c and Supplementary Fig. 5f–h). Furthermore,
genes from cluster C belonged to a multiplicity of biological processes,
indicating the diversity of DiRs (Supplementary Fig. 6a). Interestingly,
,60% of these Biological Process Gene Ontology (BP-GO) terms
(P# 0.01) were shared with pyknon (non-random pattern of repeated
elements)-related BP-GO37. This overlap is 71-fold higher than expected.
Moreover, among all DNMT1 RIP-seq peaks, 46% carry at least one
pyknon (Supplementary Fig. 6b) suggesting a potential relation between
DiRs and pyknons.

Grouping of genes in clusters A, F, E, G, H and D could result from
technical limitations of RRBS, contingent upon the genomic location
of the restriction sites and the DNA library size selection38, or these
genes may be governed by yet another mechanism of transcriptional
control.
In conclusion, we have generated the first comprehensive map

cross-referencing DiRs to DNA methylation and gene expression.
These data demonstrate that RNA–DNMT1 association is wide-
spread and might modulate genomic DNA methylation (Fig. 5d).

Discussion
This study explores the role of a new class of RNAs:DNMT1-interacting
RNAs. Using the CEBPA gene as a model, we show that mRNA tran-
scription is accompanied by the production of an additional RNA
species, ecCEBPA. In every instance studied, DNA methylation levels
are inversely correlated with ecCEBPA levels, and the extent of DNA
methylation is determined by the absence or presence of ecCEBPA
(Fig. 2).
We demonstrate that ecCEBPA associates with DNMT1 and estab-

lish a functional link between ecCEBPA and CEBPA expression as
through RNA–DNMT1 association.
We show that RNAs capable of adopting stem–loop structures

exhibit the potential to associate with DNMT1, suggesting that the
basis of this preferential interaction is recognition of RNA secondary
structure (Fig. 3).
Importantly, we demonstrate that this type of RNA–DNMT1 asso-

ciation is not restricted to the CEBPA gene locus. We have globally
identified RNA species associated with DNMT1 and their relation-
ship to DNA methylation and gene expression. These alignments
defined a large set of expressed unmethylated genes and a comple-
mentary set of silent methylated genes that could possibly be induced
following expression of the DiR.
Our findings suggest amodel of site-specific DNMT1 sequestration

in which RNAs act as a shield, halting DNMT1 and thus modulating
DNA genomic methylation at their site of transcription (Fig. 5d).
Indeed, the loss ofCEBPA locus methylation following overexpression
of ecCEBPA does not support amodel of trivial titration (‘squelching’39)
of DNMT1 but suggests a cis-regulatory role of the DiR.We propose a
model wherein RNAs contain a locus-selective triplex/quadruplex40-
forming part, the ‘anchor’, mooring the DNMT1–RNAcomplex to the
locus, and a DNMT1-interacting part, the ‘bait’, a stem–loop-like-
forming sequence serving to lure the DNMT1 into association. DNMT1
sequestration by RNA does resemble a competing mechanism des-
cribed for other regulatory RNAs, for example, competing endogenous
RNAs15,16,41. However, unlike competing endogenous RNAs, the
ecCEBPAmodel also introduces the requirements for both functional
and physical co-compartmentalization of the RNA, its parental locus,
and DNMT1. Given the ability of DiRs to bindDNMT1, it is tempting
to suggest that DiRs represent a novel class of RNA regulons42.
Taken together, these data support the hypothesis that RNA parti-

cipates in the establishment of genomicmethylation patterns by inter-
acting with DNMT1 and pave the way for the site-specific adjustments
of aberrant DNA methylation.

METHODS SUMMARY
RIP-seq. Double-stranded cDNA from total RNA immunoprecipitated with
DNMT1 antibody (Abcam) or IgG (Sigma Aldrich) was synthesized using the
Just cDNADouble-Stranded cDNASynthesis Kit (Agilent Technology) according
to the manufacturer’s instructions. cDNA libraries were paired-end sequenced on
an Illumina GA IIx.
MassARRAYandRRBS.MassARRAYandRRBSwereperformedas described43,44.
For RRBS, sequenced reads were mapped to the reference genome hg19 using
RRBSmap45 allowing two mismatches and gene loci were scored by Genome
Bisulfite Sequencing Analyzer (GBSA)46. Differentially methylated domains were
computed using the R/MethylKit package47.
RNA-seq. Total and non-polyadenylated RNA were depleted of ribosomal RNA
with a Ribo-ZeroTM Magnetic Gold Kit. Double-stranded cDNA libraries were
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Figure 5 | Genome-wide alignment of DNMT1-bound and -unbound
transcripts, DNA methylation and gene expression. a, Two-way Venn
diagram showing DNMT1-specific peaks overlapping with transcribed
elements identified in HL-60 total and poly(A)1-depleted RNA-seq libraries.
b, Cloud plots representing genes within DNMT1-unbound, -bound and all
RRBS-covered groups stratified by DNAmethylation and expression levels. All
genes are presented in Supplementary Data 2. c, Examples of genes from the C
(CEBPA) and B (USP29) clusters. Peaks are visualized using the SSIRs (site
identification from short sequence reads)48. d, Model ofDNMT1 sequestration.
Top, DNMT1 can access transcriptionally inactive hemimethylated genomic
regions. Bottom, DNMT1 cannot access transcriptionally active
hemimethylated genomic regions.
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reduced	   activity	   of	   the	   enhancer	   in	   reporter	   assays	   (Schmidl	  et	   al.,	   2009).	   The	  

emerging	   picture	   is	   that	   DNA	   methylation	   has	   different	   functions	   and	   varies	  

depending	  on	  the	  genomic	  context.	  

	  

DNA	  demethylation,	  the	  sixth,	  seventh	  and	  eighth	  bases	  of	  the	  genome	  

In	  the	   last	  decades	  science	  has	  been	  committed	  to	  elucidate	  the	  mechanisms	  of	  

DNA	   demethylation.	   There	   were	   some	   DNA	   demethylases	   proposed	   but	   the	  

results	  obtained	  could	  never	  be	  reproduced	  in	  other	  labs	  (Jin	  et	  al.,	  2008).	  It	  was	  

in	  2009	  when	  the	  enzymatic	  activity	  of	  TET	  proteins	  (Ten-‐eleven	  translocation)	  

was	   described	   (Iyer	   et	   al.,	   2009;	   Tahiliani	   et	   al.,	   2009)	   and	   related	   to	   a	   new	  

mechanism	  of	  demethylation.	  TET	  proteins	   (TET1,	  TET2	  and	  TET3	   in	  humans)	  

are	   Fe2+-‐	   and	   2-‐oxoglutarate-‐dependent	   dioxygenases	   that	   successively	   oxidize	  

5-‐methylcytosine	  (5mC)	  to	  5-‐hydroxymethylcytosine	  (5hmC),	  subsequently	  to	  5-‐

formylcytosine	  (5fC)	  and	  5-‐carboxylcytosine	  (5caC)	  in	  DNA	  (Figure	  13)	  (He	  et	  al.,	  

2011;	   Ito	   et	   al.,	   2011;	   Iyer	   et	   al.,	   2009;	   Tahiliani	   et	   al.,	   2009).	   These	   oxidative	  

reactions	  have	  been	  observed	  to	  be	  modulated	  by	  vitamin	  C	  (Chen	  et	  al.,	  2013).	  

All	   three	   forms	   of	   oxidized	   methylcytosine	   are	   now	   known	   to	   be	   present	   in	  

different	   amounts	   in	   numerous	   mammalian	   tissues	   (Globisch	   et	   al.,	   2010;	  

Kriaucionis	   &	   Heintz,	   2009;	   Szwagierczak	   et	   al.,	   2010).	   For	   example,	   5hmC	   is	  

found	  at	  different	  levels	  in	  mammalian	  cells:	  it	  is	  present	  at	  1%	  of	  the	  total	  level	  

of	  5mC	  in	  bone	  marrow	  populations	  (percentage	  that	  is	  decreased	  in	  some	  types	  

of	  leukemia)	  (Ko	  et	  al.,	  2010),	  	  about	  5	  to	  10%	  of	  the	  level	  of	  5mC	  in	  embryonic	  

stem	   cells	   (Iyer	   et	   al.,	   2009)	   and	   as	   high	   as	   40%	   of	   5mC	   in	   Purkinje	   neurons	  

(Kriaucionis	  &	  Heintz,	   2009).	   Until	   now,	   neurons	   are	   the	   cells	  with	   the	   higher	  

content	  of	  5hmC	  (Lister	  et	  al.,	  2013).	  In	  the	  case	  of	  5fC	  and	  5caC,	  they	  are	  present	  

in	   mammalian	   cells	   at	   much	   lower	   levels	   than	   5hmC	   (0.03%	   and	   0.01%,	  

respectively,	   of	   the	   level	   of	   5mC	   in	  mouse	   ES	   cells)	   (He	   et	   al.,	   2011;	   Ito	   et	   al.,	  

2011).	  

This	   could	   be	   explained	   by	   the	   enzymatic	   mechanisms	   responsible	   for	   their	  

removal.	   There	   are	   two	   different	   mechanisms	   proposed	   to	   remove	   DNA	  

methylation,	  the	  first	  one	  and	  more	  accepted	  is	  thymine	  DNA	  glycosylase	  (TDG)	  

(Figure	  13,	  upper	  part)	  (Pastor	  et	  al.,2013).	  It	  is	  known	  that	  5fC	  and	  5caC	  can	  be	  

excised	   by	   TDG	   and	   their	   replacement	  with	   cytosine	   results	   in	   demethylation.	  
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signaling pathways need to be activated to observe the
modifications. In some cases, the specificity of enzymes
that modify histones can be influenced by other factors:
complexes in which enzymes are found may specify
a preference for nucleosomal verses free histones (Lee
et al., 2005a); proteins that associate with the enzyme
may affect its selection of residue to modify (Metzger
et al., 2005) or the degree of methylation (mono-, di-, or
tri-) at a specific site (Steward et al., 2006).

Mechanisms of Histone Modification Function
There are two characterized mechanisms for the function
of modifications. The first is the disruption of contacts
between nucleosomes in order to ‘‘unravel’’ chromatin
and the second is the recruitment of nonhistone proteins.
The second function is the most characterized to date.
Thus, depending on the composition of modifications
on a given histone, a set of proteins are encouraged to
bind or are occluded from chromatin. These proteins
carry with them enzymatic activities (e.g., remodeling
ATPases) that further modify chromatin. The need to
recruit an ordered series of enzymatic activities comes
from the fact that the processes regulated by modifica-
tions (transcription, replication, repair) have several steps.
Each one of these steps may require a distinct type of
chromatin-remodeling activity and a different set of
modifications to recruit them. Below is a more detailed
description of the different mechanisms by which modifi-
cations work.

Modifications may affect higher-order chromatin struc-
ture by affecting the contact between different histones in
adjacent nucleosomes or the interaction of histones with
DNA. Of all the known modifications, acetylation has the
most potential to unfold chromatin since it neutralizes
the basic charge of the lysine. This function is not easy
to observe in vivo, but biophysical analysis indicates that
intern-nucleosomal contacts are important for stabiliza-
tion of higher-order chromatin structure. Thus, any alter-
ation in histone charge will undoubtedly have structural
consequences for the chromatin architecture. Further-
more, the recent development of strategies to make
recombinant nucleosomes modified at specific sites has
allowed this question to be addressed in vitro. By chemi-
cally ligating modified tail peptides onto recombinant
histone core preparations, it has been possible to show

that acetylation of H4K16 has a negative effect on the
formation of a 30-nanometer fiber and the generation
of higher-order structures (Shogren-Knaak et al., 2006;
also see Minireview by D. Trementhick, page 651 of this
issue). Phosphorylation is another modification that may
well have important consequences for chromatin com-
paction via charge changes. The role of this modification
has not been demonstrated rigorously in vitro but demon-
strations of it’s role in mitosis, apoptosis, and gametogen-
esis are suggestive of such a role (Ahn et al., 2005; Fischle
et al., 2005; Krishnamoorthy et al., 2006).
Proteins are recruited to modifications and bind via

specific domains (Figure 1A). Methylation is recognized
by chromo-like domains of the Royal family (chromo,
tudor, MBT) and nonrelated PHD domains, acetylation is
recognized by bromodomains, and phosphorylation is
recognized by a domain within 14-3-3 proteins.
A number of proteins have been identified that are re-

cruited to specific modifications (Figure 1B). The recent
isolation of several proteins that recognize H3K4me has
highlighted the fact that their purpose is to tether enzy-
matic activities onto chromatin. BPTF, a component of
the NURF chromatin-remodeling complex, recognizes
H3K4me3 via a PHD domain. This recruitment tethers
the SNF2L ATPase to activate H0XC8 gene expression
(Wysocka et al., 2006; Figure 3A). The PHD-finger protein
ING2 tethers the repressive mSin3a-HDAC1 histone de-
acetylases complex to highly active, proliferation-specific
genes after the exposure of cells to DNA-damaging
agents (Pena et al., 2006; Shi et al., 2006). This finding rep-
resents a newmechanism of active shut-off of highly tran-
scribed, H3K4-methylated genes. Two other H3K4me-
binding proteins JMJD2A andCHD1 also tether enzymatic
activities to chromatin, but in these instances the enzy-
matic activity resides within the methyl-binding protein:
JMJD2A is a histone lysine demethylase that binds via
a tudor domain and CHD1 is an ATPase that binds via
a chromodomain (Huang et al., 2006; Pray-Grant et al.,
2005; Sims et al., 2005). One other protein, WDR5, has
been demonstrated to bind H3K4me1 and H3K4me2 (Wy-
socka et al., 2005). However, structural analysis of this in-
teraction does not support a purely methyl-recognition-
based interaction but suggests that this protein binds
most avidly to the residues preceding H3K4 and in partic-
ular to H3R2 (Couture et al., 2006). Perhaps this protein

Figure 1. Recruitment of Proteins to Histones
(A) Domains used for the recognition of methylated lysines, acetylated lysines, or phosphorylated serines. (B) Proteins found that associate prefer-

entially with modified versions of histone H3 and histone H4.
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interaction is stronger when H3K9 and H3K14 are also 
acetylated on the same tail of H3 [60]. However, this sta-
bilization of binding may be due to additional factors in 

itself.
There may also be cooperation between histone modi-

protein binds to nucleosomes bearing H3K9me3, but this 

DNA is CpG methylated [61]. Conversely, DNA methy-
lation can inhibit protein binding to specific histone 

only binds to nucleosomes bearing H3K9me3 when the 
DNA is not methylated [61].

From a chromatin point of view, eukaryotic genomes 
can generally be divided into two geographically dis-
tinct environments [3]. The first is a relatively relaxed 
environment, containing most of the active genes and 
undergoing cyclical changes during the cell cycle. These 
‘open’ regions are referred to as euchromatin. In contrast, 
other genomic regions, such as centromeres and telom-
eres, are relatively compact structures containing mostly 
inactive genes and are refractive to cell-cycle cyclical 
changes. These more ‘compact’ regions are referred to 
as heterochromatin. This is clearly a simplistic view, as 
recent work in D. melanogaster has shown that there are 
five genomic domains of chromatin structure based on 

analysing the pattern of binding of many chromatin pro-
teins [84]. However, given that most is known about the 
two simple domains described above, references below 

Both heterochromatin and euchromatin are enriched, 
and indeed also depleted, of certain characteristic histone 
modifications. However, there appears to be no simple 
rules governing the localization of such modifications, 
and there is a high degree of overlap between different 
chromatin regions. Nevertheless, there are regions of 
demarcation between heterochromatin and euchromatin. 

such as CTCF that play a role in maintaining the bound-
ary between distinct chromatin ‘types’ [85]. Without 
such factors, heterochromatin would encroach into and 
silence the euchromatic regions of the genome. Bound-

as H3K9me1 and are devoid of others such as histone 
acetylation [86]
H2A.Z, is highly enriched at these sites [86]. How all 
of these factors work together in order to maintain these 
boundaries is far from clear, but their importance is un-
deniable.

Heterochromatin
Although generally repressive and devoid of histone 

acetylations, over the last few years it has become evi-
dent that not all heterochromatin is the same. Indeed, in 
multicellular organisms, two distinct heterochromatic 

Figure 2
[53]
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a protein has to be digested before such analysis can take
place limits its potential. New methodology that uses
a top-down proteomics approach (identify protein first
and digest subsequently) gives promise that we may, in
the future, look at the intact modification pattern of differ-
ent histones in a given nucleosome (Macek et al., 2006).

Once global analysis of all histone modifications is
done, a prediction would be that every single nucleosome
would be found to bemodified in someway. This picture is
of course very static. The truth is that modifications on his-
tones are dynamic and rapidly changing. Acetylation,
methylation, phosphorylation, and deimination can
appear and disappear on chromatin within minutes of
stimulus arriving at the cell surface. Thus examining bulk
histones under one specific set of conditions (with either
antibodies or mass spectrometry) will identify only a
proportion of the possible modifications.

There are also problems of detection that are specific
for antibodies. Firstly, there are the obvious issues of
specificity. These are difficult to avoid as there are no
true controls for modifications in mammalian cells (unlike
yeast) where it is impossible to mutate the residue to
make sure reactivity is lost. In addition, an adjacent
modification may disrupt the binding of the antibody or
a protein may occlude its recognition, both of which may
give a false reading. Similarly, there are problems of
detection that are specific to mass spectrometry. Peptide
coverage is not equivalent for all parts of the histone and
this reduces the sensitivity of detection in these regions.
These facts undoubtedly contribute to our underestima-
tion of the extent of modifications present on histones.

We assume that each individual modification on his-
tones leads to a biological consequence. However proof
of a consequence is not always easy to provide and is
often based on a correlation: a modification appears on
a gene under certain conditions (e.g., when it is tran-
scribed) and disappears when that state is reversed
(e.g., when the gene is silent). Proving causality for a
modification involves showing that the catalytic activity
of the enzyme that mediates the modification is necessary

for the biological response. However we know that many
of the histone-modifying enzymes have other nonhistone
substrates. So the response may be going through
another unidentified protein substrate. Furthermore, there
may be signaling redundancy such that more than one
enzyme may be capable of modifying a specific site. In
this case, the effects of inactivating one enzyme may be
masked by an upregulation in the activity of a second
distinct but related enzyme. Showing that mutation of
the modified residue gives the same output as mutating
the enzyme is a second stringent test. However, this is
not possible in humans due to many histone genes
present in the genome, but it is possible in yeast.
So the truth is that we have ‘‘levels of confidence’’

regarding the causative nature of different modifications
depending on how far the analysis has gone to prove the
issue. We also have to be realistic and accept that, how-
ever far we go in proving that a histone modification is
causative, we can never exclude the possibility that
modification of other substrates by the same enzyme
will play a parallel role in the biological response being
monitored. The many other nonhistone substrates of
chromatin-modifying enzymes are not covered in this
Review.

Histone-Modifying Enzymes
The identification of the enzymes that direct modification
has been the focus of intense activity over the last 10 years
(Table 2). Enzymes have been identified for acetylation
(Sterner and Berger, 2000), methylation (Zhang and Rein-
berg, 2006), phosphorylation (Nowak and Corces, 2004),
ubiquitination (Shilatifard, 2006), sumoylation (Nathan
et al., 2006), ADP-ribosylation (Hassa et al., 2006), deimi-
nation (Cuthbert et al., 2004; Wang et al., 2004b), and pro-
line isomerization (Nelson et al., 2006).
Most modifications have been found to be dynamic,

and enzymes that remove the modification have been
identified. One major exception is methylation of
arginines: although they are thought to be dynamic, a
demethylating activity has not yet been found. Instead

Table 1. Different Classes of Modifications Identified on Histones

Chromatin Modifications Residues Modified Functions Regulated

Acetylation K-ac Transcription, Repair, Replication, Condensation

Methylation (lysines) K-me1 K-me2 K-me3 Transcription, Repair

Methylation (arginines) R-me1 R-me2a R-me2s Transcription

Phosphorylation S-ph T-ph Transcription, Repair, Condensation

Ubiquitylation K-ub Transcription, Repair

Sumoylation K-su Transcription

ADP ribosylation E-ar Transcription

Deimination R > Cit Transcription

Proline Isomerization P-cis > P-trans Transcription

Overview of different classes of modification identified on histones. The functions that have been associatedwith eachmodification
are shown. Each modification is discussed in detail in the text under the heading of the function it regulates.
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Canonical histones
Archetypical histones of a 
given family to which all other 
histone proteins of that same 
family are compared.

Therefore, enhanced dynamicity of nucleosomes that 
contain testis-specific histone variants may be required 
for appropriate chromatin reorganization during sper-
matogenesis. With the exception of recent evidence21 
that shows a specific role for the H2B variant TSH2B in 
chromatin-to-nucleoprotamine transitions, functional 
roles for most variants during mammalian spermato-
genesis beyond those of their biophysical properties 
remain unknown. However, an increasing amount 
of evidence indicates that active incorporation of 
these variants might directly affect transcription. For 
example, depletion of H2A.Bbd results in widespread 
reduction in basal gene expression and disruptions 
to alternative splicing22. Furthermore, human cells in 
which H2A.Bbd has been ectopically expressed show an 
enrichment for this variant throughout active regions of 
the genome22,23, which collectively indicates a putative 
role for this testis-specific variant in the regulation of 
gene expression.

In addition to testis-specific variants, somatic his-
tone variants have been shown to be involved in meiosis 
when the X and Y chromosomes condense together to 
form XY bodies. These XY bodies are transcription-
ally silenced through a process known as meiotic sex 
chromosome inactivation (MSCI) and are considered 
to be recombinantly inactive, thus protecting sex chro-
mosomes from illicit recombination events, which are 
hallmarks of active meiosis. The XY body is enriched in 
specific H2A variants (including macroH2A (mH2A)24 
and H2A.X25) and H3.3 (REF. 26). The phosphorylated 
form of H2A.X (γH2A.X) also has a crucial role in male 
germ cells, as H2A.X-null and transgenic mice fail to 
properly form XY bodies and undergo MSCI, which 
results in male sterility27. Another variant, H2A.Z, is also 
enriched at heterochromatin domains of postmeiotic 
haploid spermatids, including at the sex chromosomes28, 
although its functional role during spermatogenesis 
remains unknown.
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RNA	  epigenetics,	  brave	  new	  world	  

Protein-‐coding	  genes	  represent	  about	  1%	  of	  the	  mammalian	  genome	  (Harrow	  et	  

al.,	  2009),	  although	  up	  to	  70	  to	  80%	  of	  the	  human	  genome	  may	  be	  transcribed	  at	  

some	  point	  (Djebali	  et	  al.,	  2012).	  Those	  transcripts	  that	  do	  not	  codify	  for	  proteins	  

are	   known	   as	   non-‐coding	   RNAs	   (ncRNAs)	   and	   have	   been	   demonstrated	   to	   be	  

extremely	   relevant	   in	   epigenetic	   regulation	   in	   a	   myriad	   of	   physiological	   and	  

disease	  circumstances	  (Esteller,	  2011).	  Within	  ncRNA	  family	  there	  is	  a	  number	  of	  

different	  subfamilies	  such	  as	  transfer	  RNA	  (tRNA),	  ribosomal	  RNA	  (rRNA),	  small	  

nucleolar	   RNA	   (snoRNA),	   micro	   RNA	   (miRNA),	   small	   nuclear	   RNA	   (snRNA),	  

extracellular	   RNA	   (exRNA),	   piwi-‐interacting	   RNA	   (piRNA)	   and	   long	   ncRNA	  

(lncRNA).	  

In	  the	  last	  decade,	  micro	  RNAs	  and	  long	  non-‐coding	  RNAs	  have	  gained	  relevance	  

as	  major	  epigenetic	  regulators.	  miRNAs	  are	  a	  large	  family	  of	  post-‐transcriptional	  

regulators	   of	   gene	   expression	   that	   are	   ~21	   nucleotides	   in	   length	   and	   control	  

many	  developmental	  and	  cellular	  processes	  in	  eukaryotic	  organisms.	  Drosha	  and	  

Dicer	   complexes	   process	   pre-‐miRNA	   to	   miRNA,	   which	   are	   exported	   to	   the	  

cytoplasm,	   and	   form	   a	   protein-‐miRNA	   complex	   called	  miRISC.	   The	   complex	   is	  

guided	   to	   the	   target	   mRNA	   by	   miRNA	   sequence	   homology	   and	   induces	   its	  

translational	   repression	   by	   deadenylation	   and	   degradation	   of	   the	   mRNA.	   In	  

mammals,	  miRNAs	  are	  predicted	  to	  control	   the	  activity	  of	  ~50%	  of	  all	  protein-‐

coding	  genes	  (Krol	  et	  al.,	  2010).	  

Long	   non-‐coding	   RNAs	  must	   have	   at	   least	   100	   nucleotides	   in	   length.	   The	   first	  

lncRNA	   discovered	   in	   mammals	   was	   the	   X-‐inactive-‐specific	   transcript	   (XIST)	  

(Brown	   et	   al.,	   1992).	   The	   Xist	   gene	   is	   expressed	   in	   the	   female	   X	   inactive	  

chromosome	   (Xi),	   and	   produces	   a	   17	   to	   20	   kbs	   RNA	   that	   coats	   the	   Xi	   and	   in	  

cooperation	  with	   the	  Polycomb	  Repressive	  Complex	  2	  (PRC2)	  complex	   triggers	  

chromosome	  silencing	  (Lee,	  2012;	  Wutz,	  2011).	  Another	  well-‐studied	  lncRNA	  is	  

HOTAIR	  (HOX	  antisense	  intergenic	  RNA),	  localized	  in	  chromosome	  12	  within	  the	  

homeobox	  C	   (HOXC)	  gene	   cluster.	  HOTAIR	   transcript	   is	   about	  2.2	  Kbs,	   it	   is	   co-‐

expressed	  with	  HOXC	   genes	   and	   participates	   in	   the	   downregulation	   of	   various	  

genes	   all	   along	   the	   genome,	   such	   as	   the	   HOXD	   gene	   cluster	   present	   in	  

chromosome	   2	   (Tsai	   et	   al.,	   2010).	   In	   vitro	   studies	   demonstrated	   that	   HOTAIR	  
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interacts	  with	  various	  chromatin-‐modifying	  enzymes,	   like	  PRC2	  (Greer	  and	  Shi,	  

2012;	  Tsai	  et	  al.,	  2010).	  These	  are	   just	   two	  examples	  of	   lncRNA	  regulation,	  but	  

there	  are	  some	  other	  examples	  and	  presumably	  many	  more	  to	  be	  discovered.	  In	  

fact,	   the	   ENCODE	   project	   revealed	   that	   in	   average	   there	   are	   approximately	   10	  

transcripts	  overlapping	  any	  previously	  annotated	  gene	  (Djebali	  et	  al.,	  2012).	  

	  

Chromatin	  conformation,	  entering	  in	  the	  third-dimension	  

The	  spatial	  organization	  of	  the	  genome	  is	  closely	  linked	  to	  its	  biological	  function,	  

yet	   the	   understanding	   of	   higher	   order	   genomic	   structure	   is	   still	   poorly	  

understood.	  In	  the	  nucleus	  of	  eukaryotic	  cells,	   interphase	  chromosomes	  occupy	  

distinct	   chromosome	   territories	   (Cremer	   &	   Cremer,	   2010;	   Pennisi,	   2011).	  

Nowadays	   it	   is	   known	   that	   the	   location	   of	   these	   territories	   has	   functional	  

implications.	  For	  example,	  it	  is	  known	  that	  the	  DNA	  bound	  to	  the	  nuclear	  lamina	  

is	   completely	   silenced	   and	   this	   type	   of	   chromatin	   has	   been	   called	   “black	  

chromatin”	   in	   D.melanogaster	   (Steensel,	   2011).	   It	   is	   also	   described	   that	   these	  

domains	  are	  highly	  dynamic	  during	  mammals	  cell	  differentiation	  (Peric-‐Hupkes	  

et	  al.,	  2010).	  In	  the	  last	  decade	  the	  field	  has	  gained	  important	  insights	  thanks	  to	  

the	   development	   of	   chromosome	   conformation	   capture	   (3C)	   and	   derivate	  

techniques	   (see	   materials	   and	   methods)	   to	   identify	   chromatin	   interactions.	  

These	   techniques	   allowed	   the	   development	   of	   three-‐dimensional	   (3D)	  

chromosome	   structure	   models	   (Dekker	   et	   al.,	   2013;	   Dekker,	   2006).	   This	   new	  

technology	   confirmed	   what	   was	   previously	   observed	   using	   less	   resolutive	  

techniques;	   that	   chromatin	  was	   organized	   into	   nuclear	   domains,	   perhaps	  with	  

different	   functions	   and	   regulation	   events	   taking	   place	   on	   them.	  A	   recent	   study	  

indicates	   that	   only	   a	   small	   fraction	   of	   the	   boundaries	   show	   clear	   differences	  

between	  two	  cell	   types,	  suggesting	   that	  most	  structural	  domains	  are	  preserved	  

among	   different	   cell	   types	   (Dixon	   et	   al.,	   2012).	   	   Noteworthy,	   most	   of	   the	  

boundaries	  appear	   to	  be	   shared	  across	  evolution	   (53.8%	  of	  human	  boundaries	  

are	   conserved	   in	   mouse	   and	   75.9%	   of	   mouse	   boundaries	   are	   conserved	   in	  

humans).	  

CTCF	   creates	   boundaries	   between	   topologically	   associating	   domains	   in	  

chromosomes	   and	   facilitates	   interactions	   between	   transcription	   regulatory	  

sequences	  and	  promoters.	  Thus,	  CTCF	  links	  the	  architecture	  of	  the	  genome	  to	  its	  
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function	  (Ong	  &	  Corces,	  2014).	  Most	  of	  the	  topological	  boundaries	  are	  enriched	  

for	  CTCF	  binding,	  whereas	  boundaries	  constitute	  just	  the	  15%	  of	  the	  whole	  CTCF	  

binding,	  which	  indicates	  that	  something	  else	  is	  needed	  to	  form	  a	  boundary.	  It	  has	  

been	  shown	  that	  boundaries	  are	  enriched	  near	  house	  keeping	  genes	  and	  also	  in	  

some	  repetitive	  sequences	  such	  as	  Alus	  (Dekker	  et	  al.,	  2013;	  Dixon	  et	  al.,	  2012).	  

Single	   cell	   Hi-‐C	   (whole	   genome	   based	   3C	   technique)	   shows	   that	   individual	  

chromosomes	   maintain	   domain	   organization	   at	   the	   megabase	   scale,	   but	   show	  

variable	   cell-‐to-‐cell	   chromosome	   structures	   at	   larger	   scales.	   Despite	   this	  

structural	   stochasticity,	   localization	   of	   active	   gene	   domains	   to	   boundaries	   of	  

chromosome	  territories	  is	  a	  hallmark	  of	  chromosomal	  conformation	  (Nagano	  et	  

al.,	  2013).	  

There	  are	  many	  long	  range	  interactions	  within	  chromosomal	  territories	  and	  also	  

between	  them.	  One	  of	  the	  most	  studied	  types	  of	  interaction	  are	  those	  associated	  

with	  elements	  that	  modulate	  gene	  expression	  from	  a	  relative	  far	  away	  distance	  

(in	   a	   DNA	   linear	  manner),	   known	   as	   enhancers	   (Pennacchio	   et	   al.,	   2013).	   The	  

ENCODE	  project	  revealed	  more	  than	  1,000	  long-‐range	  interactions	  between	  gene	  

promoters	  and	  distal	  sites	  (Sanyal	  et	  al.,	  2012).	  In	  the	  same	  work	  they	  found	  that	  

looping	   interactions	   and	   long-‐range	   interactions	   were	   enriched	   for	   CTCF	   and	  

also	   for	  histone	  modifications	  such	  as	  H3K4me1,	  H3K4me2,	  H3K4me3,	  H3K9ac	  

and	   H3K27ac	   (typically	   in	   active	   enhancers),	   but	   were	   not	   enriched	   or	  

significantly	  depleted	  for	  H3K27me3,	  a	  mark	  typically	  found	  at	  inactive	  or	  closed	  

chromatin	   (Sanyal	   et	   al.,	   2012).	   Nowadays	   we	   know	   that	   there	   are	   different	  

combinations	  of	  histone	  PTMs	  that	  define	  an	  active	  enhancer	  (Ernst	  et	  al.,	  2011),	  

although	   the	   classical	   features	   are	   presence	   of	   H3K27ac	   and	   H3K4me1.	  

Furthermore,	   active	   enhancers	   can	   express	   bidirectional	   transcripts	   known	   as	  

enhancer	  RNAs	  (eRNAs)	  (Kim	  et	  al.,	  2010),	  nevertheless	   the	  biological	   function	  

of	  eRNAs	  remains	  unclear	  and	  there	  is	  no	  consensus	  about	  whether	  they	  mediate	  

specific	  biochemical	  functions	  (Shlyueva	  et	  al.,	  2014).	  
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between aberrant epigenomics and cancer. In the field of
genomics, many laboratories around the world are working
together as part of the International Cancer Genome Con-
sortium, or collaborating in the Cancer Genome Project and
the Cancer Genome Atlas research program.

The combination and integration of epigenomics, geno-
mics and all the other ‘omics’, including transcriptomic,
proteomic, and metabolomic aspects, will be essential to
maintain the increasingly rapid progress towards a full
understanding of the underlying molecular mechanisms
that govern the initiation and development of cancer
processes. Furthermore, these cancer signatures will help
us identify new potential prognostic and detection tools
and, eventually, to develop effective clinical therapies.
However, although the large-scale studies are invaluable,
there are challenges to be overcome. The greatest of these
is to manage the large amount of data produced and to
integrate all the ‘omic’ approaches. Accurate methods of
computational analysis will have to be developed in the

near future to analyze the vast amount of information
generated by powerful epigenomic platforms such as the
450 K DNA methylation microarray [65].
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Global depiction of epigenomic alterations during oncogenesis. In conjunction with accumulation of genetic lesions, there is an aberrant pattern for the
different epigenetic effectors: DNA methylation, histone modifications, and miRNAs. In normal cells, the interplay between the epigenetic factors and
the chromatin structure leads to a tuned gene regulation. However, in cancer cells tumor suppressor genes promoters become hypermethylated and
with an altered global pattern of histone modifications resulting in aberrant gene silencing. Moreover, global hypomethylation leads to chromosome
instability and fragility. Epigenetic changes, including DNA methylation and histone modifications are responsible for abnormal mRNA and miRNA
expression producing altered activation of oncogenes and silencing of tumor suppressor genes.
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DNA	  methylation	  in	  cancer	  

In	  breast	   cancer	   it	  has	  been	  demonstrated	   that	  hypermethylated	  genes	  are	   the	  

effectors	  of	  the	  earliest	  steps	  in	  cancer	  formation.	  Aberrant	  methylation	  of	  genes	  

is	   associated	   with	   immortalization	   as	   well	   as	   with	   subsequent	   steps	   in	   the	  

malignant	   progression	   of	   these	   cells	   (Novak	   et	   al.,	   2009).	   It	   has	   been	   also	  

proposed	  that	  the	  aberrant	  methylation	  of	  specific	  genes	  might	  lock	  stem	  cells	  in	  

an	   undifferentiated	   state,	   enhancing	   them	   to	   malignant	   transformation	  

(Widschwendter	   et	   al.,	   2007).	   This	   aberrant	   methylation	   is	   not	   occurring	  

exclusively	  in	  the	  tumor,	  Shen	  et	  al.	  observed	  that	  the	  50%	  of	  normal	  colon	  tissue	  

adjacent	  to	  a	  tumor	  carried	  detectable	  hypermethylation	  within	  the	  promoter	  of	  

the	   DNA	   repair	   gene	   MGMT	   (O6-‐methylguanine	   methyltransferase)	   when	   the	  

tumor	   was	   methylated.	   On	   the	   other	   hand,	   it	   only	   occured	   in	   12%	   of	   normal	  

tissue	   from	   cancer-‐free	   control	   patients	   and	   only	   6%	   of	   the	   tumor-‐adjacent	  

normal	   tissue	   carried	   methylated	   MGMT	   when	   the	   tumor	   was	   unmethylated	  

(Shen	   et	   al.,	   2005).	   A	   similar	   phenomenon	   has	   also	   been	   described	   regarding	  

hypomethylation	  of	  CDH3	  and	  hypermethylation	  of	  EVL	  and	  p14	  in	  normal	  colon	  

epithelium	  adjacent	  to	  the	  tumor	  (Grady	  et	  al.,	  2008;	  Milicic	  et	  al.,	  2008;	  Shen	  et	  

al.,	   2003).	   It	   is	   worth	   to	   note	   the	   genomic-‐epigenomic	   cross-‐talk	   observed	   in	  

DNA	   repair	   methylation	   in	   colorectal	   cancer.	   It	   has	   been	   described	   that	  

hypermethylation	   of	   MGMT	   and	   MLH1	   (DNA	   repair	   genes)	   in	   the	   adjacent	  

normal	   mucosa	   correlates	   with	   tumor	   alterations	   such	   as	   KRAS	   mutations	   or	  

microsatellite	  instability,	  respectively	  (Hiraoka	  et	  al.,	  2010;	  Ramírez	  et	  al.,	  2008).	  

The	   epigenetic	   silencing	   of	   repair	   genes	   in	   the	   normal	   tissue	   would	   create	   a	  

scenario	  where	  mutation	  rate	  and	  other	  genetic	  alterations	  would	  be	  enhanced;	  

these	   studies	   bring	   to	   light	   the	   importance	   of	   the	   genetic-‐epigentic	   cross-‐talk	  

equilibrium.	  	  

There	  are	  three	  main	  DNA	  methylation	  alterations	  in	  cancer:	  hypermethylation,	  

hypomethylation	   and	   loss	   of	   imprinting.	   The	   most	   widely	   studied	   epigenetic	  

deregulation	   in	   cancer	   is	   DNA	   hypermethylation.	   There	   are	  many	   studies	   that	  

point	   out	   aberrant	   DNA	   methylation	   within	   the	   colorectal	   cancer	   genome,	  

although	   only	   a	   subset	   of	   these	   genes	   are	   likely	   to	   be	   important	   in	   the	  

development	  of	  the	  cancer.	  
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no clear functional class of genes that seem to be more 
commonly affected by DNA methylation in the adenoma 
step of colon cancer development compared with other 
steps in the progression sequence.129 Despite the lack 
of definitive proof, it has been proposed that aberrant 
methylation of DNA repair genes, such as MGMT and 
MLH1, in colon adenomas might promote the progres-
sion of adenomas to cancer by creating a permissive state 
for G>A mutations—the most common mutation seen 
in KRAS in the case of methylated MGMT, and a per-
missive state for micro satellite instability in the case of  
methylated MLH1.131,132

In addition to the detection of methylated genes 
in adenomas, CIMP can be detected in advanced  
tubular adenomas but is not commonly observed in  
early tubular adenomas.128,133 Interestingly, Kwon et al. 
detected CIMP adenomas in a collection of serrated 
adenomas but not in tubular adenomas, which suggests 
that serrated adenomas could be the precursor polyps 
for CIMP CRCs.133 It is not clear whether the detec-
tion of CIMP late in the polyp phase of CRC forma-
tion reflects a technical issue regarding the number of 
loci assessed in the studies of methylated genes in ade-
nomas, or demon strates that CIMP occurs late in the 
polyp→cancer sequence.128 This is an issue because it is 
widely believed that CIMP tumors might arise from ser-
rated adenomas, in which case it would be reasonable to 
assume that CIMP would be detected in early adenomas. 
To date, methylated genes that distinguish sessile ser-
rated adenomas from hyperplastic polyps (CDX2, MLH1, 
and TLR2) have been identified, but there has yet to be 
consistent reporting of a subset of early adenomas with 
the CIMP signature of methylated genes.134

DNA methylation and metastatic CRC 
The progression of colonic adenomas to adeno-
carcinomas is believed to be driven by genetic altera-
tions, such as mutations in TP53, but is also probably 
a consequence of epigenetic alterations (Figure 2). For 
example, the aberrant methylation of CXCL12, a chemo-
kine ligand, occurs in human CRC and can promote the 
metastatic behavior of colon cancer cell lines.135 In addi-
tion, the frequency of tumors carrying certain methyl-
ated genes, like TIMP3, ID4 and IRF8, is higher in colon 
cancer and metastases than adenomas, suggesting that 
the inactivation of these genes by methylation provides 
a clonal growth advantage.128,136 In addition to specific 
aberrantly methylated genes being present in advanced 
CRCs, hypomethylated LINE-1 elements are found to 
increase linearly in more progressed colon neoplasms 
(Figure 1).130,137,138 However, in general, it seems that the 
aberrant DNA methylation of genes is predominantly 
involved with the early events of colon cancer formation 
and less with progression events.

DNA methylation epigenotypes of CRC
Epigenetic instability in CRC is manifested in a variety of 
ways, including hypermethylation of gene promoters that 
contain CpG islands and global DNA hypomethylation. 
Essentially all CRCs have at least some aberrantly methyl-
ated genes, and there seems to be a unimodal distribu-
tion of colon cancers when the proportion of methylated 
genes to cancer genome is assessed. In 1999, Toyota and 
Issa observed that some CRCs have a high frequency of 
methylated genes, and they put forth the concept that 
these tumors have a unique molecular patho genesis, 
naming them CIMP cancers.93 This concept was met with 
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Figure 2 | Commonly methylated genes (and loci) identified at the histological steps of the colorectal cancer polyp
adenocarcinoma sequence. Specific gene and loci hypermethylation has been observed in the different steps of the cancer 
progression sequence, which implicates these genes in either the initiation or progression of colorectal cancer. The genes 
listed between normal epithelium and aberrant crypt focus as well as those genes listed between aberrant crypt focus and 
polyp/adenoma might be involved in the initiation of colorectal cancer. Those genes listed between polyp/adenoma and 
adenocarcinoma could have a role in the progression and metastasis of colorectal cancer. Note that only the genes (and loci) 
that have consistently been found to be hypermethylated at specific points in the progression sequence have been included. 
*MINT1 and MINT31 are not genes; rather they are loci that have been found to be ‘methylated in tumor’ (aka MINT).
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repression involves proteins commonly overexpressed 
in cancer, such as EZH2, and cooperates with aberrant 
DNA methylation to silence gene expression by regulat-
ing chromatin compaction.49 A close association exists 
between methylated CpG islands and histones contain-
ing repressive post-translational modifications (such 
as H3K9me3 and H3K27me3). The establishment of 
these histone modifications (which cause chromatin 
condensa tion) is thought to be mediated by polycomb-
repressive complexes.50,51 This association has raised  
the possibility that abnormal activity of PRC2 might be the  
mechanism for inducing aberrant DNA methylation  
in cancer.31

Feinberg and colleagues have extended the concept 
of CpG islands to ‘CpG island shores’, which are also 
abnormally methylated in cancer. CpG island shores 
refer to areas of less dense CpG dinucleotides within 
2 kb upstream of a CpG island.52 The methylation of 
CpG island shores is also associated with trans criptional 
inactiva tion and expression of splice variants. The 
methyla tion of these CpG island shores tends to be tissue 
specific, and has been shown to be altered in CRC.52,53 
This driving role of aberrant methylation of CpG island 
shores in the development of cancer is still controversial 
and remains to be proven with additional studies but, if 
true, it could potentially explain certain phenomenon 
related to cancer epi genetics that are poorly under-
stood at this time, such as cancer-related alterations in  
RNA splicing.

DNA methylation and cancer
Although the importance of gene mutations in the 
pathogenesis of cancer is widely accepted, the role of 
epi genetic alterations in cancer has been controversial 
until the past decade. The first epigenetic alteration 
in cancer was reported nearly three decades ago by 
Feinberg and Vogelstein, who showed extensive global 
loss of 5-methyl cytosine content in colon cancers com-
pared with the normal colon.54 The global loss of DNA 
methylation predominantly affects CpG dinucleotides 
found in repetitive sequences of DNA, such as LINE-1 
and satellite repeats. This global hypomethylation can 
be found in the colon in an age-dependent fashion as 
well as in the early steps of the polyp→cancer progres-
sion sequence.55–57 Thus, it seems that the global hypo-
methylation of DNA is an early event in the formation of 
CRC. A study in Dnmt1+/– mice demonstrated that DNA 
hypomethylation might contribute to cancer formation 
by permitting or inducing genomic instability.42 It might 
also lead to loss of imprinting (LOI), which can result in 
the overexpression of imprinted genes such as IGF2 and 
predispose an individual to cancer.58,59

After the discovery of DNA hypomethylation in 
cancer, the DNA methylation pattern of normally 
unmethylated CpG islands in gene promoters of many 
types of neoplasms was shown to be aberrantly hyper-
methylated, which is yet another distortion of normal 
methylation patterns.55 Genome-wide studies of cancer 
epigenomes have revealed that 1–10% of CpG islands are 

Normal colon epithelium

Repetitive sequences
i.e. LINE-1

Genomic stability

Colorectal cancer

Repetitive sequences
i.e. LINE-1

Genomic instability

Open chromatin structure

Closed chromatin structure

Exon 1 Exon 2 Exon 3

Exon 1 Exon 2 Exon 3

Methylated CpG site
Unmethylated CpG site

Figure 1 | CpG island DNA hypermethylation and global DNA hypomethylation in colorectal cancer as compared with 
normal colonic epithelium. Unmethylated CpG islands within the promoter region of genes are correlated with an open 
chromatin structure (euchromatin), whereas methylated CpG islands are correlated with a condensed, closed chromatin 
structure (heterochromatin) and transcriptional silencing. Normal colonic epithelium generally has unmethylated CpG 
islands in the promoter regions of genes, whereas aberrant hypermethylation of promoter associated CpG islands is a 
hallmark of neoplasms. In addition to the aberrant local hypermethylation seen in colorectal cancers, global 
hypomethylation at LINE-1 sequences is also observed, which has been shown to be associated with genomic instability. 
Interestingly, an inverse association exists between local CpG island hypermethylation and global LINE-1 hypomethylation 
as colonic neoplasms progress.
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and	   start	   a	   cascade	   of	   events	   altering	   chromatin	   structure	   by	   recruiting	   other	  

proteins.	  These	  proteins	  include	  a	  wide	  variety	  of	  epigenetic	  remodelers	  such	  as	  

histone	  deacetylases,	  histone	  methylases	  and	  chromatin	  remodeling	  complexes,	  

thereby	  condensing	  the	  chromatin	  and	  blocking	  access	  of	  transcription	  factors	  to	  

the	   promoter	   region	   (Bird,	   2002).	   Some	   examples	   of	   these	   methyl	   binding	  

proteins	   are	   MeCP2,	   MBD1,	   MBD2	   and	   MBD4;	   the	   zinc	   finger	   proteins	   Kaiso,	  

ZBTB4	   and	   ZBTB38;	   and	   the	   SET-‐and	   RING-‐finger	   associated	   proteins,	   UHRF1	  

and	  UHRF2,	  among	  others	  (Tsai	  &	  Baylin,	  2011;	  Engeland	  et	  al.,	  2011).	  

The	   first	   epigenetic	   alteration	   in	   cancer	   was	   observed	   in	   1983	   by	   two	  

independent	  studies	  showing	  extensive	  global	  loss	  of	  5-‐methyl	  cytosine	  content	  

in	   colon	   cancer	   (Feinberg	  &	  Vogelstein,	   1983;	  Gama-‐Sosa	  &	  Slagel,	   1983).	  This	  

global	   demethylation	   affects	   predominantly	   repetitive	   elements,	   such	   as	   LINEs	  

and	  satellite	  repeats	  (Figure	  19).	  DNA	  hypomethylation	  is	  an	  early	  event	   in	  the	  

development	  of	  colorectal	  cancer	  and	  is	  age-‐related	  (as	  hypermethylation)	  (Issa	  

&	  Ahuja,	  2000;	  Suzuki	  et	  al.,	  2006).	  A	  study	  in	  Dnmt1+/–	  mice	  demonstrated	  that	  

DNA	   hypomethylation	   might	   contribute	   to	   cancer	   formation	   by	   allowing	   or	  

inducing	   genomic	   instability	   (Laird	   et	   al.,	   1995).	   	   Later	   on,	   other	   studies	   have	  

added	   further	   insights	   into	   the	   role	   of	   DNA	   hypomethylation	   in	   tumorigenesis	  

(Eden	  et	  al.,	  2003;	  Gaudet	  et	  al.,	  2003).	  

Loss	   of	   imprinting	   is	   defined	   as	   the	   loss	   of	   parental	   allele-‐specific	  monoallelic	  

expression	  of	  genes	  due	  to	  aberrant	  hypomethylation	  profiles	  at	  one	  of	  the	  two	  

parental	  alleles.	  For	  example,	  loss	  of	  imprinting	  of	  IGF2	  has	  been	  associated	  with	  

an	  increased	  risk	  of	  colorectal	  cancer	  among	  other	  cancers	  (Lim	  &	  Maher,	  2010).	  

	  

Histones	  in	  cancer	  

Aberrant	   patterns	   of	   histone	   posttranslational	   modifications	   (PTM)	   are	   a	  

hallmark	  of	  cancer,	  although	  it	  is	  still	  poorly	  understood	  whether	  they	  are	  cause	  

or	  consequence	  of	  the	  malignant	  transformation.	  There	  are	  common	  alterations	  

in	  the	  histone	  modifications	  patterns	  in	  cancer,	  for	  instance	  a	  global	  reduction	  of	  

H4K20me3	  and	  H4K14ac	  in	  repetitive	  sequences	  (Fraga	  et	  al.,	  2005),	  H3K27me3	  

targeting	   loci	   for	   de	   novo	   DNA	   methylation	   in	   cancer	   cells	   (Vire	   et	   al.,	   2006;	  

Widschwendter	  et	   al.,	   2007)	   and	   loss	   of	   the	   active	   enhancer	  mark	  H3K27ac	   in	  

cancer	  (Aran	  &	  Hellman,	  2013;	  Ferrari	  et	  al.,	  2014).	  Some	  specific	  histone	  PTM	  
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sequencing in a vast array of cancers has provided a catalog of
recurrent somatic mutations in numerous epigenetic regulators
(Forbes et al., 2011; Stratton et al., 2009). A central tenet in
analyzing these cancer genomes is the identification of ‘‘driver’’
mutations (causally implicated in the process of oncogenesis). A
key feature of driver mutations is that they are recurrently found
in a variety of cancers, and/or they are often present at a high
prevalence in a specific tumor type. We will mostly concentrate
our discussions on suspected or proven driver mutations in
epigenetic regulators.

For instance, malignancies such as follicular lymphoma
contain recurrent mutations of the histone methyltransferase
MLL2 in close to 90% of cases (Morin et al., 2011). Similarly,
UTX, a histone demethylase, is mutated in up to 12 histologi-
cally distinct cancers (van Haaften et al., 2009). Compilation of
the epigenetic regulators mutated in cancer highlights histone
acetylation and methylation as the most widely affected epige-
netic pathways (Figures 3 and 4). These and other pathways
that are affected to a lesser extent will be described in the
following sections.

Deep sequencing technologies aimed at mapping chromatin
modifications have also begun to shed some light on the origins
of epigenetic abnormalities in cancer. Cross-referencing of
DNA methylation profiles in human cancers with ChIP-Seq
data for histone modifications and the binding of chromatin

regulators have raised intriguing correlations between cancer-
associated DNA hypermethylation and genes marked with
‘‘bivalent’’ histone modifications in multipotent cells (Easwaran
et al., 2012; Ohm et al., 2007). These bivalent genes are marked
by active (H3K4me3) and repressive (H3K27me3) histone modi-
fications (Bernstein et al., 2006) and appear to identify transcrip-
tionally poised genes that are integral to development and
lineage commitment. Interestingly, many of these genes are
targeted for DNA methylation in cancer. Equally intriguing are
recent comparisons between malignant and normal tissues
from the same individuals. These data demonstrate broad
domains within the malignant cells that contain significant alter-
ations in DNA methylation. These regions appear to correlate
with late-replicating regions of the genome associated with the
nuclear lamina (Berman et al., 2012). Although there remains little
mechanistic insight into how and why these regions of the
genome are vulnerable to epigenetic alterations in cancer, these
studies highlight the means by which global sequencing plat-
forms have started to uncover avenues for further investigation.
Genetic lesions in chromatinmodifiers and global alterations in

the epigenetic landscape not only imply a causative role for
these proteins in cancer but also provide potential targets for
therapeutic intervention. A number of small-molecule inhibitors
have already been developed against chromatin regulators
(Figure 1). These are at various stages of development, and three

Figure 1. Epigenetic Inhibitors as Cancer Therapies
This schematic depicts the process for epigenetic drug development and the current status of various epigenetic therapies. Candidate small molecules are first
tested in vitro in malignant cell lines for specificity and phenotypic response. These may, in the first instance, assess the inhibition of proliferation, induction of
apoptosis, or cell-cycle arrest. These phenotypic assays are often coupled to genomic and proteomicmethods to identify potential molecular mechanisms for the
observed response. Inhibitors that demonstrate potential in vitro are then tested in vivo in animal models of cancer to ascertain whether they may provide
therapeutic benefit in terms of survival. Animal studies also provide valuable information regarding the toxicity and pharmacokinetic properties of the drug. Based
on these preclinical studies, candidate molecules may be taken forward into the clinical setting. When new drugs prove beneficial in well-conducted clinical trials,
they are approved for routine clinical use by regulatory authorities such as the FDA. KAT, histone lysine acetyltransferase; KMT, histone lysine methyltransferase;
RMT, histone arginine methyltransferase; and PARP, poly ADP ribose polymerase.
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of these (targeting DNMTs, HDACs, and JAK2) have already
been granted approval by the US Food and Drug Administra-
tion (FDA). This success may suggest that the interest in epige-
netic pathways as targets for drug discovery had been high
over the past decade. However, the reality is that the field of
drug discovery had been somewhat held back due to concerns
over the pleiotropic effects of both the drugs and their targets.
Indeed, some of the approved drugs (against HDACs) have little
enzyme specificity, and their mechanism of action remains
contentious (Minucci and Pelicci, 2006).
The belief and investment in epigenetic cancer therapies may

now gain momentum and reach a new level of support following
the recent preclinical success of inhibitors against BRD4, an
acetyl-lysine chromatin-binding protein (Dawson et al., 2011;
Delmore et al., 2011; Filippakopoulos et al., 2010; Mertz et al.,
2011; Zuber et al., 2011). The molecular mechanisms governing
these impressive preclinical results have also been largely
uncovered and are discussed below. This process is pivotal for
the successful progression of these inhibitors into the clinic.
These results, along with the growing list of genetic lesions in
epigenetic regulators, highlight the fact that we have now
entered an era of epigenetic cancer therapies.

Epigenetic Pathways Connected to Cancer
DNA Methylation
The methylation of the 5-carbon on cytosine residues (5mC) in
CpG dinucleotides was the first described covalent modifica-
tion of DNA and is perhaps the most extensively characterized
modification of chromatin. DNA methylation is primarily noted
within centromeres, telomeres, inactive X-chromosomes, and
repeat sequences (Baylin and Jones, 2011; Robertson, 2005).
Although global hypomethylation is commonly observed in
malignant cells, the best-studied epigenetic alterations in cancer
are the methylation changes that occur within CpG islands,
which are present in !70% of all mammalian promoters. CpG
islandmethylation plays an important role in transcriptional regu-
lation, and it is commonly altered during malignant transforma-
tion (Baylin and Jones, 2011; Robertson, 2005). NGS platforms
have now provided genome-wide maps of CpG methylation.
These have confirmed that between 5%–10%of normally unme-
thylated CpG promoter islands become abnormally methylated
in various cancer genomes. They also demonstrate that CpG
hypermethylation of promoters not only affects the expression
of protein coding genes but also the expression of various
noncoding RNAs, some of which have a role in malignant trans-
formation (Baylin and Jones, 2011). Importantly, these genome-
wide DNA methylome studies have also uncovered intriguing
alterations in DNA methylation within gene bodies and at
CpG ‘‘shores,’’ which are conserved sequences upstream and
downstream of CpG islands. The functional relevance of these
regional alterations in methylation are yet to be fully deciphered,
but it is interesting to note that they have challenged the
general dogma that DNA methylation invariably equates with
transcriptional silencing. In fact, these studies have established
that many actively transcribed genes have high levels of DNA
methylation within the gene body, suggesting that the context
and spatial distribution of DNA methylation is vital in transcrip-
tional regulation (Baylin and Jones, 2011).

Three active DNA methyltransferases (DNMTs) have been
identified in higher eukaryotes. DNMT1 is amaintenancemethyl-
transferase that recognizes hemimethylated DNA generated
during DNA replication and then methylates newly synthesized
CpG dinucleotides, whose partners on the parental strand are
already methylated (Li et al., 1992). Conversely, DNMT3a and
DNMT3b, although also capable of methylating hemimethylated
DNA, function primarily as de novo methyltransferases to estab-
lish DNAmethylation during embryogenesis (Okano et al., 1999).
DNA methylation provides a platform for several methyl-binding
proteins. These include MBD1, MBD2, MBD3, and MeCP2.
These in turn function to recruit histone-modifying enzymes
to coordinate the chromatin-templated processes (Klose and
Bird, 2006).
Although mutations in DNA methyltransferases and MBD

proteins have long been known to contribute to developmental
abnormalities (Robertson, 2005), we have only recently become
aware of somatic mutations of these key genes in human malig-
nancies (Figure 2). Recent sequencing of cancer genomes has
identified recurrent mutations in DNMT3A in up to 25% of
patients with acute myeloid leukemia (AML) (Ley et al., 2010).
Importantly, these mutations are invariably heterozygous and
are predicted to disrupt the catalytic activity of the enzyme.
Moreover, their presence appears to impact prognosis (Patel
et al., 2012). However, at present, the mechanisms by which

Figure 2. Cancer Mutations Affecting Epigenetic Regulators of DNA
Methylation
The 5-carbon of cytosine nucleotides are methylated (5mC) by a family of
DNMTs. One of these, DNMT3A, is mutated in AML, myeloproliferative
diseases (MPD), and myelodysplastic syndromes (MDS). In addition to its
catalytic activity, DNMT3A has a chromatin-reader motif, the PWWP domain,
which may aid in localizing this enzyme to chromatin. Somatically acquired
mutations in cancer may also affect this domain. The TET family of DNA
hydroxylases metabolizes 5mC into several oxidative intermediates, including
5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carbox-
ylcytosine (5caC). These intermediates are likely involved in the process of
active DNA demethylation. Two of the three TET family members are mutated
in cancers, including AML, MPD, MDS, and CMML. Mutation types are as
follows: M, missense; F, frameshift; N, nonsense; S, splice site mutation; and
T, translocation.
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enzymes. In addition to their catalytic function, many chromatin
modifiers also possess ‘‘reader’’ domains allowing them to bind
to specific regions of the genome and respond to information
conveyed by upstream signaling cascades. This is important,
as it provides two avenues for therapeutically targeting these
epigenetic regulators. The residues that line the binding pocket
of reader domains can dictate a particular preference for
specific modification states, whereas residues outside the
binding pocket contribute to determining the histone sequence
specificity. This combination allows similar reader domains to
dock at different modified residues or at the same amino acid
displaying different modification states. For example, some
methyl-lysine readers engage most efficiently with di/tri-methyl-
ated lysine (Kme2/3), whereas others prefer mono- or unmethy-
lated lysines. Alternatively, when the same lysines are now acet-
ylated, they bind to proteins containing bromodomains (Taverna
et al., 2007). The main modification binding pockets contained
within chromatin-associated proteins is summarized in Table 1.
Many of the proteins that modify or bind these histone modifi-

cations are misregulated in cancer, and in the ensuing sections,
we will discuss the most extensively studied histone modifica-
tions in relation to oncogenesis and novel therapeutics.
Histone Acetylation. The Nε-acetylation of lysine residues is

a major histone modification involved in transcription, chromatin
structure, and DNA repair. Acetylation neutralizes lysine’s posi-
tive charge and may consequently weaken the electrostatic
interaction between histones and negatively charged DNA. For
this reason, histone acetylation is often associated with a more
‘‘open’’ chromatin conformation. Consistent with this, ChIP-
Seq analyses have confirmed the distribution of histone acetyla-
tion at promoters and enhancers and, in some cases, throughout
the transcribed region of active genes (Heintzman et al., 2007;
Wang et al., 2008). Importantly, lysine acetylation also serves
as the nidus for the binding of various proteins with bromodo-
mains and tandem plant homeodomain (PHD) fingers, which
recognize this modification (Taverna et al., 2007).
Acetylation is highly dynamic and is regulated by the

competing activities of two enzymatic families, the histone
lysine acetyltransferases (KATs) and the histone deacetylases
(HDACs). There are two major classes of KATs: (1) type-B, which
are predominantly cytoplasmic and modify free histones, and (2)
type-A, which are primarily nuclear and can be broadly classified
into the GNAT, MYST, and CBP/p300 families.
KATs were the first enzymes shown to modify histones. The

importance of these findings to cancer was immediately
apparent, as one of these enzymes, CBP, was identified by its
ability to bind the transforming portion of the viral oncoprotein
E1A (Bannister and Kouzarides, 1996). It is now clear that
many, if notmost, of the KATs have been implicated in neoplastic
transformation, and a number of viral oncoproteins are known
to associate with them. There are numerous examples of recur-
rent chromosomal translocations (e.g., MLL-CBP [Wang et al.,
2005] and MOZ-TIF2 [Huntly et al., 2004]) or coding mutations
(e.g., p300/CBP [Iyer et al., 2004; Pasqualucci et al., 2011])
involving various KATs in a broad range of solid and hematolog-
ical malignancies (Figure 3). Furthermore, altered expression
levels of several of the KATs have also been noted in a range
of cancers (Avvakumov and Côté, 2007; Iyer et al., 2004). In

some cases, such as the leukemia-associated fusion gene
MOZ-TIF2, we know a great deal about the cellular conse-
quences of this translocation involving a MYST family member.
MOZ-TIF2 is sufficient to recapitulate an aggressive leukemia
in murine models; it can confer stem cell properties and reacti-
vate a self-renewal program when introduced into committed
hematopoietic progenitors, andmuch of this oncogenic potential
is dependent on its inherent and recruited KAT activity as well as
its ability to bind to nucleosomes (Deguchi et al., 2003; Huntly
et al., 2004).
Despite these insights, the great conundrum with regards to

unraveling the molecular mechanisms by which histone acetyl-
transferases contribute to malignant transformation has been
dissecting the contribution of altered patterns in acetylation on
histone and nonhistone proteins. Although it is clear that global
histone acetylation patterns are perturbed in cancers (Fraga

Figure 3. Cancer Mutations Affecting Epigenetic Regulators
Involved in Histone Acetylation
These tables provide somatic cancer-associated mutations identified in
histone acetyltransferases and proteins that contain bromodomains (which
recognize and bind acetylated histones). Several histone acetyltransferases
possess chromatin-reader motifs and, thus, mutations in the proteins may
alter both their catalytic activities as well as the ability of these proteins to
scaffold multiprotein complexes to chromatin. Interestingly, sequencing of
cancer genomes to date has not identified any recurrent somatic mutations in
histone deacetylase enzymes. Abbreviations for the cancers are as follows:
AML, acute myeloid leukemia; ALL, acute lymphoid leukemia; B-NHL, B-cell
non-Hodgkin’s lymphoma; DLBCL, diffuse large B-cell lymphoma; and TCC,
transitional cell carcinoma of the urinary bladder. Mutation types are as
follows: M, missense; F, frameshift; N, nonsense; S, splice site mutation; T,
translocation; and D, deletion.
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Histone Methylation. Histones are methylated on the side
chains of arginine, lysine, and histidine residues. Methylation,
unlike acetylation and phosphorylation, does not alter the
overall charge of the molecule. Lysines may be mono-, di-, or
tri-methylated, and arginine residues may be symmetrically
or asymmetrically methylated. The best-characterized sites of
histone methylation are those that occur on lysine residues
and, therefore, these will be the focus of this section. Although
many lysine residues on the various histones are methylated,
the best studied are H3K4, H3K9, H3K27, H3K36, H3K79, and
H4K20. Some of these (H3K4, H3K36, and H3K79) are often
associated with active genes in euchromatin, whereas others
(H3K9, H3K27, and H4K20) are associated with heterochromatic
regions of the genome (Barski et al., 2007). Different methylation
states on the same residue can also localize differently. For
instance, H3K4me2/3 usually spans the transcriptional start
site (TSS) of active genes (Barski et al., 2007), whereas
H3K4me1 is a modification associated with active enhancers
(Heintzman et al., 2009). Similarly, whereas monomethylation
of H3K9 may be seen at active genes, trimethylation of H3K9
is associated with gene repression (Barski et al., 2007).
The enzymatic protagonists for lysine methylation contain a

conserved SET domain, which possesses methyltransferase
activity. The only exception to this is hDOT1L, the enzyme that
methylates H3K79. In contrast to the KATs, the histone lysine
methyltransferases (KMT) tend to be highly specific enzymes
that specifically target certain lysine residues. Cytogenetic
studies, as well as NGS of various cancer genomes, have
demonstrated recurrent translocations and/or coding mutations
in a large number of KMT, including MMSET, EZH2, and MLL
family members (Figure 4).
Whereas the oncogenic effects exerted by the MLL fusions

have been extensively studied and reviewed (Krivtsov and Arm-
strong, 2007), an emerging area of interest is the dichotomous
role of EZH2 in human malignancies. EZH2 is the catalytic
component of the PRC2 complex, which is primarily responsible
for the methylation of H3K27. Early gene-expression studies
implicated the overexpression of EZH2 as a progressive event
that conferred a poor prognosis in prostate and breast cancer
(Margueron and Reinberg, 2011). These initial studies sug-
gested that EZH2 was an oncogene. However, NGS and tar-
geted resequencing of cancer genomes have recently identified
coding mutations within EZH2 in various lymphoid and myeloid
neoplasms that have somewhat muddied the waters by
suggesting both oncogenic and tumor-suppressive roles for
EZH2. Heterozygous missense mutations resulting in the
substitution of tyrosine 641 (Y641) within the SET domain of
EZH2 were noted in 22% of patients with diffuse large B-cell
lymphoma (Morin et al., 2010). Functional characterization of
this mutation demonstrated that it conferred increased cata-
lytic activity and a preference for converting H3K27me1 to
H3K27me2/3, again supporting the contention that EZH2 is an
oncogene (Sneeringer et al., 2010). In contrast, loss-of-function
mutations in EZH2 gene, conferring a poor prognosis, have
been described in the myeloid malignancies (Ernst et al.,
2010; Nikoloski et al., 2010) and T-ALL (Ntziachristos et al.,
2012; Zhang et al., 2012), suggesting a tumor-suppressive
role for EZH2 in these cell lineages.

The precise mechanisms by which gain and loss of EZH2
activity culminate in cancers are an area of active investigation.
In light of the varied roles that polycomb proteins play in

Figure 4. Cancer Mutations Affecting Epigenetic Regulators
Involved in Histone Methylation
Recurrent mutations in histone methyltransferases, demethylases, and
methyllysine binders have been identified in a large number of cancers. These
mutationsmay significantly alter the catalytic activity of themethyltransferases
or demethylases. In addition, as many of these enzymes also contain chro-
matin-reader motifs, they may also affect the ability of these proteins to survey
and bind epigenetic modifications. Abbreviations for the cancers are as
follows: AML, acute myeloid leukemia; ALL, acute lymphoid leukemia; B-NHL,
B-cell non-Hodgkin’s lymphoma; DLBCL, diffuse large B-cell lymphoma;
HNSCC, head and neck squamous cell carcinoma; FL, follicular lymphoma;
MDS, myelodysplastic syndromes; MPD, myeloproliferative diseases; and
TCC, transitional cell carcinoma of the urinary bladder. Mutation types are as
follows: M, missense; F, frameshift; N, nonsense; S, splice site mutation; T,
translocation; D, deletion; and PTD, partial tandem duplication.
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replication, and transcription. Generally speaking, the specific
histone phosphorylation sites on core histones can be divided
into two broad categories: (1) those involved in transcription
regulation, and (2) those involved in chromatin condensation.
Notably, several of these histone modifications, such as
H3S10, are associated with both categories (Baek, 2011).
Kinases are the main orchestrators of signal transduction

pathways conveying extracellular cues within the cell. Altered
expression, coding mutations, and recurrent translocations
involving signaling kinases are some of the most frequent onco-
genic phenomena described in cancer (Hanahan and Weinberg,
2011). Many of these kinases have established roles as signal
transducers in the cytoplasm; however, it has recently been
recognized that some kinases may also have nuclear functions,
which include the phosphorylation of histones (Baek, 2011; Bun-
gard et al., 2010; Dawson et al., 2009) (Figure 5). One such
enzyme is the nonreceptor tyrosine kinase, JAK2, which is
frequently amplified or mutated in the hematological malignan-
cies. Within the nucleus, JAK2 specifically phosphorylates
H3Y41, disrupts the binding of the chromatin repressor HP1a,
and activates the expression of hematopoietic oncogenes
such as Lmo2 (Dawson et al., 2009). These findings have now

been given a broader application in other malignancies, such
as Hodgkin’s disease and primary mediastinal B-cell lymphoma,
in which this mechanism has been shown to contribute to onco-
genesis (Rui et al., 2010). Given that many small-molecule
inhibitors against kinases are clinically used as anticancer thera-
pies, it is interesting to note that several of these (e.g., JAK2 and
Aurora inhibitors) result in a global reduction in the histone modi-
fications laid down by these enzymes. These agents can there-
fore be considered as potential epigenetic therapies.
Histone phosphorylation is a highly dynamic posttranslational

modification, which is reciprocally controlled by the competing
activities of protein kinases and protein phosphatases. Phos-
phatases, like protein kinases, demonstrate specificity for either
serine/threonine residues or tyrosine residues, or they may have
dual specificity; they are further subdivided based on their
requirement for a metallic ion for their catalytic activity. Although
there is little doubt that histone phosphatases are integral to
chromatin biology, outside of the realm of DNA repair and regu-
lation of mitosis, little is currently known about the function of
these enzymes at chromatin and their potential misadventures
in cancer (Xhemalce et al., 2011).
The phosphorylation sites on serine, threonine, and tyrosine

residues may serve as the binding site for a range of cellular
proteins. Proteins such as MDC1 bind at sites of double-strand
breaks by tethering to gH2AX via its tandem BRCT domain
(Stucki et al., 2005). Furthermore, the 14-3-3 family of proteins,
of which there are seven mammalian isoforms, contain highly
conserved phosphoserine-binding modules which some, such
as 14-3-3z, use to bind H3S10ph and H3S28ph. Many of these
proteins, including 14-3-3z, are abnormally expressed in various
human malignancies and, consequently, therapeutically target-
ing them may prove beneficial (Yang et al., 2012).
Cancer Mutations in Histone Genes
Two recent studies have demonstrated recurrent somatic muta-
tions in genes encoding the replication-independent histone H3
variant H3.3 (H3F3A) and the canonical histone H3.1 (HIST1H3B)
in up to one-third of pediatric glioblastomas (Schwartzentruber
et al., 2012; Wu et al., 2012). These mutations are invariably
heterozygous and are clustered such that they primarily result
in amino acid substitutions at two critical residues in the tail
of histone H3 (K27M, G34R/G34V). By virtue of the residues
they disrupt, these mutations are likely to have an important
influence on chromatin structure and transcription. The K27M
mutation alters the ability of this critical residue to be both meth-
ylated and acetylated. These posttranslational modifications of
H3K27 have different genomic distributions within euchromatin
and heterochromatin; they are recognized by different epige-
netic readers and are ultimately associated with different tran-
scriptional outcomes. Similarly, it is also likely that the G34
mutations, due to their proximity to H3K36, will also influence
transcription. In support of this contention is the fact that tumors
carrying the K27M andG34R/G34Vmutations had distinct gene-
expression profiles, and tumors with the G34V mutation demon-
strated a global increase in H3K36me3 (Schwartzentruber et al.,
2012).
These studies also raise several interesting mechanistic ques-

tions. For instance, given that there are several copies of genes
encoding for histone H3.1/3.3 within our genome, why do these

Figure 5. Cancer Mutations Affecting Epigenetic Regulators
Involved in Histone Phosphorylation
Recurrent mutations in signaling kinases are one of the most frequent onco-
genic events found in cancer. Some of these kinases signal directly to chro-
matin. Activating and inactivating mutations of these have been noted in
a range of malignancies. Thus far, BRCA1, which contains a BRCT domain, is
the only potential phosphochromatin reader recurrently mutated in cancer. It
should be noted, however, that BRCA1 binding to modified histones via its
BRCT domain has not yet been firmly established. As our knowledge about
histone phosphatases and phosphohistone binders increases, we are likely to
find mutations in many of these proteins that contribute to oncogenesis.
Abbreviations for the cancers are as follows: AML, acute myeloid leukemia;
ALL, acute lymphoid leukemia; CML, chronic myeloid leukemia; NHL, non-
Hodgkin’s lymphoma; MPD, myeloproliferative diseases; and T-PLL, T cell
prolymphocytic leukemia. Mutation types are as follows: M, missense; F,
frameshift; N, nonsense; S, splice site mutation; T, translocation; and D,
deletion.
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ALDO-‐KETO	  REDUCTASES	  IN	  CANCER	  
	  
Aldo-‐Keto	   reductases	   (AKRs)	   are	   multifunctional	   enzymes	   that	   catalyze	   the	  

reduction	  of	  several	  endogenous	  and	  xenobiotic	  aldehydes	  and	  ketones	  (Penning	  

&	   Drury,	   2007a).	   The	   AKR	   superfamily	   comprises	   15	   families	   containing	   over	  

150	  members,	  which	  are	  further	  classified	  into	  subfamilies	  (Salabei	  et	  al.,	  2011).	  

These	  enzymes	  utilize	  a	  wide	  range	  of	  substrates,	  among	  them	  steroid	  hormones,	  

prostaglandins,	  retinals,	  lipids	  and	  sugars.	  Most	  of	  them	  prefer	  the	  use	  of	  NADPH	  

over	   NADH	   as	   the	   reducing	   cofactor	   (Barski	   et	   al.,	   2008;	   Penning	   &	   Drury,	  

2007b).	   The	   AKRs	   are	   about	   35–39kDA	   in	   weight	   and	   generally	   cytosolic	   and	  

monomeric,	  although	  some,	  such	  as	  AKR7	  can	  exist	  as	  a	  dimer	  and	  associated	  to	  

membrane	  (Kelly	  et	  al.,	  2002;	  Kozma	  et	  al.,	  2002).	  Some	  of	  AKR	  proteins	  do	  not	  

have	  or	  have	  a	  very	  poor	  enzymatic	  activity	  for	  typical	  substrates	  (such	  as	  MVDP,	  

AKR1C12-‐C13,	  Kvβ),	  and	  some	  of	  them	  have	  been	  shown	  to	  have	  structural	  roles,	  

like	  Rho	  in	  the	  crystalline	  (Fujii	  et	  al.,	  1990;	  Weng	  et	  al.,	  2006).	  	  

Mammalian	  AKRs	   have	   been	   classified	   into	   3	   families:	   AKR1,	   AKR6	   and	  AKR7.	  

Among	   them,	   the	  AKR1	   family	   is	   the	   largest	   and	  has	  been	   further	  divided	   into	  

subfamilies,	  from	  A	  to	  E.	  To	  date,	  13	  human	  AKRs	  have	  been	  described,	  and	  they	  

participate	  in	  xenobiotic	  detoxification,	  biosynthesis	  and	  metabolism.	  Increasing	  

evidence	   suggests	   the	   involvement	   of	   human	   AKR	   proteins	   in	   cancer	  

development,	   progression	   and	   treatment.	   Some	   of	   them	   demonstrate	  multiple	  

functional	   features	   in	   addition	   to	   being	   a	   carbonyl	   groups	   reductase.	   In	   this	  

section	  we	   are	   going	   to	   review	   the	  most	   studied	  AKRs	   in	   cancer:	  AKR1B1	   and	  

AKR1B10.	  	  

	  

AKR1B1	  in	  human	  diseases	  

The	   most	   widely	   expressed	   member	   of	   the	   AKR1B	   subfamily	   is	   AKR1B1.	  

Historically,	   it	   is	   the	  one	   that	  has	  received	  most	  of	   the	  attention,	  because	  of	   its	  

role	   in	   diabetic	   complications	   and	   development	   discovered	   many	   years	   ago	  

(Pastel	   et	   al.,	   2012).	   AKR1B1	   is	   considered	   a	   causative	   factor	   for	   diabetic	  

complications	   by	   converting	   glucose	   to	   sorbitol	   under	   hyperglycemia.	   Several	  

studies	   have	   shown	   that	   inhibition	   of	   AKR1B1	   could	   prevent,	   delay	   or	   even	  

reverse	   tissue	   injury	   induced	   by	   hyperglycemia	   (Gabbay,	   2004).	   Moreover,	  
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efficiently	  glucose	  to	  sorbitol	  (as	  AKR1B1	  does).	  AKR1B10	  has	  similar	  reducing	  

efficiency	  with	   AKR1B1	   in	   a	  wide	   range	   of	   substrates,	   such	   as	   lipid	   peroxides	  

(Aldini	  et	  al.,	  2007;	  Ravindranath	  et	  al.,	  2009),	  cigarette	  and	  environmental	  pro-‐

carcinogen	   polycyclic	   aromatic	   hydrocarbons	   (PAHs)	   (Quinn	   et	   al.,	   2008)	   and	  

cytostatic	  anticancer	  agents	  such	  as	  daunorubicin	  (Heibein	  et	  al.,	  2012;	  Plebuch	  

et	   al.,	   2007).	   However,	   AKR1B10	   has	   a	   special	   affinity	   to	   reduce	   All-‐trans-‐

retinaldehyde	   (and	   other	   retinaldehydes)	   to	   retinol,	   about	   50-‐fold	   higher	   than	  

AKR1B1,	   what	   makes	   AKR1B10	   a	   crucial	   enzyme	   in	   the	   retinoic	   acid	  

biosynthesis	   pathway	   in	   some	   tissues	   (Ruiz	   et	   al.,	   2009).	   It	   has	   been	   recently	  

observed	   the	   ability	   of	   AKR1B10	   to	   do	   protein	   prenylation,	   which	   is	   a	   lipid	  

modification,	   involving	   the	   covalent	   addition	   of	   either	   farnesyl	   (15-‐carbon)	   or	  

geranyl	   (20-‐carbon)	   isoprenoids	   to	   C-‐terminal	   cysteines	   of	   the	   target	   protein	  

(Chung	   et	   al.,	   2012).	   This	   modification	   allows	   the	   proteins	   to	   be	   located	   in	  

cellular	   membranes.	   Proteins	   that	   undergo	   prenylation	   include	   Ras	   and	   Ras-‐

related	  GTP-‐binding	  proteins	  (G	  proteins)	  and	  kinases,	  which	  are	  involved	  in	  cell	  

growth,	   differentiation,	   maintenance	   of	   the	   cellular	   cytoskeleton	   and	   vesicle	  

trafficking	  (Casey,	  1994;	  Gibbs	  et	  al.,	  1996;	  Zhang	  &	  Casey,	  1996).	  	  	  

In	   contrast	   with	   AKR1B1,	   AKR1B10	   shows	   restricted	   tissue	   distribution,	  

predominately	   expressed	   in	   the	   small	   intestine,	   colon,	   stomach	   and	   adrenal	  

gland	   (Cao,	   1998;	   Hyndman	   &	   Flynn,	   1998).	   But	   this	   restricted	   expression	  

changes	  drastically	  in	  different	  cancer	  types	  where	  it	  is	  significantly	  upregulated.	  

For	  example,	   in	  B-‐cell	  and	  T-‐cell	  acute	   leukemia	  as	  well	  as	   in	  chronic	   leukemia	  

(Laffin	   &	   Petrash,	   2012),	   liver	   carcinoma	   (Schmitz	   et	   al.,	   2011),	   lung	  

adenocarcinoma,	  squamous	  carcinoma	  and	  smoking-‐related	  Non-‐small-‐cell	  Lung	  

Cancer	  (NSCLC)	  (Kang	  et	  al.,	  2011;	  Laffin	  &	  Petrash,	  2012),	  pancreas	  carcinoma	  

(Chung	  et	  al.,	  2012),	  breast	  carcinoma	  (Ma	  et	  al.,	  2012)	  and	  oral	  cancers	  (Nagaraj	  

et	  al.,	  2006).	  The	  fact	   that	  AKR1B10	  is	  upregulated	   in	  so	  many	  cancers	   is	  not	  a	  

coincidence	  and	  actually	   the	   literature	   is	  plenty	  of	  examples	  about	   the	  benefits	  

that	  overexpression	  of	  AKR1B10	  have	   for	  cancer	  cells	   (Figure	  23).	  As	   it	  occurs	  

with	  AKR1B1,	  AKR1B10	  can	  reduce	  damaging	  carbonyl	  radicals	  and	  anti-‐tumor	  

drugs	  (doxorubicin	  and	  others)	  promoting	  cancer	  cell	  survival.	  

Also,	   AKR1B10	   blocks	   ubiquitin-‐dependent	   degradation	   of	   the	   Acetyl-‐CoA	  

carboxylase-‐α	  (ACCA)	  and	  thus	  enhances	  fatty	  acid/lipid	  synthesis,	  which	  affects	  
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dietary style, environment, genetic factors and
genetic–environment interaction.29–31 The identifi-
cation of these factors and their interaction with the
host and how this can lead to cancer development
are important in developing strategies for the
prevention and cure of pancreatic cancer and the
reduction of its mortality.32 In humans, the most
common and recognized risk factors for the devel-
opment of pancreatic cancer are smoking and
chronic pancreatitis.33,34 AKR1B10 was first isolated
from human hepatocellular carcinoma,1 and has
been identified as a unique tumor biomarker that is
overexpressed in hepatocellular carcinoma and
smoking-related carcinomas such as the lung and
bladder carcinomas.5,35–38 Here, we first demon-
strated that AKR1B10 is overexpressed in resected
human pancreatic adenocarcinomas and in vitro
cultured adenocarcinoma cell lines; and further
demonstrated its unique oncogenic function in
activating KRAS via the process of protein prenyl-
ation. By further considering the patient’s social
history, overexpression of AKR1B10 was highly
associated with a history of smoking.

As summarized in Figure 6, AKR1B10 is involved
in regulating cellular fatty acid synthesis, lipid and
isoprenoids metabolism, regulating retinal homeo-
stasis and in the metabolization of highly active
carbonyls.7–11 All of these unique metabolizing
processes contribute to carcinogenesis as they are
involved in protein prenylation, cell proliferation
and apoptosis (Figure 6). Farnesol and geranylger-
aniol, the reduced products of AKR1B10 from
farnesyl and geranylgeranyl, are phosphorylated
into farnesyl and geranylgeranyl pyrophosphates,
respectively, which are the intermediates of choles-
terol synthesis involved in protein prenylation.12

Thus, it has been postulated that AKR1B10 is
possibly involved in the process of protein prenyla-
tion via metabolizing farnesyl and geranylgeranyl.39

Using in vitro cultured human pancreatic adenocar-
cinoma cell lines, we identified the upregulation of
AKR1B10 in these pancreatic adenocarcinoma cell
lines. We have first demonstrated that using siRNA-
mediated AKR1B10 silencing, dynamic knockdown
of AKR1B10 expression as well its enzymatic acti-
vity resulted in decreased level of the farnesylated
human DNA-J homolog (HDJ2) chaperone, a proto-
typical biomarker of prenylated protein.

Activating point mutations in the KRAS gene are
present in B95% of pancreatic cancers40–42 and
represent the earliest molecular events involved
in pancreatic carcinogenesis.43,44 Membrane-bound
KRAS protein is another crucial biomarker of
protein prenylation, which is required for anchoring
of proteins to the cytosolic membrane and for their
activity.13,14 In this study, we demonstrate that the
amount and activity of membrane-bound KRAS
protein in the pancreatic adenocarcinoma cell line
was significantly decreased when AKR1B10 expres-
sion was silenced. In addition, KRAS downstream
signals including phosphorylated MEK and ERK
were suppressed. These results further confirmed
that AKR1B10 was involved in the process of
protein prenylation and indicated that AKR1B10
could be a critical target for shutting down KRAS
oncogenic function.

E-cadherin is a glycoprotein present in the
adherens junctions of epithelial cells. Disruption
of the proteins comprising these junctions leads
to changes in cell adhesion and dedifferentiation.
E-cadherin expression is frequently downregulated
or absent in highly invasive, poorly differen-

Figure 6 The proposed interactive role of AKR1B10 in carbonals, farnesyl and lipid metabolism as in maintaining the homeostasis of
retinol to retinal that is involved in cellular apoptosis, protein prenylation and proliferation and contributes to pancreatic carcinogenesis.
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AKR1B10	  and	  the	  implications	  of	  the	  protein	  in	  such	  crucial	  pathways	  makes	  the	  

regulation	  much	  more	  complicated.	  

However,	  gathering	  all	  the	  data	  about	  AKR1B10	  in	  cancer,	  appears	  to	  be	  obvious	  

the	   advantages	  of	   upregulating	   this	   gene,	  whereas	   in	  biology	   there	   is	   always	   a	  

case	  that	  breaks	  the	  rule,	  and	  in	  this	  case	  is	  colorectal	  cancer,	  where	  AKR1B10	  is	  

downregulated	   in	   most	   of	   the	   patients	   (Laffin	   &	   Petrash,	   2012;	   Ohashi	   et	   al.,	  

2013).	  We	  are	   interested	  in	  this	  dual	  role	  of	  AKR1B10	  in	  cancer,	  and	  mainly	   in	  

the	  special	  relation	  between	  AKR1B1	  genes	  and	  colorectal	  cancer.	  
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RETINOIC	  ACID	  PATHWAY	  
	  
Vitamin	  A	  and	  its	  natural	  or	  synthetic	  derivatives	  (retinoids)	  have	  been	  shown	  to	  

act	   as	   cancer	   chemopreventive	   agents	   (Niles,	   2004).	   The	   relationship	   between	  

Vitamin	  A	  and	  cancer	  was	  firstly	  described	  by	  Wolback	  and	  Howe	  in	  1925;	  they	  

observed	   higher	   proliferation	   rate	   in	   vitamin	   A	   deficient	   epithelial	   cells	  

(Wolbach	   &	   Howe,	   1925).	   Later	   on	   it	   was	   observed	   that	   Vitamin	   A	   deficiency	  

elevated	  the	  spontaneous	  and	  chemically	   induced	  tumors	  in	  animals	  (Lasnitzki,	  

1955).	   Underpinning	   these	   reports,	   it	   was	   also	   seen	   that	   pharmacological	  

concentration	   of	   Vitamin	   A	   added	   to	   the	   diet	   decreased	   the	   incidence	   of	  

chemically	  induced	  tumors	  in	  animals	  (Bollag,	  1972;	  Harisiadis	  et	  al.,	  1978).	  

Vitamin	   A	   or	   its	   derivatives	   (retinoids)	   cannot	   be	   synthesized	   de	   novo	  by	   any	  

animal	  species	  and	  are	  only	  obtained	  through	  diet	  mainly	  in	  the	  form	  of	  retinol,	  

retinyl	   ester	   or	   β-‐carotene	   (depicted	   as	   a	   carrot	   in	   Figure	   24),	   the	   latter	   two	  

would	  be	  converted	  into	  retinol	  in	  the	  intestinal	  cells.	  Vitamin	  A	  or	  retinoic	  acid	  

pathway	  (head	  and	  tail	  molecules	  of	  the	  pathway)	  begins	  with	  the	  absorption	  of	  

the	   vitamin,	  which	   is	  modified	   through	   a	  number	  of	   reductive	   reactions	   to	   the	  

bioactive	   compound,	   all-‐trans	   retinoic	   acid	   (ATRA).	   In	   fact,	   diet	   contains	   very	  

little	  all-‐trans	  retinoic	  acid	  and	  intestinal	  cells	  are	  mainly	  exposed	  to	  retinol	  and	  

retinal.	  

Retinoids	  are	  a	   family	  of	  numerous	  compounds	  (over	  4000)	  chemically	  related	  

to	  vitamin	  A.	  The	  basic	  structure	  of	   retinoid	  molecules	   is	  composed	  by	  a	  cyclic	  

end	   group,	   a	   polyene	   side	   chain	   and	   a	   polar	   end	   group	   (Figure	   24).	   Although	  

many	  retinoids	  can	  be	   found	  physiologically,	   just	   few	  of	   them	  are	  known	  to	  be	  

bioactives	   per	   se.	   Retinoids	   biological	   active	   forms	   can	   be	   summarized	   under	  

three	  main	  structures:	  retinol	  and	  retinoic	  acid	  (or	  RA).	  

·	  Retinol	  has	  six	  biologically	  active	   forms	  (all-‐trans,	  11-‐cis,	  13-‐cis,	  13-‐di-‐

cis,	   9-‐cis	   and	   11,	   13-‐di-‐cis	   retinol),	   being	   retinol	   all-‐trans	   the	   predominant	  

physiological	  form	  (Baron	  et	  al.,	  2005).	  	  

·	  Retinoic	  acid	  (RA)	  active	  forms	  include	  all-‐trans	  retinoic	  acid	  (ATRA),	  9-‐

cis	   retinoic	   acid,	   11-‐cis	   retinaldehyde,	   3,4-‐didehydro	   retinoic	   acid,	   and	  

less	  commonly	  found	  14-‐hydroxy-‐4,	  14-‐retro	  retinol,	  4-‐oxo	  retinoic	  acid,	  

and	  4-‐oxo	  retinol	  (Baron	  et	  al.,	  2005).	  	  
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It	   is	  known	  that	   retinol	   is	  acting	   in	  a	  non-‐retinoic	  acid	  receptors	  way,	  whereas	  

RA	   and	   oxo-‐RA	  work	   activating	   the	   classical	   pathway.	   The	   starting	  metabolite	  

can	  be	  different,	  but	  all	  of	  them	  converge	  to	  retinol,	  which	  is	  reversibly	  oxidized	  

by	   retinol	   dehydrogenases	   producing	   retinal.	   Subsequently	   retinal	   could	   be	  

irreversibly	  oxidized	  to	  all-‐trans	  retinoic	  acid	  (ATRA)	  by	  retinal	  dehydrogenases.	  

Retinoic	  acid	  is	  oxidized	  to	  more	  polar	  metabolites	  (such	  as	  4-‐oxo-‐RA,	  which	  can	  

also	  activate	  RARs)	  by	  cytochrome	  P450	  family	  members	  such	  as	  CYP26A1,	  -‐B1,	  

and	  -‐C1	  (Tang	  &	  Gudas,	  2011)	  (Figure	  24).	  

Retinoic	  acid	  exerts	  its	  functions	  through	  two	  distinct	  nuclear	  receptors,	  retinoic	  

acid	   receptors	   (RAR)	   and	   retinoic	   X	   receptors	   (RXR).	   Both	   of	   them	  have	   three	  

different	   subtypes:	  α,	  β	  and	  γ.	  Each	  of	   the	   receptors	  possess	  different	  affinities	  

for	  their	   ligands,	  but	  once	  bound	  RAR	  and	  RXR	  form	  heterodimers	  and	  activate	  

downstream	   factors	  by	  binding	   to	   the	   retinoic	   acid	   response	  elements	   (RARE),	  

which	  are	  normally	  located	  in	  the	  gene	  promoter	  (Bushue	  &	  Wan,	  2010;	  Tang	  &	  

Gudas,	   2011).	   More	   than	   500	   genes	   have	   been	   reported	   to	   be	   regulated	   by	  

retinoic	  acid	  (Theodosiou	  et	  al.,	  2010).	  

Retinoic	  acid	  receptor	  pathway	  controls	  many	   important	  and	  diverse	   functions	  

such	   as	   cell	   proliferation,	   cell	   differentiation,	   neural	   and	   vision	   functions,	  

immune	  processes	  and	   the	  proper	  establishment	  of	   the	  body	  plan	  during	  early	  

development.	  

In	   the	   last	   years	   retinol	   has	   been	   proposed	   to	   inhibit	   the	   growth	   of	   colorectal	  

tumor	   cells	   by	   an	   independent	   RA-‐receptor	   mechanism	   (Park	   et	   al.,	   2005).	  

Although	  it	  is	  unclear	  how	  this	  inhibition	  is	  achieved,	  several	  labs	  have	  found	  out	  

different	   antitumor	   pathways	   activated	   by	   retinol	   treatment	   such	   as	   the	  

inhibition	  of	  β-‐Catenin	  (Dillard	  &	  Lane,	  2007)	  or	  the	  loss	  of	  Phosphatidylinositol	  

3-‐Kinase	  Activity	  (Park	  et	  al.,	  2008).	  In	  summary,	  retinol,	  ATRA	  and	  oxo-‐RA	  (and	  

close	   derivates)	   are	   the	  main	   bioactive	   retinoids	  with	   antitumorigenic	   activity	  

described.	  	  

	  




 c eCi � a � eti c �

�/E�

�
� � � f a� � 2R� d� � a� r � � c o� � l � n� � eo� n� 	   � e� � n� � � a� n� r e� � � � � � � � c � n� s � i � � r � � � n	   � � � � l � � � o� 	   naf � nf a� 	   h� � � � � � � aaen�
� r � � � � n� 	   � n� � � c a� 	   � r � � � e� � n� � 	   � � � el cef r � 	   � � r � n� � � � � � nh�

� 1t�  u ti di I t� � d� � c � � � c tu � d� u i �  d� l ea � t l � n� (  � �  u i c l eC� e � � en� e� ( te� u tc � � �

�  1Ct( � eti c � tl � � tC � eds � � i CC d� e � � R ten� � � ntI n C� Ctl o� i 	   � �  (  di 1tc I � � � c �  C� x� ac � F �

 i e� cW� L88L, � � � d� � � � � � � �W� qó78%0� � aCen Cu i C W� � a  � ei � en � � c etz1Ci dt	    C� et(  W� 1Ci z

� t	   	    C cet� eti c � � c � � 1Ci z� 1i 1ei et� �  	   	    � el � i 	   � C etc i t� lW� en l  � � C � �  tc I � al  � � � l �

� n u i 1C (  cet(  � � I  c el � x�  c  ddt� � � � � � �W� L8q8, � 	 � C� tc � F � � s � d� Cl otW� L8q8%� ei � eC � e�

1C u � dtI c � ce� � c � � u � dtI c � ce� d l ti c l � x� d� � c  l � � � � � � �W� qóó/, � � � ( tc � o� � � � � � �W� qóó: , �

	 � d1 Cc � � � � � � �W� qóóE, � 	 i c I � � � � � � �W� qó7/, � � aCt � � � � � � �W� L888%� � c � �  (  c � ei � 1C (  ce� � �

l  � i c � � eau i C�  (  c e� x	 i c I � � � � � � �W� qóó8, � � bc � C� � � � � � � �W� L88q, � � aei � � � � � � �W� qóó/, �

� � l ei Ctc i � � � � � � �W� qóóZ%0� � n l  � C etc i t� z� � l  � � eC � eu  cel � n� (  � �   c � � 11dt � � ei �

� du i l e�  (  Cs � etl l a  0�

� n � tu 1i Ce� c �  � i 	   � C etc i t� l � tc � � � c �  C� 1C (  ceti c � � c � � eC � eu  ce� n� l � C �  t(  � � � �

di e� i 	   � � ee ceti cW� Rn C � l � en � �  C I ad� eti c � i 	   �  c � i I  c i al � C etc i t� l � 1� enR � s � tl �

l etdd� c i e� R  dd� ac �  Cl ei i � 0� � n C � � C � l i u  � � da  l � � � i ae� �  C I ad� eti c � i 	   � l i u  � i 	   � en �

C etc i t� � � � t� � 1� enR � s � x� � � 1� enR � s%� I  c  lW� 	   i C�  ) � u 1d W� � � � S � R nt� n� � tl 1d� sl �

Retinil Ester 

All-trans 4-oxo retinoic acid and other 
 polar retinoic acid metabolites 

All-trans retinoic acid 

All-trans retinaldehyde 

� � �

� �

��

� � � �

� �

� � �

� �

� �

� �

� � �
All-trans retinol reti

etinil

tranns

etina

reti

ns re

transns

et

ns

s reti

o retin

s et

Cyclic 

� �� �� � � �

� �� �� �� �

Polar 

Polyene side chain 



Introduction	  

	   65	  

hypermethylation	   in	   some	   cancers	   (Hayashi	   et	   al.,	   2001;	   Narayan	   et	   al.,	   2003;	  

Wang	  et	  al.,	  2003);	  ALDH1A2	  which	  is	  downregulated	  in	  prostate	  cancer	  (Kim	  et	  

al.,	  2005);	  CYP26A1,	  which	  is	  found	  highly	  expressed	  in	  breast	  cancer	  (Osanai	  et	  

al.,	   2010)	   and	   LRAT	   which	   expression	   is	   also	   decreased	   in	   some	   cancers	  

(Mongan	  &	  Gudas,	  2007).	  	  

To	  date,	  no	  attempt	  has	  been	  made	  to	  fully	  characterize	  the	  epigenetic	  regulation	  

of	   the	   retinoic	   acid	   pathway	   in	   cancer.	   In	   this	   study,	   we	   perform	   a	  

comprehensive	  analysis	  of	  genetic	  and	  epigenetic	  alterations	  in	  this	  pathway	  and	  

we	  evaluate	   the	  prognostic	   and	  diagnostic	   applications	  of	   gene	  expression	  and	  

DNA	  methylation	  markers	  in	  human	  colorectal	  cancer.	  	  
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OBJECTIVES	  
	  
AKR1B1	  enzymes	  have	  an	   important	  role	   in	  multiple	  biological	  processes,	  such	  

as	   inflammation,	   differentiation	   and	   sugar	   metabolism.	   AKR1B1	   genes	   are	  

included	   in	   the	   retinoic	   acid	  pathway;	   these	   enzymes	   reduce	   retinal	   to	   retinol,	  

which	   finally	   will	   end	   up	   in	   retinoic	   acid.	   We	   hypothesize	   that	   retinoic	   acid	  

pathway	   genes,	   especially	   AKR1B1	   subfamily,	   display	   an	   altered	   expression	  

pattern	   through	   the	   specific	   DNA	   hypermethylation	   during	   colorectal	  

tumorigenesis.	  This	  work	  is	  focused	  on	  understanding	  the	  epigenetic	  alterations	  

of	   retinoic	   acid	   pathway	   genes	   in	   colorectal	   cancer	   and	   the	   applications	   that	  

those	   changes	   may	   have	   in	   terms	   of	   diagnostic,	   prognostic	   and	   therapeutic	  

strategies.	  

The	   general	   objective	   of	   this	   thesis	   is	   to	   bring	   light	   into	   the	   mechanisms	  

regulating	   AKR1B10	   and	   AKR1B15	   genes	   and	   what	   is	   their	   role	   in	   colorectal	  

cancer.	  

To	  address	  this	  goal	  we	  propose	  the	  following	  specific	  objectives:	  

	  

·	   To	   elucidate	   the	   epigenetic	   mechanisms	   regulating	   the	   expression	   of	  

AKR1B10	  and	  AKR1B15	  genes	  in	  normal	  colon	  and	  in	  cancer	  cells.	  	  

·	   To	   determine	   the	   functional	   implications	   of	   AKR1B10	   and	   AKR1B15	  

deregulation	  	  in	  colorectal	  cancer.	  

	   ·	  To	  evaluate	  the	  utility	  of	  AKR1B1	  CpG	  island	  hypermethylation	  as	  a	  non-‐

invasive	  screening	  biomarker	  for	  colorectal	  cancer.	  

	   ·	  To	  characterize	  the	  gene	  expression	  and	  changes	  in	  the	  DNA	  methylation	  

profiles	  of	  retinoic	  acid	  pathway	  genes	  in	  normal	  colon	  and	  in	  tumor	  samples.	  

	   ·	  To	  evaluate	  the	  use	  of	  molecular	  alterations	  of	  the	  retinoic	  acid	  pathway	  

genes	   in	   the	   management	   of	   colorectal	   cancer	   patients	   (prognosis	   and	  

therapeutic	  strategy).	  

	  





�
�
�
�
�
�

�
�

�
�
�
�
�
�

�
�
�
�
�
�
�
�
�

�
�
�

�

�

�

� � � �  � � � � � � � � 	 � � � �  � 
 � � � �
�



	  

	  



Materials	  and	  Methods	  
	  

	   73	  

SAMPLES	  
	  
Patients’	  samples	  

Normal	   and	   tumor	   tissues	   were	   available	  

from	   25	   colorectal	   cancer	   patients.	   DNA	  

methylation	   and	   mRNA	   expression	   of	   the	  

AKR1B1,	   AKR1B10	   and	   AKR1B15	   genes	  

were	  analyzed.	  A	  set	  of	  16	  patients	  samples	  

were	   collected	   from	   the	   Institut	   Català	  

d’Oncologia	   	   (ICO,	  Barcelona,	   Spain)	  and	  9	  

from	   the	   Hospital	   Universitari	   Germans	  

Trias	  i	  Pujol	  (Badalona,	  Spain).	  	  

The	  mean	  age	  of	  these	  patients	  at	  the	  time	  

of	   collection	   was	   69	   years,	   in	   a	   range	  

between	   48	   and	   86	   years	   (Table	   7).	   Both	  

genders	   were	   well	   represented,	   with	   12	  

women	   and	   13	   men	   (Table	   7).	   	   Tumors	  

were	   evaluated	   according	   to	   the	   tumor	  

node	  metastasis	  (TNM)	  staging	  system	  (Hu	  

et	  al.,	  2011).	  Samples	  were	  fresh-‐frozen	  at	  -‐

80ºC	  within	  the	  two	  hours	  of	  removal.	  

	  

Human	  stool	  samples	  and	  associated	  carcinoma	  tissues	  

A	   total	   of	   143	   stool	   samples	   were	   collected	   at	   the	   Institut	   Català	   d’Oncologia	  

(Barcelona,	  Spain);	  45	  of	  them	  from	  patients	  with	  colorectal	  carcinomas,	  35	  from	  

patients	   with	   colorectal	   adenomas,	   5	   from	   patients	   with	   colonic	   inflammatory	  

bowel	  disease	  (IBD)	  which	  could	  be	  either	  ulcerative	  colitis	  or	  Crohn’s	  disease,	  

finally	  58	  control	  subjects	  who	  underwent	  surgery	  for	  diverticular	  disease	  or	  an	  

endoscopy	   that	   revealed	   no	   lesions.	   Stools	   DNA	   obtained	   from	   healthy	  

individuals	  paired	  by	  age	  and	  sex	  were	  used	  as	  control	  group.	  For	  7	  carcinoma	  

patients	  (Carcinoma	  27,	  28,	  29,	  33,	  34,	  38	  and	  41)	  we	  also	  had	  the	  DNA	  from	  the	  

tumor,	  what	   enabled	   us	   to	   compare	   among	   the	  DNA	  methylation	   of	   the	   tumor	  

and	  the	  stool	  of	  the	  same	  patient.	  

!"#$%&'()*$ +,$ -$%*$. '/01'2&",$
(3454 67 8"% 99
(345: ;< 8"% 999
(345= >; ?)8"% 999
(345< ;7 8"% 999
(345; <; ?)8"% 999
(345@ @; ?)8"% 999
(345> @< ?)8"% 999
(3457 @: ?)8"% 999
(34:4 ;= 8"% 999

<64>5:45 @= ?)8"% 999
47A6 >4 8"% 999

<64>54<@ @4 8"% 999
<64>54;4 <7 ?)8"% 9B
<64>54;6 6> 8"% 999
47A;= ;= ?)8"% 999
47A5;4 >6 ?)8"% 9B
47A6<6 >4 ?)8"% 999
47A@=; ;@ 8"% 999
47A>5@ @= 8"% 9B
47A>5= <5 ?)8"% 99
47A6=@ ;6 8"% 999
47A<=4 ;> 8"% 9B
47A5: @= 8"% 9B

<64>47>4 @= ?)8"% 9B
47A;7@ >5 8"% 9B

Table	   7	   |	   Relevant	   clinical	   data	   for	   the	  
twenty	   five	   patients	   examined,	   the	   two	  
sources	   of	   samples	   are	   represented	   in	  
different	   colors,	   lime	   for	   Hospital	  
Universitari	   Germans	   Trias	   i	   Pujol	   and	  
green	  for	  Institut	  Català	  d’Oncologia.	  
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Vector	   and	   insert	   were	   ligated	   using	   T4	   DNA	   Ligase	   (New	   England	   Biolabs,	  

Beverly,	  MA,	  USA)	  in	  proportion	  1:3	  respectively.	  The	  reaction	  took	  place	  at	  16ºC	  

during	  4	  hours.	  

	  

Vector	  amplification	  

All	   vectors	   were	   transformed	   in	   DH5-‐α	   Escherichia	   coli	   strain	   by	   heat-‐shock	  

procedure.	   Transformed	   bacteria	   were	   seeded	   into	   LB	   agar,	   at	   50	   µg/ml	   of	  

ampicillin.	  Plates	  were	  cultured	  overnight	  at	  37ºC.	  

Individual	   clones	   were	   selected	   and	   amplified	   in	   liquid	   LB	   at	   100	   µg/ml	   of	  

ampicillin,	  in	  a	  volume	  of	  5ml	  or	  250ml	  according	  to	  the	  experiment.	  	  

For	   small	   amounts	   of	   plasmids,	   and	   starting	   from	  5ml	   of	   grown	  LB	  media,	  we	  

used	   the	   GenElute™	   Plasmid	   Miniprep	   Kit	   (Sigma-‐Aldrich,	   St	   Lois,	   MO,	   USA),	  

eluting	   in	   100	   µl	   of	   pure	   grade	  water.	   In	   larger	   scale	   experiments,	  we	   started	  

with	  250ml	  of	  grown	  LB	  media	  and	  purified	   the	  vector	  with	   the	  GenElute™	  HP	  

Plasmid	  Maxiprep	  Kit	  (Sigma-‐Aldrich,	  St	  Lois,	  MO,	  USA),	  eluting	  the	  purification	  

in	  a	  final	  volume	  of	  3ml	  of	  pure	  grade	  water.	  

	  

	  
CELL	  CULTURE	  
	  
DNA	  transfections	  

All	  transfections	  were	  carried	  out	  in	  6-‐well	  plates,	  seeding	  150,000	  cells	  per	  well	  

at	  day	  0.	  Cells	  were	  transfected	  with	  Lipofectamine®	  2000	  (Invitrogen,	  Carlsbad,	  

CA,	  USA).	  Transfection	  (day	  1)	  was	  performed	  when	  cells	  were	  70%	  confluent,	  as	  

recommended	  by	  the	  manufacturer.	  Ten	  µl	  of	  Lipofectamine®	  2000	  were	  diluted	  

in	   480	   µl	   of	   Opti-‐MEM®	   (Invitrogen,	   Carlsbad,	   CA,	   USA)	   and	   incubated	   for	   5	  

minutes	  at	  room	  temperature.	  Then	  we	  diluted	  3	  µg	  of	  the	  plasmid	  in	  495	  µl	  of	  

Opti-‐MEM®	   and	   mixed	   together	   with	   the	   Lipofectamine®	   2000/Opti-‐MEM®	  

solution,	  incubated	  for	  10	  minutes	  at	  room	  temperature.	  After,	  we	  added	  1	  ml	  of	  

the	  mix	  to	  each	  well	  in	  a	  drop	  wise	  manner.	  Cells	  were	  incubated	  at	  37ºC	  for	  5h,	  

after	   this	   time	   the	   transfection	   media	   was	   removed	   and	   substituted	   by	   fresh	  

medium.	  
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In	  the	  case	  of	  vectors	  carrying	  resistance	  for	  hygromycin,	  selection	  of	  transfected	  

HCT116	  cells	  was	  done	  by	  adding	  100	  µM	  of	  hygromycin	  B	  (Invitrogen,	  Carlsbad,	  

CA,	   USA)	   to	   the	   media	   for	   10	   days	   (changing	   the	   media	   every	   two	   days);	  

afterwards	  the	  antibiotic	  concentration	  was	  decreased	  to	  50	  µM.	  Untransfected	  

HCT116	  cells	  were	  used	  as	  a	  control	  and	  treated	  with	  hygromycin	  B	  in	  the	  same	  

conditions	  until	  death.	  

	  

Lentiviral	  infection	  

Infectious	   lentivirus	   particles	   were	   generated	   and	   packed	   using	   the	   293T	   cell	  

line.	  We	  used	  a	  second-‐generation	  system	  with	  co-‐transfection	  of	  three	  plasmids:	  

(1)	  the	  lentiviral	  vector	  pLX302	  that	  contains	  the	  gene	  of	  interest	  (AKR1B10	  or	  

AKR1B15)	  and	  LTRs	   (Long	  Terminal	  Repeats),	   (2)	   the	  pCMV-‐VSVG	  plasmid	   for	  

pseudo-‐typing	  with	  VSVG,	  allowing	  the	  lentivirus	  to	  infect	  a	  broad	  range	  of	  cells,	  

and	  (3)	  the	  psPAX2	  plasmid	  with	  gag,	  pol,	  and	  rev	  genes	  (Naldini	  et	  al.,	  1996).	  As	  

a	  transfection	  and	  infection	  control	  we	  used	  a	  GFP	  lentiviral	  plasmid	  instead	  of	  

AKR1B10	   or	   AKR1B15.	   The	   virus	   generation	   and	   the	   infection	   process	   were	  

performed	  following	  the	  standard	  protocol	  (Tiscornia	  et	  al.,	  2006).	  

	  

Dznep	  treatment	  	  

In	   order	   to	   know	   the	   relevance	   of	   the	   EZH2	   protein	   in	   the	   inactivation	   of	   the	  

enhancer,	  we	  treated	  HCT116	  cells	  with	  the	  EZH2	  inhibitor	  3-‐Deazaneplanocin	  A	  

hydrochloride	  (DZNep)	  (Sigma-‐Aldrich,	  St	  Lois,	  MO,	  USA).	  Cells	  were	  treated	  for	  

72	  hours	  with	  5µM	  of	  DZNep,	  replacing	  the	  medium	  every	  24h.	  

	  

All-trans	  retinal	  treatment	  	  

HCT116,	  Sw480	  and	  HT29	  colorectal	  cancer	  cell	  lines	  were	  treated	  with	  All-‐trans	  

retinal	  (Sigma-‐Aldrich,	  St	  Lois,	  MO,	  USA)	  for	  24h	  at	  0.5	  and	  2µM.	  

	  

5-aza-2'-deoxycytidine	  treatment	  

To	   study	   the	   importance	   of	   the	   methylation	   in	   the	   regulation	   of	   the	   genes	  

studied,	  we	  treated	  cells	  with	  the	  demethylating	  drug	  5-‐aza-‐2’-‐deoxycytidine	  (5-‐

AzadC)	  (Sigma-‐Aldrich,	  St	  Lois,	  MO,	  USA).	  5-‐AzadC	  is	  a	  nucleoside	  analogue	  that	  

is	  converted	  into	  nucleotide	  and	  incorporated	  into	  the	  DNA.	  There,	  5-‐AzadC	  can	  
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trap	  DNMTs	  by	  forming	  covalent	  complexes	  (Sheikhnejad	  et	  al.,	  1999),	  resulting	  

in	  global	  DNA	  demethylation	  in	  a	  replication-‐dependent	  manner.	  

We	  seeded	  a	  total	  of	  1.5x106	  HCT116	  cells	  (106	  in	  the	  case	  of	  control	  cells)	  in	  a	  

10	   cm2	   plate	   and	   treated	   for	   48	   hours	   with	   0.5	   µM	   of	   5-‐AzadC,	   changing	   the	  

medium	  every	  24	  hours.	  After	  48	  hours	  we	  removed	  the	  5-‐AzadC	  medium	  and	  let	  

the	  cells	  recover	  with	  normal	  medium	  for	  24	  hours.	  Then	  cells	  were	  collected.	  

To	   verify	   the	   success	   of	   the	   treatment	   we	   analyzed	   the	   re-‐expression	   of	   the	  

silenced	   genes	   EN1	   and	   INHBB,	   by	   qPCR	   and	   the	   demethylation	   of	   their	   CpG	  

island	  associated	  promoter	  by	  bisulfite	  sequencing	  (primers	  are	  in	  the	  Annex	  II	  

and	  III).	  

	  

Luciferase	  enhancer	  assays	  

To	  test	  the	  enhancer	  capability	  of	  some	  sequences	  of	  the	  AKR1B1	  locus	  we	  used	  

the	  pGL4.23[luc2/minP]	  vector	  (Promega,	  Madison,	  WI,	  USA),	  which	  is	  specially	  

designed	  to	  test	   luciferase	  enhancer	  activity	  of	   the	   fragments	   inserted.	  We	  first	  

amplified	   the	   selected	   sequences	   using	   the	   Phusion®	   High-‐Fidelity	   DNA	  

Polymerase	   (Promega,	   Madison,	   WI,	   USA)	   to	   avoid	   any	   PCR	   error.	   Then	   PCR	  

amplicons	  were	   inserted	   in	   the	  multicloning	   site	   (MCS)	   of	   the	   pGL4.23	   vector	  

(Figure	  26A).	  

pGL4.23	  vector	  is	  mainly	  composed	  by	  a	  MCS,	  a	  minimal	  promoter	  and	  the	  firefly	  

luciferase	  gene	  (Figure	  26B).	  The	  different	  constructs	  and	  the	  empty	  vector	  were	  

transfected	  in	  different	  wells,	  each	  of	  them	  in	  quintuplicate	  (in	  5	  wells)	  and	  in	  at	  

least	   three	   independent	   experiments.	   The	   assay	   was	   done	   using	   the	   Dual-‐

Luciferase	  Reporter	  Assay	  kit	  (Promega,	  Madison,	  Wi,	  USA)	  in	  accordance	  to	  the	  

manufacturer’s	  instructions.	  

Luciferase	  activity	  was	  assayed	  using	  10	  µl	  of	  the	  cell	  supernatant	  and	  the	  Dual-‐

luciferase	   reporter	   plasmid	   system	   (Promega,	   Madison,	   WI,	   USA).	   Luciferase	  

measurements	   of	   the	   different	   fragments	   were	   normalized	   against	   Renilla	  

luciferase	   activity	   (cotransfected	   with	   the	   pGL4.23)	   to	   determine	   the	   relative	  

luciferase	  activity	  and	  the	  fold	  activation.	  Luciferase/Renilla	  signal	  was	  analyzed	  

with	   a	   Centro	   LB960	   luminometer	   (Berthold	   technologies,	   Bad	   Wildbad,	  

Germany).	   Empty	   pGL4.23	   vector	   was	   included	   as	   control.	   Next,	   we	   detected	  
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pGL4.23[luc2/minP] Vector Features List and Maps:
Multiple cloning region 1–70
Minimal promoter 78–108
luc2 reporter gene 141–1793
SV40 late poly(A) region 1828–2049
Reporter Vector primer 4 (RVprimer4) binding region 2117–2136
ColE1-derived plasmid replication origin 2374
Synthetic β-lactamase (Ampr) coding region 3165–4025
Synthetic poly(A) signal/transcriptional pause signal 4130–4283
Reporter Vector primer 3 (RVprimer3) binding region 4232–4251

Figure 1. pGL4.23[luc2/minP] Vector map.

Figure 2. Multiple cloning region for the pGL4.23[luc2/minP] Vector.

Sequence information and restriction enzyme tables for the pGL4 Vectors are 
available online at: www.promega.com/vectors

For more information see the pGL4 Luciferase Reporter Vectors Technical Manual
#TM259, online at: www.promega.com/protocols 
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AppliCations

The need for a reliable, sensitive and quantitative assay that would enable analysis of a large number of samples led to the 
development of methods, such as incorporation of radioactively labeled 3H-thymidine into DNA or the use of 5-Bromo-2‘-
deoxyuridine (BrdU) as a substitute for radioactive thymidine to label DNA in living cells.
The above methods have a number of disadvantages, including: use of radioactive materials and relatively complex 
 techniques. The use of tetrazolium salts, such as MTT, commenced in the 1950s, is based on the fact that living cells reduce 
tetrazolium salts into colored formazan compounds. 
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DNA	  METHYLATION	  ANALYSIS	  
	  
Genomic	  DNA	  extraction	  

Genomic	  DNA	   extractions	  were	   done	   using	   the	   PureLinkTM	  Genomic	  DNA	  Mini	  

Kit	   (Invitrogen,	   Carlsbad,	   CA,	   USA),	   according	   to	   manufacturer’s	   instructions.	  

DNA	  was	  eluted	  using	  elution	  buffer	  and	  quantified	  using	  the	  NanoDrop	  (Thermo	  

Scientific,	  Rockford,	  IL,	  USA).	  

	  

Bisulfite	  treatment	  

There	  are	  different	  methods	   to	  study	  DNA	  methylation	  at	   specific	  genomic	   loci	  

(Laird,	   2010;	   Lister	   &	   Ecker,	   2009).	   They	   range	   from	   methylation-‐sensitive	  

restriction	  enzymes	  to	  Methylated	  DNA	  immunoprecipitation	  (MeDIP)	  (Down	  et	  

al.,	  2008)	  and	  bisulfite	  modification	  of	  DNA	  (Frommer	  et	  al.,	  1992).	  

Sodium	   bisulfite	   modification	   followed	   by	   sequencing	   is	   currently	   the	   gold	  

standard	   in	  DNA	  methylation	  analysis	  as	   it	  provides	  single	  base	  resolution	  and	  

the	   highest	   coverage	   (Lister	   &	   Ecker,	   2009).	   Sodium	   bisulfite	   treatment	  

deaminates	   unmethylated	   cytosines	   (C)	   to	   produce	   uracil	   (Figure	   30A),	   while	  

methylated	   cytosines	   (mC)	   remain	   unaltered.	   Uracils	   are	   read	   as	   thymines	   by	  

DNA	  polymerase.	  In	  that	  way,	  umethylated	  cytosines	  will	  appear	  as	  thymines	  in	  

sequencing	  of	  PCR	  amplicons	  obtained	  after	  sodium	  bisulfite	  treatment	  of	  DNA.	  

Alternatively,	   methylated	   cytosines	   will	   be	   preserved	   as	   cytosines	   in	   the	  

electropherogram	  (Figure	  30B	  and	  30C).	  By	  comparing	   the	  modified	  DNA	  with	  

the	  original	  sequence,	  the	  methylation	  state	  of	  the	  original	  DNA	  can	  be	  inferred.	  

Bisulfite	   conversion	   was	   performed	   using	   the	   EZ	   DNA	   Methylation™	   kit	  

(ZymoResearch,	  Orange,	  CA,	  USA),	  using	  250	  ng	  of	  DNA	  as	  starting	  material	  and	  

eluting	  in	  50	  µl	  of	  elution	  buffer.	  
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that	   this	   degradation	   affects	   between	   84–96%	  of	   the	   total	  DNA	   (Grunau	   et	   al.,	  

2001).	  

Because	   of	   the	   poor	   quality	   of	   the	   DNA	   recovered	   from	   bisulfite	   treatment,	  

nested	   PCRs	  were	   performed	   to	   improve	   the	   performance.	   Two	   µl	   of	   bisulfite	  

converted	  DNA	  were	  used	  in	  the	  first	  PCR	  (external).	  The	  second	  PCR	  (internal)	  

was	  performed	  using	  one	  µl	  of	  a	  dilution	  of	   the	   first	  one.	  Dilution	  ranged	   from	  

1:1	  to	  1:20.	  Bisulfite	  primers	  are	  listed	  in	  Annex	  II.	  

	  

Infinium	  450K	  methylation	  arrays	  

To	  obtain	  a	  genome-‐wide	  profile	  of	  DNA	  methylation	  in	  HCT116	  control	  cells	  and	  

treated	  with	  5-‐AzadC,	  we	  performed	  450K	  Infinium	  methylation	  array,	  which	  has	  

a	  good	  coverage	  of	  the	  whole	  genome,	  specially	  CpG	  islands	  (97%	  are	  covered)	  

and	  other	  interesting	  regions,	  such	  as	  shore	  CpGi	  islands	  and	  promoters.	  

One	   µg	   of	   DNA	   was	   quantified	   using	   the	  Qubit®	   2.0	   Fluorometer	   (Invitrogen,	  

Carlsbad,	   CA,	   USA),	   and	   transformed	   using	   the	   EZ	   DNA	   Methylation	   ™	   kit	  

(ZymoResearch,	  Orange,	  CA,	  USA).	  Biological	  duplicates	  of	  each	  experiment	  were	  

performed.	  Methylation	  probes	  used	   in	   this	   retinoic	   acid	  pathway	  experiments	  

are	  listed	  in	  the	  Annex	  VI.	  

	  

	  

RNA	  EXPRESSION	  ANALYSIS	   	  
	  
RNA	  extraction	  

Total	  RNA	  extractions	  were	  done	  using	  TRIzol®	  (Invitrogen,	  Carlsbad,	  CA,	  USA),	  

according	   to	   manufacturer’s	   instructions	   and	   following	   the	   single-‐step	   RNA	  

isolation	  method	  (Chomczynski	  &	  Sacchi,	  2006).	  All	  processes	  were	  carried	  out	  

on	  ice	  and	  centrifugations	  steps	  at	  4ºC	  in	  order	  to	  preserve	  RNA	  integrity.	  

Cultured	  cells	  were	  trypsinized	  and	  washed	  with	  cold	  PBS	  1X	  twice	  before	  RNA	  

extraction.	  Then	  cells	  were	  resuspended	  using	  one	  ml	  of	  TRIzol®	  per	  2.106	  cells.	  

In	   the	   case	  of	   tissue	   samples,	  mechanical	  homogenization	  with	   the	   razor	  blade	  

was	  crucial	  to	  obtain	  high	  recovery	  yields.	  At	  that	  point	  samples	  could	  be	  stored	  

at	   -‐80ºC	   for	   at	   least	   one	   year.	   During	   the	   extraction	   protocol,	   we	   applied	   a	  

recombinant	   DNAse	   I	   treatment	   (Applied	   Biosystems,	   Foster	   City,	   CA,	   USA)	   to	  
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avoid	  DNA	  contamination	  mainly	   from	  those	  samples	  coming	  from	  transfection	  

experiments.	  

RNAs	  were	   quantified	   in	   the	   NanoDrop	   (Thermo	   Scientific,	   Rockford,	   IL,	   USA)	  

and	  were	   run	   in	   a	   1%	  agarose	   gel	  with	   ethidium	  bromide	   staining	   in	   order	   to	  

assess	  the	  integrity	  of	  the	  RNA.	  

We	  also	  performed	  RNA	  expression	  microarrays	  and	  RNA-‐seq	  of	  HCT116	  control	  

cells	   and	   treated	   with	   5-‐AzadC.	   Each	   experiment	   was	   performed	   in	   biological	  

duplicates.	  For	  these	  experiments,	  total	  RNA	  was	  extracted	  with	  the	  miRNeasy®	  

Mini	  kit	  (Qiagen,	  Venlo,	  Netherlands)	  which	  allows	  the	  recovery	  of	  all	  sizes	  RNA.	  

The	   quality	   of	   these	   RNAs	   was	   checked	   using	   Agilent	   Bioanalyzer	   (Agilent	  

Technologies,	  Santa	  Clara,	  CA,	  USA)	  and	  a	  minimum	  score	  of	  9	  was	  required	  to	  be	  

included	   in	   the	   experiment.	   Two	   µg	   of	   RNA	   were	   used	   for	   each	   RNA-‐seq	  

experiment.	  For	  RNA	  expression	  microarray	  analysis,	  we	  used	  Agilent	  SurePrint	  

G3	   8x60K	   array	   (Agilent	   Technologies,	   Santa	   Clara,	   CA,	   USA)	   and	   the	   data	  

obtained	  were	   normalized	   and	   analyzed	   statistically	   using	   Limma	   (R	   package)	  

(Smyth	  et	  al.,	  2005).	  

	  

Reverse	  transcriptase	  PCR	  

For	  each	  reaction	  we	  used	  500	  ng	  per	  sample	  that	  were	  reverse	  transcribed	  by	  

M-‐MLV	   (Invitrogen,	   Carlsbad,	   CA,	   USA),	   in	   the	   presence	   of	   pd(N)6	   Random	  

Hexamers	   (GE	   Healthcare,	   Piscataway,	   NJ,	   USA)	   and	   RNasin®	   ribonuclease	  

inhibitor	  (Promega,	  Madison,	  WI,	  USA).	  The	  reaction	  was	  performed	  according	  to	  

manufacturer’s	   recommendations	   in	   a	   final	   volume	   of	   25	   µl.	   Two	   negative	  

controls	  were	  added,	  one	  without	  the	  M-‐MLV	  enzyme	  and	  the	  other	  without	  the	  

RNA.	  

	  

Quantitative	  Real-Time	  PCR	  

The	   expression	   levels	   were	   analyzed	   using	   the	   quantitative	   Real-‐Time	   PCR	  

technique	   in	   the	  LightCycler®	  480	   (Roche	  Diagnostics	  Corporation,	   IN,	   Indiana,	  

USA)	  platform	  with	  Fast	  Start	  DNA	  Master	  SYBR®Green	  I	  mix	  (Roche	  Diagnostics	  

Corporation,	  IN,	  Indiana,	  USA)	  in	  a	  final	  volume	  of	  10	  µl.	  

Samples	  were	  diluted	  4	  to	  20	  fold	  (except	  for	  18S	  control	  that	  was	  diluted	  1000	  

fold),	   depending	   on	   the	   expression	   levels	   of	   each	   gene.	   Every	   sample	   was	  
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analyzed	   in	   triplicate.	   When	   possible,	   forward	   and	   reverse	   primers	   were	  

designed	   in	   different	   exons	   to	   avoid	   genomic	   DNA	   interference.	   	   Amplified	  

products	   were	   run	   in	   an	   agarose	   2%	   gel	   and	   sequenced	   using	   the	   BigDye	  

Terminator	  v3.1	  Cycle	  Sequencing	  Kit	  (Applied	  Biosystems,	  Foster	  City,	  CA,	  USA).	  

We	   used	   3	   to	   6	   housekeeping	   genes	   (PUM1,	   MRPL19,	   PSMC4,	   18S,	   B2M	   (β2-‐

microglobulin)	  and	  PPIA)	  in	  order	  to	  normalize	  the	  expression	  levels.	  Efficiency	  

was	  calculated	  for	  each	  PCR	  reaction	  as	  described	  (Schefe	  et	  al.,	  2006).	  Standard	  

deviation	   was	   calculated	   on	   PCR	   triplicates.	   Expression	   primers	   are	   listed	   in	  

Annex	  III.	  

	  

	  

CHIP	  AND	  CHIP-‐SEQ	  EXPERIMENTS	  
	  
We	  used	  chromatin	  immunoprecipitation	  (ChIP)	  against	  some	  post-‐translational	  

histone	   modifications,	   histone	   variants	   and	   transcription	   factors	   (TF)	  

(summarized	   in	  Table	  11),	   in	  order	   to	  characterize	   the	  epigenetic	   landscape	  of	  

the	  genes	  of	  interest.	  

In	  this	  study	  we	  used	  two	  different	  applications	  of	  ChIP:	  the	  locus	  specific	  ChIP	  

(analyzed	  by	  quantitative	  PCR,	  ChIP-‐qPCR)	  and	  the	  genome-‐wide	  ChIP	  (analyzed	  

by	   next	   generation	   sequencing,	   ChIP-‐seq).	   Both	   applications	   were	   performed	  

using	   the	   Millipore	   EZ-‐Magna	   ChIPTM	   A/G	   kit	   (Billerica,	   Massachusets,	   USA)	  

according	  to	  the	  manufacturer’s	  instructions.	  	  

First	   we	   collected	   cells	   by	   trypsinization	   (as	   explained	   previously).	   Then	   we	  

proceeded	   to	   the	  cross-‐linking	  step	  (1%	  formaldehyde,	  37ºC,	  15	  min)	   followed	  

by	  a	  5	  min	  inactivation	  step	  with	  125mM	  glycine.	  20x106	  cells	  in	  1mL	  of	  cell	  lysis	  

buffer	   were	   sonicated	   using	   Bioruptor	   sonicator	   (Diagenode,	   Liège,	   Belgium)	  

with	  60	  s	  ‘on’	  and	  60	  s	  ‘off’	  for	  34	  min.	  

Fragmented	   chromatin	   was	   aliquoted	   in	   50	   µl	   (106	   cells),	   which	   is	   the	  

recommended	  starting	  material	  for	  the	  EZ-‐Magna	  ChIPTM	  A/G	  kit.	  

In	  this	  study	  we	  carried	  out	  whole	  genome	  ChIP-‐seq	  in	  HCT116	  control	  cells	  and	  

HCT116	  treated	  with	  5-‐AzadC	  (as	  described	  previously).	  Besides,	  ChIP-‐qPCR	  was	  

performed	  for	  specific	  regions	  in	  different	  cell	  lines	  and	  also	  to	  validate	  ChIP-‐seq	  

data.	  	  
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 Control cells 1 
ChIP-seq 

Treated cells2 
H3 abcam ab1791 5 !g/IP 1 1 

H3K4me3 Millipore NG171579 0.6 !g/IP 1 1 
H3K4me Millipore 07-436 3 !g/IP 3 2 

H3K27me3 Millipore 07-449 5 !g/IP 1 1 
H3K27ac Millipore 05-1334 3 !g/IP 2 2 
H3K9me3 Diagenode pAB-060-050 1 !g/IP 1 1 
H3K9me2 Diagenode pAB-056-050 3 !g/IP 1 1 
H3K36me3 abcam ab9050 5 !g/IP 1 1 
H4K20me3 abcam ab9051 5 !g/IP 5 9 

H2A.Z abcam ab4174 5 !g/IP 2 5 
mH2A Dr. Marcus Buschbeck lab 5 !g/IP 4 4 

RNApol II Millipore 05-623 1 !g/IP 3 4 
RNApol III Santa Cruz sc-21754 2 !g/IP 5 9 

CTCF Millipore 17-10044 5 !g/IP 2 5 
IgG Jackson Immunoresearch 011-000-120 5 !g/IP 
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PROTEIN	  ANALYSIS	  
	  
Western	  blot	  

Tissues	  were	  snap-‐frozen	  in	  liquid	  nitrogen,	  then	  smashed	  and	  homogenized	  in	  

lysis	  buffer,	  containing	  10	  mM	  Tris-‐HCl	  (pH	  7.5),	  1	  mM	  MgCl2,	  1	  mM	  EGTA,	  10%	  

glycerol,	   0.5%	  3-‐[(3-‐cholamidopropyl)	   dimethylammonio]-‐1-‐propanesul-‐fonate,	  

1	  mM	  β	  -‐mercaptoethanol,	  and	  0.1	  mM	  phenylmethyl	  sulfonyl	  fluoride.	  Extracts	  

were	   vortexed	   for	   30	  minutes	   at	   4°C	   and,	   after	   centrifuging	   for	   20	  minutes	   at	  

15,000	  g,	   the	  supernatants	  were	  stored	  at	  -‐20°C.	  Before	  doing	  the	  western	  blot	  

experiment,	   extracts	  were	   boiled	   for	   5	  minutes	   in	   Laemmli	   sample	   buffer	   and	  

equal	   amounts	   of	   protein	   (20-‐30	   µg)	  were	   separated	   by	   10%	   sodium	   dodecyl	  

sulfate	   polyacrylamide	   gel	   electrophoresis	   (SDS-‐PAGE)	   and	   transferred	  

electrophoretically	   to	   a	   immobilon-‐P	   membrane	   (Millipore,	   Billerica,	  

Massachusets,	   USA).	   The	  membrane	  was	   blocked	   in	   TBS	   0.5%	   plus	   5%	  nonfat	  

dried	   milk	   for	   90	   minutes	   at	   room	   temperature	   and	   probed	   with	   a	   primary	  

antibody	  AKR1B1	  (1:3000;	  Dr.	   Jaume	  Farrés	  Lab)	  or	  AKR1B10	  (1:3000;	  Sigma-‐

Aldrich)	  at	  4°C	  overnight.	  The	  membrane	  was	  washed	   thrice	   for	  10	  minutes	   in	  

TBS	   0.5%	   and	   incubated	   with	   anti-‐rabbit	   secondary	   antibody	   (1:3000;	   Dako,	  

Agilent	   Technologies,	   Santa	   Clara,	   CA,	   USA)	   for	   90	   minutes	   at	   4ºC.	   Targeted	  

proteins	   were	   visualized	   using	   SuperSignal	   West	   Pico	   Chemiluminescent	  

Substrate	  (Thermo	  Scientific,	  Rockford,	   Illinois,	  USA).	  We	  used	  GAPDH	  (Abcam,	  

Cambridge,	  Massachusetts,	  USA)	  as	  a	  loading	  control.	  

	  

Immunohistochemistry	  

A	   tissue	   microarray	   with	   196	   tumors	   from	   patients	   diagnosed	   of	   advanced	  

colorectal	   cancer	   and	   homogenously	   treated	   with	   combinations	   of	   5-‐FU	   and	  

irinotecan	   was	   constructed.	   Sections	   were	   stained	   using	   a	   fully	   automated	  

staining	   system	   for	   immunohistochemistry	   (Ventana	  Medical	   Systems,	   Tucson,	  

Arizona,	   USA).	   The	   primary	   antibody	   used	  was	   anti-‐AKR1B10	   (Sigma-‐Aldrich)	  

and	  anti-‐AKR1B1	   (Dr.	   Jaume	  Farrés	  Lab)	  at	  dilution	  1/100.	   Immunostaining	  of	  

HepG2,	  HCT116	  and	  SW480	  cell	  lines	  were	  used	  as	  a	  controls.	  The	  staining	  was	  

semiquantitative	  evaluated	  as	  diffuse	  positive,	  focal	  and	  negative.	  
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ligation	   product	   is	   the	   result	   of	   a	   unique	   interaction,	   the	   quantification	   and	  

comparison	  of	  different	  interactions	  was	  done	  by	  quantitative	  PCR	  using	  specific	  

primers	  for	  the	  given	  interaction.	  The	  quantification	  of	  these	  ligation	  products	  in	  

a	   given	   population	   of	   cells	   leads	   to	   relative	   frequency	   maps	   where	   physical	  

interactions	  can	  be	  inferred.	  The	  specific	  primers	  used	  in	  the	  AKR1B1	  locus	  are	  

described	  in	  the	  Annex	  VIII	  table.	  

	  

	  

BIOINFORMATICS	  
	  
The	  Cancer	  Genome	  Atlas	  project	  

Most	  of	  the	  genomic	  data	  used	  in	  this	  project	  were	  downloaded	  from	  The	  Cancer	  

Genome	   Atlas	   (TCGA)	   project.	   This	   huge	   project	   attempts	   to	   get	   a	   better	  

knowledge	   about	   the	   most	   common	   cancers	   (17	   cancers	   in	   the	   last	   update,	  

09/10/2013),	  by	  applying	  genome-‐wide	  techniques	  that	  provide	  information	  on	  

gene	  expression,	  DNA	  sequence	  and	  DNA	  methylation	  to	  large	  series	  of	  cases.	  We	  

have	  used	   the	  TCGA	  database	   to	   investigate	  DNA	  methylation,	   gene	  expression	  

and	   gene	  mutation	   in	   the	   regions	   or	   genes	   of	   interest,	   using	   publicly	   available	  

bioinformatic	  tools	  or	  developing	  our	  own	  scripts.	  

	  

TCGA:	  Gene	  expression	  

Colon	  cancers	  expression	  array	  data	  was	  downloaded	  from	  The	  Cancer	  Genome	  

Atlas	  database	  (tcga-‐data.nci.nih.gov).	  

Gene	   expression	   data	   from	   the	   Agilent	   G4502A	   microarray	   (Agilent	  

Technologies,	   Santa	  Clara,	  CA,	  USA)	  was	  available	   for	  155	   colon	   cancer	  patient	  

samples.	  There	  were	  12	  tumor-‐matched	  normal	  tissues	  and	  7	  normal	  unmatched	  

tissues	  available	  that	  were	  also	  included	  in	  the	  analysis.	  	  

Expression	  results	  were	  obtained	  using	  the	  TCGA	  dataset	  on	  Oncomine	  database	  

(www.oncomine.com)	   and	   using	   in-‐house	   made	   R	   scripts.	   TCGA	   scripts	   were	  

constructed	   with	   R	   (http://www.r-‐project.org/)	   using	   the	   Bioconductor	   open	  

source	   R	   package	   (http://www.bioconductor.org)	   (Gentleman	   et	   al.,	   2004).	  

Expression	  probes	  are	  depicted	  in	  Annex	  IX.	  
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Cancer Type Code Normal Samples Tumor samples 
Bladder Urothelial Carcinoma BLCA 78 13 

Brain Lower Grade Glioma LGG 2 140 
Breast invasive carcinoma BRCA 91 548 

Colon adenocarcinoma COAD 38 254 
Glioblastoma multiforme GBM 1 112 

Kidnery renal papillary cell carcinoma KIRC 160 283 
Kidney renal clear cell carcinoma KIRP 44 81 
Liver hepatocellular carcinoma LIHC 49 98 

Lung adenocarcinoma LUAD 3 220 
Lung squamous cell carcinoma LUSC 40 149 

Pancreatic adenocarcinoma PAAD 6 24 
Prostate adenocarcinoma PRAD 49 153 
Rectum adenocarcinoma READ 7 95 
Stomach adenocarcinoma STAD 2 69 

Thyroid carcinoma THCA 28 230 
Uterine Corpus Endometrioid Carcinoma UCEC 25 334 
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Figure	  32	  |	  Example	  of	   the	  output	  generated	  by	  the	  script	  developed	  to	  visualize	  DNA	  methylation	  

data	  from	  the	  TCGA.	  

The	  second	  method	  is	  the	  log2	  ratio	  of	  the	  intensities	  of	  methylated	  probe	  versus	  

unmethylated	   probe	   (Irizarry	   et	   al.,	   2008).	   We	   have	   used	   the	   beta	   value	   to	  

represent	  DNA	  methylation	  data	  as	  it	  offers	  a	  biological	  meaningful	  information.	  

For	  DKO	  DNA	  methylation	  we	  used	  already	  published	  data	  from	  Dr.	  Peter	  Jones,	  

stored	   at	   Gene	   Expression	   Omnibus	   (GEO,	   http://www.ncbi.nlm.nih.gov/geo),	  

under	  the	  code	  GSM896399	  (De	  Carvalho	  et	  al.,	  2012).	  

	  

TCGA:	  Gene	  mutation	  and	  copy	  number	  alterations	  

We	   also	   used	   the	   TCGA	   data	   to	   investigate	   genetic	   alterations	   in	   our	   genes	   of	  

interest.	   We	   used	   genetic	   TCGA	   data	   through	   the	   cBioportal	   webtool	  

(http://www.cbioportal.org)	  (Gao	  et	  al.,	  2013).	  

	  

Other	  bioinformatic	  tools	  

We	  have	  used	  DAVID	  (http://david.abcc.ncifcrf.gov)	  webtool	   for	  Gene	  ontology	  

(GO)	  and	  KEGG	  pathways	  analysis	  (Kyoto	  Encyclopedia	  of	  Genes	  and	  Genomes)	  

(Huang	  et	  al.,	  2009).	  

In	  order	  to	  define	  the	  RA	  pathway	  genes	  expression	  in	  normal	  colon	  mucosa	  we	  

used	   the	   Refexa	   standarized	   database	   (http://sbmdb.genome.rcast.u-‐
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tokyo.ac.jp/refexa).	   High	   and	  moderate	   expression	   was	   assessed	   using	   RefExa	  

criteria.	  

For	  the	  composition	  of	  the	  survival	  test,	  we	  used	  4	  gene	  expression	  datasets	  of	  

human	   colorectal	   cancers	   (GEO:	   GSE14333,	   GSE12945,	   GSE17536,	  

GSE17537)(Bailey	   et	   al.,	   2012;	   Jorissen	   et	   al.,	   2009;	   Staub	   et	   al.,	   2009)	   with	  

follow-‐up	   information	  available	   to	  analyze	   the	  survival	  rate	  depending	  on	  gene	  

expression.	   Using	   PrognoScan	   algorithm	   (Mizuno	   et	   al.,	   2009)	   patients	   were	  

divided	   into	   two	   groups	   depending	   on	   gene	   expression	   levels.	   High	   or	   low	  

expression	   groups	   were	   made	   using	   the	   minimum	   p-‐value	   approach.	   Survival	  

curves	  were	  constructed	  using	  the	  Kaplan-‐Meier	  method.	  	  
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DNA	  METHYLATION	  PROFILE	  OF	  AKR1B	  GENES	  IN	  
COLORECTAL	  CANCER	  
	  
DNA	  methylation	  of	  AKR1B1	  by	  bisulfite	  sequencing	  

Silencing	   of	   multiple	   cancer-‐related	   genes	   is	   associated	   with	   de	   novo	   DNA	  

methylation	  of	  promoter	  CpG	  islands.	  In	  this	  study	  we	  have	  focused	  on	  AKR1B1	  

gene,	  which	  has	  a	  CpG	  island	  (CpGi)	  associated	  to	  its	  promoter	  (Figure	  33A).	  We	  

analyzed	   the	   DNA	   methylation	   status	   of	   AKR1B1	   CpGi	   island	   in	   a	   panel	   of	   7	  

cancer	   cell	   lines	   and	   in	   25	   colon	   tumor	   samples,	   as	  well	   as	   in	   their	   associated	  

normal	   mucosa	   by	   bisulfite	   sequencing	   (see	   materials	   and	   methods	   for	   more	  

detail).	  

To	  cover	   the	  93	  CpG	  dinucleotides	   that	  comprise	   the	  CpG	   island,	  we	  needed	   to	  

perform	   3	   independent	   bisulfite	   PCRs,	   named	   A,	   B	   and	   C	   (Figure	   33A).	   The	  

results	  obtained	   from	  the	   three	  amplicons	  within	   the	  AKR1B1	  CpG	   island	  have	  

provided	   an	   overview	   of	   the	   methylation	   landscape	   of	   this	   gene	   in	   colorectal	  

cancer	  (Figure	  33).	  

All	  25	  normal	  colon	  mucosa	  samples	  displayed	  a	  fully	  unmethylated	  pattern	  all	  

along	  the	  CpG	  island	  (Figure	  33B).	  On	  the	  contrary,	  almost	  all	   tumors	  analyzed	  

(24	   out	   of	   25)	   exhibited	   hypermethylation.	   It	   is	   important	   to	   note	   that	  

hypermethylation	   is	   more	   prone	   to	   occur	   in	   the	   C	   segment	   of	   the	   CpG	   island	  

(Figure	  33C),	  where	  the	  AKR1B1	  transcription	  start	  site	  (TSS)	  is	  located	  (Figure	  

33A).	  Clonal	  analysis	  of	  tumor	  samples	  with	  partial	  DNA	  methylation	  showed	  the	  

coexistence	  of	  densely	  methylated	  with	  poorly	  methylated	  molecules	  in	  all	  cases,	  

confirming	   the	   presence	   of	   cell	   populations	   with	   heterogeneous	   DNA	  

methylation	  profiles.	  

Most	   of	   the	   colorectal	   cancer	   cell	   lines	   presented	   a	   high	   grade	   of	   DNA	  

methylation	  in	  the	  AKR1B1	  CpG	  island	  (HCT116,	  CaCo2,	  HT29,	  DLD1	  and	  SkCo1),	  

except	   for	   DKO	   (deficient	   for	   DNA	   methylation)	   (Rhee	   et	   al.,	   2002)	   which	  

exhibited	  a	  fully	  unmethylated	  pattern.	  Hepatocellular	  carcinoma	  cell	  line	  HepG2	  

was	  also	  fully	  unmethylated.	  In	  the	  cell	  lines	  analyzed,	  there	  was	  no	  enrichment	  

in	   hypermethylation	   regarding	   the	   C	   amplicon.	   In	   most	   cases	   the	   whole	   CpG	  

island	  displayed	  a	  homogeneous	  DNA	  methylation	  profile.	  
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DNA	  methylation	  of	  AKR1B10	  by	  bisulfite	  sequencing	  

The	   DNA	  methylation	   level	   of	   the	   promoter	   region	   of	   the	   AKR1B10	   gene	  was	  

analyzed	   although	   it	   did	   not	   have	   an	   associated	   CpG	   island.	   The	   analyzed	  

amplicon	  was	  composed	  by	  seven	  CpG	  dinucleotides	  (depicted	  in	  Figure	  34A).	  

We	   have	   studied	   AKR1B10	   promoter	   DNA	   methylation	   in	   the	   25	   colorectal	  

tumors	  and	   in	   the	  associated	  normal	  mucosa.	  Seven	  cancer	  cell	   lines	  were	  also	  

analyzed.	  

The	   DNA	   methylation	   pattern	   of	   AKR1B10	   was	   heterogeneous	   among	   the	  

different	   normal	   samples.	   For	   example,	   samples	   N.09.817	   and	   N.CR017	   were	  

almost	  unmethylated,	  whereas	  N.09.437	  was	  heavily	  methylated.	   In	  contrast	   to	  

AKR1B1	   promoter,	   AKR1B10	   promoter	   tended	   to	   be	   methylated	   in	   normal	  

colorectal	  tissue	  (Figure	  34B).	  

DNA	   methylation	   of	   AKR1B10	   in	   colorectal	   tumor	   samples	   showed	   a	   great	  

variability	   among	   the	   different	   samples.	   Some	   of	   them	   were	   almost	  

unmethylated	   such	  as	  T.CR010,	  while	  T.09.454	  and	  T.09.530	  were	  almost	   fully	  

methylated	  (Figure	  34C).	  

As	   it	   occurred	   in	   normal	   colon	   mucosa,	   AKR1B10	   promoter	   tended	   to	   be	  

methylated	  in	  colorectal	  tumor	  samples,	  but	  slightly	  less	  methylated	  than	  in	  the	  

normal	   tissue.	   	   Regarding	   cell	   lines	   methylation,	   HT29,	   DKO	   and	   HepG2	  

displayed	   a	   completely	   unmethylated	   profile,	   while	   SKCo1,	   DLD1,	   CaCo2	   and	  

HCT116	  presented	  different	  degrees	  of	  DNA	  methylation	  (Figure	  34D).	  
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HepG2 CEBPB v041610.1 ChIP-seq Peaks Rep 1 from ENCODE/HAIB

HepG2 CEBPB v041610.1 ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB
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HepG2 CEBPB v041610.1 ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB
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HepG2 CREB1 v042211.1 ChIP-seq Peaks Rep 2 from ENCODE/HAIB
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RefSeq Genes
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CpG Islands (Islands < 300 Bases are Light Green)
Human mRNAs from GenBank

Restriction Enzymes from REBASE
HepG2 CEBPB v041610.1 ChIP-seq Peaks Rep 1 from ENCODE/HAIB

HepG2 CEBPB v041610.1 ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB

HepG2 CEBPB v041610.1 ChIP-seq Peaks Rep 2 from ENCODE/HAIB
HepG2 CEBPB v041610.1 ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB
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HepG2 SP1 PCR1x ChIP-seq Peaks Rep 2 from ENCODE/HAIB
HepG2 SP1 PCR1x ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB

HCT-116 SP1 v042211.1 ChIP-seq Peaks Rep 1 from ENCODE/HAIB
HCT-116 SP1 v042211.1 ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB

HCT-116 SP1 v042211.1 ChIP-seq Peaks Rep 2 from ENCODE/HAIB
HCT-116 SP1 v042211.1 ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB

AKR1B10 AKR1B15

Scale
chr7:

500 bases hg19
134,233,600 134,233,700 134,233,800 134,233,900 134,234,000 134,234,100 134,234,200 134,234,300 134,234,400 134,234,500 134,234,600 134,234,700 134,234,800 134,234,900 134,235,000 134,235,100

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)
Your Sequence from Blat Search

Basic Gene Annotation Set from ENCODE/GENCODE Version 7
RefSeq Genes

Repeating Elements by RepeatMasker
CpG Islands (Islands < 300 Bases are Light Green)

Human mRNAs from GenBank
Restriction Enzymes from REBASE

HepG2 CEBPB v041610.1 ChIP-seq Peaks Rep 1 from ENCODE/HAIB
HepG2 CEBPB v041610.1 ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB

HepG2 CEBPB v041610.1 ChIP-seq Peaks Rep 2 from ENCODE/HAIB
HepG2 CEBPB v041610.1 ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB

HepG2 CEBPD v041610.1 ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB

HepG2 CREB1 v042211.1 ChIP-seq Peaks Rep 1 from ENCODE/HAIB
HepG2 CREB1 v042211.1 ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB

HepG2 CREB1 v042211.1 ChIP-seq Peaks Rep 2 from ENCODE/HAIB
HepG2 CREB1 v042211.1 ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB

HCT-116 CEBPB v042211.1 ChIP-seq Peaks Rep 1 from ENCODE/HAIB
HCT-116 CEBPB v042211.1 ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB

HCT-116 CEBPB v042211.1 ChIP-seq Peaks Rep 2 from ENCODE/HAIB
HCT-116 CEBPB v042211.1 ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB

HepG2 SP1 PCR1x ChIP-seq Peaks Rep 1 from ENCODE/HAIB
HepG2 SP1 PCR1x ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB

HepG2 SP1 PCR1x ChIP-seq Peaks Rep 2 from ENCODE/HAIB
HepG2 SP1 PCR1x ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB

HCT-116 SP1 v042211.1 ChIP-seq Peaks Rep 1 from ENCODE/HAIB
HCT-116 SP1 v042211.1 ChIP-seq Raw Signal Rep 1 from ENCODE/HAIB

HCT-116 SP1 v042211.1 ChIP-seq Peaks Rep 2 from ENCODE/HAIB
HCT-116 SP1 v042211.1 ChIP-seq Raw Signal Rep 2 from ENCODE/HAIB

AKR1B15

A 

C 

D 

B 

20 kb20 kb20 kb hg19hg19hg19
134,235,000134,235,000134,235,000134,235,000134,235,000134,235,000 134,240,000134,240,000134,240,000134,240,000134,240,000134,240,000 134,245,000134,245,000134,245,000134,245,000134,245,000134,245,000 134,250,000134,250,000134,250,000134,250,000134,250,000 134,255,000134,255,000134,255,000134,255,000134,255,000134,255,000 134,260,000134,260,000134,260,000134,260,000134,260,000134,260,000 134,265,000134,265,000134,265,000134,265,000134,265,000134,265,000

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)
AKR1B15AKR1B15AKR1B15AKR1B15AKR1B15

134,250,000134,250,000
UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)

134,233,600134,233,600 134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700134,233,700 134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800134,233,800 134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900134,233,900 134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000134,234,000 134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100134,234,100 134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200134,234,200 134,234,300134,234,300134,234,300134,234,300134,234,300134,234,300134,234,300134,234,300134,234,300134,234,300
UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)

AKR1B15AKR1B15AKR1B15AKR1B15AKR1B15
134,234,000134,234,000
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Methylation status for region (AKR1B1): 7:134143116−134144063
Number of probes: 11 | Number of samples: 373
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Methylation for probe  cg02215070

SAMPLES

be
ta

.v
al

ue

CONTROL NORMAL TUMOR

CONTROL (N=81)
NORMAL (N=38)
TUMOR PAIRED (N=38)
TUMOR UNPAIRED (N=216)

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0
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Methylation for probe  cg06864853

SAMPLES
be

ta
.v

al
ue

CONTROL NORMAL TUMOR

CONTROL (N=81)
NORMAL (N=38)
TUMOR PAIRED (N=38)
TUMOR UNPAIRED (N=216)

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Methylation for probe  cg10795359

SAMPLES

be
ta

.v
al

ue

CONTROL NORMAL TUMOR

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Methylation for probe  cg14629509
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Methylation status for region (AKR1B10) 7:134212304−134212575
Number of probes: 2 | Number of samples: 373
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Methylation status for region (B15promoterlong) 7:134233618−134234063
Number of probes: 2 | Number of samples: 373
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UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)
CpG Islands (Islands < 300 Bases are Light Green)

Human mRNAs from GenBank
Transcription Factor Binding Sites by ChIP-seq from ENCODE/HAIB

H1-hESC CEBPB IgG-rab ChIP-seq Peaks from ENCODE/SYDH
H1-hESC CEBPB IgG-rab ChIP-seq Signal from ENCODE/SYDH

K562 CEBPB IgG-rab ChIP-seq Peaks from ENCODE/SYDH
K562 CEBPB IgG-rab ChIP-seq Signal from ENCODE/SYDH

A549 CEBPB IgG-rab ChIP-seq Peaks from ENCODE/SYDH
A549 CEBPB IgG-rab ChIP-seq Signal from ENCODE/SYDH

HeLa-S3 CEBPB IgG-rab ChIP-seq Peaks from ENCODE/SYDH
HeLa-S3 CEBPB IgG-rab ChIP-seq Signal from ENCODE/SYDH
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IMR90 CEBPB IgG-rab ChIP-seq Peaks from ENCODE/SYDH
IMR90 CEBPB IgG-rab ChIP-seq Signal from ENCODE/SYDH

RNA-seq from ENCODE/Caltech

Classified Translation Initiation Sites
miRcode Predicted MicroRNA Target Sites, Highly Conserved Families

Colonic_Mucosa.Donor_32 Chromatin State Segmentation by HMM from Roadmap

Adult_Liver Chromatin State Segmentation by HMM from Roadmap

Duodenum_Mucosa.Donor_61 Chromatin State Segmentation by HMM from Roadmap

Gastric Chromatin State Segmentation by HMM from Roadmap

Rectal_Mucosa.Donor_29 Chromatin State Segmentation by HMM from Roadmap

Rectal_Mucosa.Donor_31 Chromatin State Segmentation by HMM from Roadmap

Stomach_Mucosa Chromatin State Segmentation by HMM from Roadmap

hESC_Derived_CD184+_Endoderm_Cultured_Cells Chromatin State Segmentation by HMM from Roadmap
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iPS-20b_Cell_Line Chromatin State Segmentation by HMM from Roadmap
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Classified Translation Initiation Sites
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Colonic_Mucosa.Donor_32 Chromatin State Segmentation by HMM from Roadmap

Adult_Liver Chromatin State Segmentation by HMM from Roadmap
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brief	  description	  of	  the	  characteristics	  of	  the	  samples	  is	  presented	  in	  Table	  14	  in	  

the	  materials	  and	  methods	  chapter.	  

As	   occured	   in	   humans,	   the	   CpG	   island	   was	   not	   methylated	   in	   normal	   colon	  

samples	   (Figure	   44B).	   There	  was	   also	   a	   complete	   unmethylated	  pattern	   in	   the	  

adenomas	   studied	   (Figure	   44C),	   unlike	   the	   human	   counterpart	   that	   were	  

frequently	  hypermethylated	  (Figure	  33).	  

In	   the	  case	  of	   the	  CT26	  carcinoma	  cell	   line	  and	  “carcinoma4”	  sample,	  we	  could	  

not	  detect	  any	  DNA	  methylation	  in	  the	  region	  analyzed;	  whereas	  in	  “carcinoma1”	  

and	  “carcinoma3”	  we	  detected	  partial	  methylation	  of	  a	  few	  CpG	  sites;	  and	  finally	  

“carcinoma2”	  was	  fully	  methylated	  (Figure	  44D).	  

These	   results	   confirm	   that	   the	   hypermethylation	   of	   AKR1B1	   CpG	   island	   in	  

colorectal	   cancer	   is	   also	   observed	   in	   its	   murine	   ortholog	   Akr1b3,	   however	   it	  

seems	   to	  occur	   less	   frequently	   than	   in	  human,	   at	   least	   in	   regard	   to	   the	  murine	  

cancer	  model	  used.	  
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The	  scenario	  is	  very	  similar	  for	  AKR1B15,	  which	  was	  downregulated	  in	  88%	  of	  

the	  samples	  (22	  out	  of	  25)	  and	  there	  is	  just	  1	  case	  out	  of	  25	  where	  the	  gene	  was	  

upregulated	   (Figure	  46B	  and	  D).	   The	  behavior	   of	  AKR1B10	  and	  AKR1B15	  was	  

almost	   identical	   in	   all	   samples	  analyzed,	  which	  may	   indicate	  a	   co-‐regulation	  of	  

both	  genes.	  

As	   we	   have	   previously	   reported,	   promoter	   DNA	  methylation	   of	   AKR1B10	   and	  

AKR1B15	   is	   almost	   unaltered	   during	   cancer	   development	   despite	   both	   genes	  

display	  a	  dramatic	  downregulation.	  However,	  we	  could	  observe	  a	   link	  between	  

the	  DNA	  methylation	  of	  AKR1B1	  CpG	  island	  and	  	  the	  expression	  of	  AKR1B10	  and	  

AKR1B15	  (Figure	  46E):	  hypermethylation	  of	  AKR1B1	  CpG	  island	  was	  associated	  

with	  strong	  downregulation	  of	  both	  genes	   	  (Figure	  46C	  and	  D).	  An	  exception	  is	  

CR010	  patient,	   in	  which,	  despite	  the	  low	  expression	  of	  both	  genes	  in	  the	  tumor	  

tissue,	  there	  was	  an	  apparent	  upregulation	  explained	  by	  the	  lack	  of	  expression	  of	  

AKR1B10	  and	  AKR1B15	  in	  the	  normal	  colon.	  

	  

mRNA	  expression	  of	  AKR1B	  family	  in	  a	  second	  set	  of	  samples	  

Next,	   we	   extended	   our	   study	   by	   applying	  microarray	   expression	   analysis	   to	   a	  

cohort	  of	  100	  patients	  from	  the	  Institut	  Català	  d’Oncologia	  (ICO,	  Barcelona),	  with	  

the	   corresponding	   normal	   and	   tumor	   sample	   for	   each	   patient.	   Additionally,	   to	  

discard	   possible	   sample	   cross-‐contamination	   and	   in	   order	   to	   identify	   possible	  

disease-‐related	  features	  in	  the	  normal	  tissues	  of	  patients,	  this	  analysis	  included	  

the	  colonic	  tissues	  from	  a	  control	  cohort	  comprising	  100	  healthy	  individuals.	  We	  

then	   analyzed	   the	   expression	   of	   AKR1B1,	   AKR1B10	   and	   AKR1B15	   in	   the	  

expression	  microarrays.	  

Although	   AKR1B1	   displayed	   a	   modest	   tendency	   to	   be	   downregulated	   in	  

colorectal	  cancer,	  this	  was	  not	  a	  general	  fact	  and	  many	  tumors	  did	  not	  change	  the	  

expression	  levels	  and	  in	  some	  of	  them	  were	  even	  upregulated	  (Figure	  47).	  	  	  

On	   the	   contrary,	   AKR1B10	   and	   AKR1B15	   showed	   high	   expression	   values	   in	  

normal	   colon	   that	   suffered	   a	   dramatic	   downregulation	   in	   almost	   all	   tumor	  

samples	  analyzed	  (Figure	  47).	  
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Medias y medianas del tiempo de 
supervivencia 

Mediana 
Intervalo de confianza al 95% 

AKR1B1_DEF Límite inferior Límite superior 
,00 ,000 11,047 
1,00 7,742 9,495 
2,00 7,763 9,540 
Global 7,875 9,164 

 

 

 
Comparaciones globales 

 Chi-cuadrado gl Sig. 
Log Rank (Mantel-Cox)          12,151 2   ,002 
Prueba de igualdad de distribuciones de supervivencia para 
diferentes niveles de AKR1B1_DEF. 

 

 

 

 
 
 
Kaplan-Meier: Associació OS agrupant 0 + 1 vs 2 
 
[Conjunto_de_datos1] /Users/Eva/Documents/docs 
TTD/CPT.ES1.604/PROJECTE TUMORS/CPT.ES1.604 TUMORS DEFINITIVA.sav 
 

 

 
Resumen del procesamiento de los casos 

Censurado 
AKR1B1 low vs high Nº total Nº de eventos Nº Porcentaje 
1,00 115 78 37 32,2% 
2,00 54 33 21 38,9% 
Global 169 111 58 34,3% 
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TCGA−G4−6298−11A−01D−1721−05
TCGA−G4−6302−11A−01D−1721−05
TCGA−A6−2680−11A−01D−1551−05
TCGA−A6−2679−11A−01D−1551−05
TCGA−G4−6295−11A−01D−1721−05
TCGA−A6−2684−11A−01D−1551−05
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TCGA−AA−3492−11A−01D−1407−05
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TCGA−G4−6314−11A−01D−1721−05
TCGA−A6−2682−11A−01D−1551−05
TCGA−G4−6320−11A−01D−1721−05
TCGA−A6−2675−11A−01D−1721−05
TCGA−AA−3655−11A−01D−1721−05
TCGA−AA−3509−11A−01D−1407−05
TCGA−AA−3663−11A−01D−1721−05
TCGA−G4−6297−11A−01D−1721−05
TCGA−AA−3712−11A−01D−1721−05
TCGA−AA−3697−11A−01D−1721−05
TCGA−AA−3495−11A−01D−1407−05
TCGA−AA−3488−11A−01D−1407−05
TCGA−AA−3506−11A−01D−1407−05
TCGA−AZ−6601−11A−01D−1772−05
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TCGA−AZ−6598−11A−01D−1772−05
TCGA−AA−3660−11A−01D−1721−05
TCGA−AA−3494−11A−01D−1407−05
TCGA−AA−3510−11A−01D−1407−05
TCGA−AA−3502−11A−01D−1407−05
TCGA−AZ−6600−11A−01D−1772−05
TCGA−A6−4107−11A−01D−1551−05
TCGA−AA−3713−11A−01D−1721−05
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TCGA−G4−6317−01A−11D−1721−05TCGA−CM−6170−01A−11D−1651−05TCGA−DM−A282−01A−12D−A16X−05TCGA−DM−A28G−01A−11D−A16X−05TCGA−A6−5656−01A−21D−1837−05TCGA−A6−6780−01A−11D−1837−05TCGA−F4−6855−01A−11D−1926−05TCGA−CM−6164−01A−11D−1651−05TCGA−A6−5667−01A−21D−1721−05TCGA−AD−6964−01A−11D−1926−05TCGA−D5−6529−01A−11D−1772−05TCGA−G4−6306−01A−11D−1772−05TCGA−A6−6138−01A−11D−1772−05TCGA−CK−6747−01A−11D−1837−05TCGA−G4−6310−01A−11D−1721−05TCGA−D5−5538−01A−01D−1651−05TCGA−CA−5256−01A−01D−1407−05TCGA−F4−6807−01A−11D−1837−05TCGA−A6−6650−01A−11D−1772−05TCGA−AA−3510−01A−01D−1407−05TCGA−G4−6294−01A−11D−1772−05TCGA−AA−3488−01A−01D−1407−05TCGA−AM−5820−01A−01D−1651−05TCGA−DM−A28C−01A−11D−A16X−05TCGA−DM−A1D6−01A−21D−A153−05TCGA−CM−5344−01A−21D−1721−05TCGA−AY−5543−01A−01D−1651−05TCGA−CK−6748−01A−11D−1837−05TCGA−A6−6137−01A−11D−1772−05TCGA−AU−3779−01A−01D−1721−05TCGA−D5−6533−01A−11D−1721−05TCGA−D5−5540−01A−01D−1651−05TCGA−AZ−6603−01A−11D−1837−05TCGA−CM−5868−01A−01D−1651−05TCGA−DM−A1DB−01A−11D−A153−05TCGA−AA−3662−01A−01D−1721−05TCGA−AD−6899−01A−11D−1926−05TCGA−F4−6856−01A−11D−1926−05TCGA−F4−6809−01A−11D−1837−05TCGA−F4−6463−01A−11D−1721−05TCGA−AZ−6601−01A−11D−1772−05TCGA−AD−6888−01A−11D−1926−05TCGA−G4−6314−01A−11D−1721−05TCGA−CM−6167−01A−11D−1651−05TCGA−DM−A0XF−01A−11D−A153−05TCGA−CM−5349−01A−21D−1721−05TCGA−CM−4747−01A−01D−1407−05TCGA−CA−5796−01A−01D−1651−05TCGA−D5−6539−01A−11D−1721−05TCGA−AD−6895−01A−11D−1926−05TCGA−G4−6298−01A−11D−1721−05TCGA−D5−5537−01A−21D−1926−05TCGA−D5−5539−01A−01D−1651−05TCGA−G4−6297−01A−11D−1721−05TCGA−F4−6459−01A−11D−1772−05TCGA−CM−6676−01A−11D−1837−05TCGA−A6−5662−01A−01D−1651−05TCGA−D5−6536−01A−11D−1721−05TCGA−G4−6626−01A−11D−1772−05TCGA−A6−2684−01A−01D−1407−05TCGA−A6−6141−01A−11D−1772−05TCGA−CA−5255−01A−11D−1837−05TCGA−CM−4748−01A−01D−1407−05TCGA−AD−6963−01A−11D−1926−05TCGA−A6−2675−01A−02D−1721−05TCGA−AA−3511−01A−21D−1837−05TCGA−CA−6715−01A−21D−1837−05TCGA−A6−6142−01A−11D−1772−05TCGA−G4−6625−01A−21D−1772−05TCGA−CK−4948−01B−11D−1651−05TCGA−CM−6674−01A−11D−1837−05TCGA−AA−3489−01A−21D−1837−05TCGA−D5−6924−01A−11D−1926−05TCGA−F4−6703−01A−11D−1837−05TCGA−A6−2685−01A−01D−1407−05TCGA−AZ−5403−01A−01D−1651−05TCGA−CM−6162−01A−11D−1651−05TCGA−G4−6304−01A−11D−1926−05TCGA−AZ−4308−01A−01D−1407−05TCGA−D5−6534−01A−21D−1926−05TCGA−CA−5797−01A−01D−1651−05TCGA−AZ−4313−01A−01D−1407−05TCGA−D5−6928−01A−11D−1926−05TCGA−DM−A28E−01A−11D−A16X−05TCGA−AZ−4681−01A−01D−1407−05TCGA−G4−6309−01A−21D−1837−05TCGA−AA−3494−01A−01D−1407−05TCGA−DM−A1D0−01A−11D−A153−05TCGA−A6−6140−01A−11D−1772−05TCGA−AA−3697−01A−01D−1721−05TCGA−A6−6648−01A−11D−1772−05TCGA−CK−5912−01A−11D−1651−05TCGA−F4−6854−01A−11D−1926−05TCGA−F4−6808−01A−11D−1837−05TCGA−AZ−6608−01A−11D−1837−05TCGA−AA−3712−01A−21D−1721−05TCGA−D5−5541−01A−01D−1651−05TCGA−G4−6302−01A−11D−1721−05TCGA−CM−5348−01A−21D−1721−05TCGA−A6−6651−01A−21D−1837−05TCGA−A6−6654−01A−21D−1837−05TCGA−A6−5664−01A−21D−1837−05TCGA−AA−3713−01A−21D−1721−05TCGA−A6−6649−01A−11D−1772−05TCGA−AZ−6607−01A−11D−1837−05TCGA−AD−6965−01A−11D−1926−05TCGA−CA−6717−01A−11D−1837−05TCGA−CM−5863−01A−21D−1837−05TCGA−D5−6932−01A−11D−1926−05TCGA−D5−6898−01A−11D−1926−05TCGA−A6−2681−01A−01D−1407−05TCGA−AZ−6605−01A−11D−1837−05TCGA−D5−6926−01A−11D−1926−05TCGA−AY−6196−01A−11D−1721−05TCGA−CM−6168−01A−11D−1651−05TCGA−AA−3506−01A−01D−1407−05TCGA−G4−6303−01A−11D−1772−05TCGA−D5−6530−01A−11D−1721−05TCGA−AD−6901−01A−11D−1926−05TCGA−A6−5657−01A−01D−1651−05TCGA−G4−6627−01A−11D−1772−05TCGA−F4−6460−01A−11D−1772−05TCGA−D5−6930−01A−11D−1926−05TCGA−AZ−4323−01A−21D−1837−05TCGA−AD−6889−01A−11D−1926−05TCGA−A6−6652−01A−11D−1772−05TCGA−AA−3660−01A−01D−1721−05TCGA−CM−6165−01A−11D−1651−05TCGA−D5−6922−01A−11D−1926−05TCGA−CM−5862−01A−01D−1651−05TCGA−CM−4752−01A−01D−1407−05TCGA−CM−6680−01A−11D−1837−05TCGA−DM−A28F−01A−11D−A16X−05TCGA−CM−6678−01A−11D−1837−05TCGA−F4−6704−01A−11D−1837−05TCGA−G4−6311−01A−11D−1721−05TCGA−F4−6569−01A−11D−1772−05TCGA−G4−6307−01A−11D−1721−05TCGA−AA−3509−01A−01D−1407−05TCGA−D5−6929−01A−31D−1926−05TCGA−AZ−4682−01B−01D−1407−05TCGA−DM−A1D9−01A−11D−A153−05TCGA−G4−6295−01A−11D−1721−05TCGA−A6−2682−01A−01D−1407−05TCGA−DM−A280−01A−12D−A16X−05TCGA−AZ−4684−01A−01D−1407−05TCGA−CM−6169−01A−11D−1651−05TCGA−F4−6805−01A−11D−1837−05TCGA−A6−6782−01A−11D−1837−05TCGA−AZ−4315−01A−01D−1407−05TCGA−CM−6679−01A−11D−1837−05TCGA−DM−A1HA−01A−11D−A153−05TCGA−A6−2680−01A−01D−1407−05TCGA−CM−5864−01A−01D−1651−05TCGA−DM−A28A−01A−21D−A16X−05TCGA−A6−2671−01A−01D−1407−05TCGA−AA−3496−01A−21D−1837−05TCGA−CK−4947−01B−11D−1651−05TCGA−AA−3495−01A−01D−1407−05TCGA−D5−6532−01A−11D−1721−05TCGA−A6−5659−01A−01D−1651−05TCGA−DM−A288−01A−11D−A16X−05TCGA−AZ−6600−01A−11D−1772−05TCGA−AZ−5407−01A−01D−1721−05TCGA−D5−6535−01A−11D−1721−05TCGA−AY−6197−01A−11D−1721−05TCGA−CM−5860−01A−01D−1651−05TCGA−D5−6541−01A−11D−1721−05TCGA−AZ−4616−01A−21D−1837−05TCGA−D5−6931−01A−11D−1926−05TCGA−D5−6538−01A−11D−1721−05TCGA−AA−3502−01A−01D−1407−05TCGA−D5−6927−01A−21D−1926−05TCGA−DM−A28H−01A−11D−A16X−05TCGA−AZ−6599−01A−11D−1772−05TCGA−A6−2679−01A−02D−1407−05TCGA−AY−6386−01A−21D−1721−05TCGA−DM−A28K−01A−21D−A16X−05TCGA−AA−3655−01A−02D−1721−05TCGA−G4−6315−01A−11D−1721−05TCGA−DM−A1D7−01A−11D−A153−05TCGA−CM−6172−01A−11D−1651−05TCGA−D5−6537−01A−11D−1721−05TCGA−A6−5666−01A−01D−1651−05TCGA−CM−5341−01A−01D−1407−05TCGA−CM−6163−01A−11D−1651−05TCGA−CK−5914−01A−11D−1651−05TCGA−G4−6322−01A−11D−1721−05TCGA−AD−5900−01A−11D−1651−05TCGA−A6−2686−01A−01D−1407−05TCGA−F4−6461−01A−11D−1772−05TCGA−CA−6718−01A−11D−1837−05TCGA−CK−5916−01A−11D−1651−05TCGA−F4−6570−01A−11D−1772−05TCGA−CM−4750−01A−01D−1407−05TCGA−DM−A0XD−01A−12D−A153−05TCGA−CM−6166−01A−11D−1651−05TCGA−AZ−4615−01A−01D−1407−05TCGA−DM−A285−01A−11D−A16X−05TCGA−G4−6293−01A−11D−1721−05TCGA−CM−6677−01A−11D−1837−05TCGA−D5−6923−01A−11D−1926−05TCGA−AD−6548−01A−11D−1837−05TCGA−CM−4743−01A−01D−1721−05TCGA−CM−6161−01A−11D−1651−05TCGA−CK−4950−01A−01D−1721−05TCGA−A6−6781−01A−22D−1926−05TCGA−G4−6628−01A−11D−1837−05TCGA−D5−7000−01A−11D−1926−05TCGA−G4−6323−01A−11D−1721−05TCGA−AU−6004−01A−11D−1721−05TCGA−CM−6675−01A−11D−1837−05TCGA−DM−A0X9−01A−11D−A153−05TCGA−D5−6531−01A−11D−1721−05TCGA−CM−5861−01A−01D−1651−05TCGA−AA−3492−01A−01D−1407−05TCGA−AZ−4614−01A−01D−1407−05TCGA−CA−5254−01A−21D−1837−05TCGA−A6−4105−01A−02D−1772−05TCGA−A6−5661−01A−01D−1651−05TCGA−CK−5913−01A−11D−1651−05TCGA−CK−6751−01A−11D−1837−05TCGA−D5−6540−01A−11D−1721−05TCGA−G4−6588−01A−11D−1772−05TCGA−G4−6586−01A−11D−1772−05TCGA−G4−6299−01A−11D−1772−05TCGA−CA−6719−01A−11D−1837−05TCGA−CM−4751−01A−02D−1837−05TCGA−AM−5821−01A−01D−1651−05TCGA−G4−6321−01A−11D−1721−05TCGA−AD−6890−01A−11D−1926−05TCGA−DM−A1D4−01A−21D−A153−05TCGA−CK−4951−01A−01D−1407−05TCGA−A6−5660−01A−01D−1651−05TCGA−CM−4746−01A−01D−1407−05TCGA−AA−3663−01A−01D−1721−05TCGA−DM−A1D8−01A−11D−A153−05TCGA−F4−6806−01A−11D−1837−05TCGA−DM−A28M−01A−12D−A16X−05TCGA−CA−6716−01A−11D−1837−05TCGA−CK−5915−01A−11D−1651−05TCGA−DM−A1DA−01A−11D−A153−05TCGA−AZ−6598−01A−11D−1772−05TCGA−A6−6653−01A−11D−1772−05TCGA−AZ−6606−01A−11D−1837−05TCGA−DM−A1HB−01A−22D−A17Z−05TCGA−A6−5665−01A−01D−1651−05TCGA−G4−6320−01A−11D−1721−05TCGA−D5−6920−01A−11D−1926−05TCGA−CK−4952−01A−01D−1721−05TCGA−CK−6746−01A−11D−1837−05TCGA−CM−6171−01A−11D−1651−05TCGA−CM−4744−01A−01D−1407−05TCGA−A6−4107−01A−02D−1407−05
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Norm sd 0.063 0.019 0.025 0.045 0.013 0.041 0.002 0.133 0.042 0.048 0.021 
Tum mean 0.420 0.397 0.343 0.385 0.188 0.069 0.081 0.323 0.359 0.330 0.084 

Tum sd 0.150 0.234 0.230 0.257 0.211 0.092 0.137 0.270 0.249 0.299 0.106 
Wilcoxon pval 3.17E-08 7.91E-15 4.37E-09 2.30E-07 0.130 7.64E-08 8.33E-06 9.63E-07 0.000 0.002 0.363 

adj pval 2.06E-07 2.06E-13 3.78E-08 9.96E-07 0.198 3.97E-07 2.71E-05 3.58E-06 0.000 0.005 0.429 

Hypermethylation cases (%) 45.669 79.921 71.654 66.142 45.669 7.480 39.370 57.874 61.811 55.512 27.559 
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A. Mutation analysis!

B. CNA analysis!

C. RDH10 expression vs CNA!
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EPIGENETIC	   REGULATION	   OF	   AKR1B1	   GENE	   FAMILY	   IN	  
COLORECTAL	  CANCER	  
	  
Epigenetic	  regulation	  of	  AKR1B1	  

The	  DNA	  methylation	  pattern	  in	  the	  genome	  is	  basically	  bimodal,	  with	  the	  large	  

majority	  of	  CpG	  sites	  methylated	  at	  high	   levels	  (>85%)	  and	  CpG	  islands	   largely	  

unmethylated	   (<10%)	   (Bergman	   &	   Cedar,	   2013).	   This	   apparently	   stable	   DNA	  

methylation	   scenario	   is	   modified	   in	   a	   number	   of	   diseases	   and	   it	   has	   been	  

extensively	  studied	  in	  cancer.	  DNA	  methylation	  alterations	  in	  cancer	  are	  mainly	  

due	   to	   global	   hypomethylation	   and	   focal	   hypermethylation	   (Bergman	  &	  Cedar,	  

2013).	  Many	  gene	  promoter	  hypermethylations	  have	  been	  described	  in	  cancers,	  

and	  in	  most	  of	  them	  a	  clear	  association	  with	  a	  decrease	   in	  gene	  expression	  has	  

been	  reported	  (Table	  16).	  	  

We	   started	   with	   the	   observation	   that	   AKR1B1	   promoter	   CpG	   island	   was	  

hypermethylated	   in	   24	   out	   of	   25	   cases	   of	   colorectal	   cancer	   patients.	   The	   high	  

incidence	  of	   this	  alteration	  was	  confirmed	  using	   the	  TCGA	  database,	  where	  we	  

detected	  hypermethylation	  in	  about	  85%	  of	  the	  colorectal	  cancer	  cases	  analyzed	  

(Figures	   33	   and	   37).	   The	   interesting	   fact	   is	   that	   AKR1B1	   changes	   in	   DNA	  

methylation	   do	   not	   appear	   to	   affect	   its	   expression,	   at	   least	   in	   a	   consistent	  

manner.	   On	   one	   hand,	   we	   know	   that	   the	   gene	   promoter	   is	   highly	  

hypermethylated	  in	  cancer,	  but	  we	  observed	  a	  very	  faint	  downregulation	  (2%	  of	  

the	   cases)	   in	   the	   expression	   of	   AKR1B1	   in	   colorectal	   cancer,	   at	   both	   mRNA	  

(results	   from	   three	   different	   sources:	   our	   own	   data,	   TCGA	   and	   ICO	   data)	   and	  

protein	  level	  (western	  blot	  and	  TMAs	  performed	  in	  our	  laboratory).	  On	  the	  other	  

hand,	  we	  have	  checked	  the	  expression	  of	  this	  gene	  after	  the	  5-‐AzadC	  treatment	  

and,	   despite	   that	   the	   CpG	   island	   is	   hypomethylated,	   gene	   expression	   does	   not	  

change	   at	   all.	   Gathering	   all	   these	  data	  we	   could	   confirm	   that	   the	   expression	  of	  

AKR1B1	  gene	  is	  not	  affected	  by	  the	  DNA	  methylation	  status	  of	  its	  promoter.	  
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methylated genes have in the initiation and progression 
of the polyp→cancer sequence continues to evolve as 
additional methylated genes are identified (Figure 2). 
As might be expected given the detection of methyl-
ated genes in the normal mucosa of people at increased 
risk of CRC, methylated genes can be detected in 
aberrant crypt foci and adenomas as well as in adeno-
carcinomas.123 Examples of genes methylated early in the 
adenoma→carcinoma sequence include ITGA4, MGMT, 
SLC5A8, SFRP2 and MINT1.123–128 Notably, the most 
substantial increase in gene methylation is seen in the 
normal mucosa to adenoma step of the polyp→cancer 

progression sequence.128 The proportion of neoplasms 
that carry methylated genes is not markedly different 
between advanced adenomas and adenocarcinomas, 
but the frequency of methylation of specific genes does 
vary between early adenomas, advanced adenomas and 
adenocarcinomas.128,129 LINE-1 DNA hypomethylation 
in the polyp→cancer sequence shares a similar pattern 
with local promoter hypermethylation in that there is 
a substantial difference in the levels of LINE-1 hypo-
methylation and local hypermethylation occurring at the 
polyp to adenoma step of the sequence, but no difference 
between levels at the adenoma to cancer step.130 There is 

Table 1 | Representative genes commonly methylated and silenced in CRC

Gene Protein Function* Effect of loss of function

APC Adenomatous polyposis coli Wnt signaling pathway inhibition Increased Wnt/β-catenin signaling

MLH1 MutL homolog 1 DNA mismatch repair Microsatellite instability

MGMT O-6-methylguanine-DNA 
methyltransferase

Repair of alkylation DNA damage Increased G>A mutation frequency

RASSF1A Ras association domain family 1 
(isoform A)

Negative RAS effector, proapoptotic, 
microtubule stabilization

Increased RAS/RAF/MAP kinase 
signaling, death-receptor-dependent 
apoptosis

SLC5A8 Sodium solute symporter family 5 
member 8

Sodium and short chain fatty acid 
transporter, suppresses colony 
formation

Not known

RUNX3 Runt-related transcription factor 3 Transcription factor Decreased TGF-β/BMP signaling

MINT1‡ Methylated in tumor locus 1 NA NA

MINT31‡ Methylated in tumor locus 31 NA NA

SFRP1 Secreted frizzled-related protein 1 Wnt antagonist Increased Wnt/β-catenin signaling

SFRP2 Secreted frizzled-related protein 2 Wnt antagonist Increased Wnt/β-catenin signaling

CDH1 E-cadherin Calcium dependent cell–cell 
adhesion glycoprotein

Loss of cell adhesion, possible 
increased Wnt/β-catenin signaling 

CDH13 Cadherin 13 Selective cell recognition and 
adhesion, antiapoptotic

Increased PI3K/Akt/mTOR 
signaling, MAPK signaling 

CRABP1 Retinol-binding protein 1 Carrier protein for transport of 
retinol, promotes apoptosis

Not known

CDKN2A/p16 Cyclin-dependent kinase inhibitor 2A Regulates cell cycle G1 progression Increased cell proliferation

HLTF Helicase-like transcription factor dsDNA translocase, fork remodeling 
activity, ubiquitin ligase

Impaired DNA repair

CDKN2A 
(P14, ARF)

p14(ARF) Inhibits E3 ubiquitin ligase Decreased p53 stabilization and 
activation

ESR1 Estrogen receptor 1 Ligand-activated transcription factor Loss of estrogen receptor signaling

TIMP3 Tissue inhibitor of 
metalloproteinase 3

Inhibition of MMPs and ADAMs Increased EGFR signaling, TNF 
signaling 

CXCL12 Chemokine (CXC motif) ligand 12 Alpha chemokine Increased tumor cell metastases

ID4 Inhibitor of DNA binding 4 Transcription factor Not known

IRF8 Interferon regulatory factor 8 Transcription factor Interferon signaling

THBS1/TSP1 Thrombospondin 1 Cell-to-cell and cell-to-matrix 
adhesive glycoprotein

Decreased TGF-β1 signaling 

DAPK Death associated protein kinase Induction of cell death Interferon gamma signaling, TNF 
alpha signaling, Fas/APO1 signaling

VIM Vimentin Stablizing cytoskeleton No known biological effect

SEPT9 Septin 9 GTPase, formation of "laments Impaired cytokinesis and loss of 
cell cycle control

*Many of these gene products have multiple functions. The listed function in this table is the one most commonly cited as the one responsible for CRC 
formation. ‡MINTs are ‘methylated in tumor’ loci, and are not specific genes. Abbreviations: ADAM, A Disintegrin and Metalloproteinase; CRC, colorectal cancer; 
EGFR, epidermal growth factor receptor; MAPK, mitogen-active protein kinase; MMP, matrix metalloproteinase; TNF, tumor necrosis factor.
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ENHANCER	  ACTIVITY	  OF	  AKR1B1	  CpG	  ISLAND	  
	  
Chromatin	  conformation	  in	  the	  AKR1B	  locus	  

Due	  to	  the	  clear	  evidences	  that	  pointed	  out	  a	  relationship	  between	  AKR1B1	  CpG	  

island	   and	   the	   regulation	   of	   the	   expression	   in	   AKR1B10	   and	   AKR1B15,	   we	  

decided	  to	  investigate	  the	  chromatin	  conformation	  of	  AKR1B	  genes.	  It	  is	  known	  

that	  enhancers	  need	  a	  close	  contact	  with	  the	  promoter	  in	  order	  to	  regulate	  gene	  

expression	  (Carter	  et	  al.,2002;	  Tolhuis	  et	  al.,	  2014),	  for	  this	  reason	  we	  decided	  to	  

analyzed	   the	   structural	   conformation	   between	   AKR1B1	   CpG	   island	   and	  

AKR1B10,	  which	  is	  more	  downregulated	  than	  AKR1B15.	  	  

The	   Chromosome	   Conformation	   Capture	   (3C)	   results	   revealed	   a	   close	   contact	  

between	  AKR1B1	  CpG	   island	   surroundings	   and	   the	  AKR1B10	  promoter	   in	   two	  

cell	  lines	  that	  highly	  express	  and	  do	  not	  express	  AKR1B10	  (HepG2	  and	  HCT116,	  

respectively).	   At	   that	   time	   we	   wondered	   if	   the	   chromatin	   interactions	   of	   the	  

AKR1B	   genes	   promoters	  would	   change	   in	   carcinogenesis	   and	   if	   this	   alteration	  

could	  lead	  to	  the	  observed	  silencing	  of	  AKR1B10	  and	  AKR1B15	  genes.	  	  

Surprisingly,	   although	   the	   expression	   of	   AKR1B10	  was	   very	   different	   between	  

HepG2	   and	   HCT116	   cell	   lines,	   the	   chromatin	   conformation	   of	   the	   area	   was	  

almost	  identical,	  what	  suggested	  that	  the	  silencing	  of	  AKR1B10	  and	  AKR1B15	  is	  

produced	  by	  deregulating	  the	  enhancer	  function	  of	  AKR1B1	  CpG	  island	  without	  

altering	  the	  chromatin	  structure.	  This	  result	  suggests	  that	  DNA	  methylation,	  and	  

perhaps	   other	   epigenetic	   mechanisms,	   are	   the	   main	   factors	   that	   regulate	   the	  

expression	  of	  AKR1B10	  and	  AKR1B15.	  

	  

A	  distant	  enhancer	  regulates	  the	  expression	  of	  AKR1B10	  and	  AKR1B15	  

To	  get	  more	  insights	  about	  the	  role	  of	  AKR1B1	  CpG	  island	  as	  distal	  regulator	  we	  

decided	   to	   use	   enhancer	   luciferase	   approach.	   The	   results	   indicated	   that	  whole	  

CpG	   island	   already	   had	   enhancer	   activity,	   however	  we	   reduced	   the	   size	   of	   the	  

fragment	   to	   elucidate	   the	   TFs	   responsible	   for	   the	   expression	   of	   AKR1B10	   and	  

AKR1B15	   genes.	   Finally,	   we	   found	   a	   single	   transcription	   factor	   binding	   site	  

(TFBS),	   used	   by	   NF-‐Y	   and	   C/EBP-‐β,	   which	   was	   associated	   with	   an	   important	  

increase	   of	   the	   luciferase	   signal.	   It	   is	  worth	   to	  mention	   that	  within	   the	   island,	  
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other	   fragments	   also	   present	   enhancer	   activity	   (F2.1	   or	   F2.3.2),	   but	   the	  

mentioned	  binding	  site	  was	  the	  one	  that	  produced	  more	  luciferase	  signal.	  

Luciferase	  experiments	  provide	  important	  clues	  about	  the	  activity	  of	  the	  region,	  

but	  it	  is	  also	  a	  limited	  approach,	  as	  the	  genomic	  context	  (nucleosome	  occupancy,	  

histone	  marks,	  DNA	  methylation,	  distal	  interactions	  and	  more)	  is	  not	  maintained	  

in	  this	  assay.	  For	  these	  reasons	  we	  decided	  to	  manipulate	  the	  original	  NF-‐Y	  and	  

C/EBP-‐β	   TFBS,	   using	   CRISPR	   technique	   (materials	   and	   methods)	   to	   alter	   the	  

binding	  site	  and	  study	  the	  consequences	  in	  the	  expression	  of	  AKR1B10.	  Finally,	  

we	   obtained	   a	   clone	   from	   HepG2	   cell	   line	   that	   had	   a	   deletion	   in	   the	   TFBS	  

resulting	  in	  a	  downregulation	  of	  AKR1B10	  gene	  compared	  with	  the	  control	  cells.	  

This	   is	   a	   direct	   evidence	   that	   the	   TFBS	   identified	   by	   enhancer	   luciferase	  

experiments	  indeed	  plays	  a	  role	  in	  the	  regulation	  of	  AKR1B10	  and	  AKR1B15.	  

Next	  step	  was	  to	  find	  which	  TF	  is	  the	  responsible	  for	  the	  enhancer	  activity:	  NF-‐y	  

or	   C/EBP-‐β.	   To	   answer	   this	   question	   we	   performed	   CRISPR	   experiments	   to	  

truncate	  both	  TF	   separately.	  Unexpectedly,	   the	   truncation	  of	  both	  TF	  produces	  

the	  downregulation	  of	  AKR1B10.	  This	  means	  that	  both	  proteins	  are	  required	  to	  

activate	  the	  expression	  of	  AKR1B10	  and	  AKR1B15.	  Intriguingly,	  AKR1B1	  did	  not	  

display	  changes	  in	  gene	  expression,	  although	  the	  two	  TFs	  bind	  to	  their	  promoter	  

region.	  

Gathering	  all	  the	  data	  we	  could	  confirm	  that	  AKR1B1	  CpGi	  works	  as	  an	  enhancer	  

of	   AKR1B10	   and	   AKR1B15.	   Furthermore,	   the	   activator	   role	   of	   the	   enhancer	   is	  

due	  to	  both	  NF-‐Y	  and	  C/EBP-‐β	  binding.	  

These	  results	  are	   in	  agreement	  with	  a	   recent	  study	  showing	   that	   in	  cancer	  cell	  

lines,	   a	   large	   number	   of	   genes	   are	   regulated	   by	   DNA	   methylation	   changes	   in	  

enhancer	  regions	  rather	  than	  in	  its	  promoter	  (Aran	  et	  al.,	  2013).	  

	  

H3K27ac	  and	  PRC2	  dynamics	   in	   the	  activation/silencing	  of	  AKR1B10	  and	  

AKR1B15	  

Back	  to	  2012,	  Dr.	  Batool	  Akhtar-‐Zaidi	  et	  al.	  analyzed	  the	  enhancer	  histone	  marks	  

H3K4me1	   and	   H3K27ac	   to	   determine	   gain	   and	   loss	   of	   enhancer	   activity	   at	  

genome-‐wide	   level	   in	   primary	   colon	   cancer	   cell	   lines	   relative	   to	   normal	   colon	  

crypts.	  They	  identified	  thousands	  of	  variant	  enhancer	  loci	  (VEL)	  that	  comprise	  a	  

signature	   that	   is	   robustly	   predictive	   of	   the	   in	   vivo	   colon	   cancer	   transcriptome.	  
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contrary,	   the	   epigenetic	   state	   of	   AKR1B10	   and	   AKR1B15	   promoters	   does	   not	  

seem	  to	  play	  an	  important	  role	  in	  the	  regulation	  of	  the	  genes.	  

	  

Gene	  regulation	  by	  enhancer	  hypermethylation	  in	  cancer	  

The	  DNA	  methylation	  status	  of	  the	  enhancer	  has	  important	  consequences	  in	  gene	  

expression.	  Dr.	  Dvir	  Aran	  et	  al.	  analyzed	  DNA	  methylation	  and	  gene	  expression	  

data	   in	   58	   cell	   types	   and	   developed	   a	   machine-‐learning	   algorithm	   for	  

methylation-‐expression	   relationships	   in	   gene	   promoters	   and	   enhancers.	   They	  

mapped	   numerous	   sites	   at	   which	   DNA	   methylation	   was	   associated	   with	  

expression	   of	   distal	   genes.	   Strikingly,	   some	   of	   these	   identified	   sites	   were	  

drastically	   altered	   in	   cancers:	   hypomethylated	   enhancer	   sites	   associated	   with	  

upregulation	   of	   cancer-‐related	   genes	   and	   hypermethylated	   sites	   with	  

downregulation	   (Aran	  et	  al.,	  2013).	  Moreover,	   changes	   in	   the	  DNA	  methylation	  

state	  of	  the	  enhancer	  were	  better	  predictors	  of	  gene	  expression	  than	  changes	  in	  

the	   promoter.	   Additionally,	   there	   was	   much	   more	   hypermethylation	   in	  

enhancers	  than	  in	  promoters	  .	  

Methylation	  of	  distal	  regulatory	  sites	  is	  closely	  related	  to	  gene	  expression	  levels	  

across	   the	   genome.	   Single	   enhancers	   may	   modulate	   ranges	   of	   cell-‐specific	  

transcription	  levels,	  from	  constantly	  open	  promoters	  (Aran	  &	  Hellman,	  2013).	  	  

DNA	  methylation	  itself	  does	  not	  produce	  gene	  silencing;	  there	  are	  two	  proposed	  

mechanisms	  by	  which	  DNA	  methylation	  hampers	  gene	  expression:	  by	  avoiding	  

the	   binding	   of	   TFs	   to	   its	   targets	   or	   by	   recruiting	   DNA	   methylation	   binding	  

domain	   proteins	   (MBD)	   that	   in	   general	   do	   not	   activate	   gene	   expression.	   Our	  

observations	  showing	  an	  increase	  of	  C/EBP-‐β	  binding	  in	  the	  AKR1B1	  CpG	  island	  

once	  demethylated	  by	   treatment	  with	  5-‐AzadC	  are	   concordant	  with	  Aran	  et	  al.	  

data	  showing	  a	  depletion	  of	  TF	  in	  methylated	  enhancers.	  

We	   also	   tested	   the	   importance	   of	   DNA	   methylation	   in	   the	   activity	   of	   the	  

AKR1B10	   enhancer.	   Using	   luciferase	   enhancer	   assay,	   we	   transfected	   the	   CpG	  

island	   methylated	   and	   unmethylated,	   the	   result	   was	   that	   when	   the	   CpGi	   was	  

unmethylated	  has	  an	  increased	  enhancer	  activity	  compared	  with	  the	  methylated	  

construct.	  	  

Our	  results	  are	  explained	  by	  two	  distinct	  mechanisms,	  the	  first	  one	  is	  based	  on	  

H3K27ac.	  This	  mark	  is	  the	  responsible	  for	  the	  activation	  of	  the	  enhancer	  and	  is	  
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fundamental	  for	  AKR1B10	  and	  AKR1B15	  expression.	  In	  those	  cases	  where	  there	  

is	  no	  H3K27ac,	   the	  enhancer	  activity	   is	  completely	   lost.	  Secondly,	   the	  enhancer	  

needs	  to	  attach	  some	  TF	  to	  be	  active.	  According	  to	  our	  results,	  NF-‐Y	  and	  C/EBP-‐β	  

are	  the	  most	  important	  TFs,	  but	  as	  mentioned	  before,	  there	  are	  other	  regions	  and	  

perhaps	   other	   TF	   that	   also	   contribute	   to	   express	   AKR1B10	   and	   AKR1B15.	  

Probably,	  DNA	  methylation	  plays	  a	  role	  in	  silencing	  the	  enhancer	  hampering	  the	  

binding	   of	   TFs.	   Although	   we	   just	   describe	   H3K27ac	   and	   DNA	   methylation	  

mechanisms	  separately,	  they	  are	  in	  fact	  steps	  of	  the	  same	  silencing	  process	  and	  it	  

is	  difficult	  to	  elucidate	  the	  specific	  contribution	  of	  each	  one,	  as	  we	  always	  found	  

H3K27ac	  loss	  and	  DNA	  hypermethylation	  of	  the	  enhancer	  to	  occur	  concomitantly	  

in	  colorectal	  cancer.	  
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FUNCTION	   OF	   AKR1B10	   IN	   CANCER,	   LOCATION,	   LOCATION	  
AND	  LOCATION	  	  
	  
The	   literature	   is	   plenty	   of	   studies	   reporting	   deregulation	   of	   AKR1B	   genes	   in	  

cancer.	  According	  to	  previous	  works,	  AKR1B10	  is	  most	  prominently	  upregulated	  

in	  liver	  and	  lung	  cancer	  among	  others	  (Fukumoto	  et	  al.,	  2005;	  Heringlake	  et	  al.,	  

2010;	  Kang	  et	  al.,	  2011;	  Schmitz	  et	  al.,	  2011;	  Woenckhaus	  et	  al.,	  2006).	  AKR1B1	  

over-‐expression	   is	   more	   common	   amongst	   different	   tumor	   types	   than	   that	   of	  

AKR1B10	   (Laffin	   &	   Petrash,	   2012).	   Alternatively,	   few	   studies	   have	   reported	  

AKR1B1	   and	   AKR1B10	   under-‐expression	   in	   human	   cancers.	   Regarding	  

AKR1B15,	   there	   is	   not	   much	   literature	   of	   this	   gene	   and	   nothing	   about	   its	  

alterations	  in	  cancer	  to	  date.	  

In	  many	  papers,	  it	  has	  been	  described	  the	  advantages	  of	  AKR1B10	  upregulation	  

(Figure	   23).	   However,	   AKR1B10	   is	   deeply	   downregulated	   in	   colorectal	   cancer.	  

Then,	   what	   makes	   colorectal	   cancer	   cells	   downregulate	   AKR1B10	   while	   other	  

cancers	  pursuit	  its	  upregulation?	  

One	  possible	  explanation	  would	  be	   the	  one	   recently	  proposed	  by	  Ohashi	  et	  al.;	  

they	   identified	   AKR1B10	   as	   a	   direct	   transcriptional	   target	   of	   the	   tumor	  

suppressor	  TF	  p53.	  Ohashi	  et	  al	  treated	  HCT116,	  LoVo	  and	  RKO	  colon	  cancer	  cell	  

lines	  with	  adriamycin,	  which	  activates	  endogenous	  p53	  protein	  by	  inducing	  DNA	  

damage.	   As	   a	   response	   to	   the	   treatment,	   they	   observed	   an	   increase	   in	   the	  

expression	  of	  AKR1B10	  protein	  together	  with	  p53	  in	  a	  dose-‐dependent	  manner	  

(Ohashi	  et	  al.,	  2013).	  Authors	  claim	  that	  p53	  activates	  AKR1B10	  by	  binding	  to	  a	  

p53	  response	  element	  (p53	  RE)	  near	  the	  promoter	  (it	   is	  worth	  to	  mention	  that	  

there	   are	   also	   p53	   RE	   in	   the	   AKR1B1	   CpG	   island).	   They	   proposed	   that	   the	  

inactivating	  mutations	  of	   p53	   in	   colorectal	   cancer	   could	  be	   the	   responsible	   for	  

the	  AKR1B10	  downregulation.	  However,	  the	  mechanisms	  must	  be	  more	  complex,	  

because	   AKR1B10	   is	   downregulated	   in	   most	   of	   the	   colorectal	   cancers	   cases,	  

whereas	  the	  rate	  of	  p53	  mutation	  in	  colorectal	  cancer	  is	  about	  40%	  (Petitjean	  et	  

al.,	  2007).	  We	  have	  also	  analyzed	  the	  relationship	  between	  the	  downregulation	  

of	   AKR1B10	   together	   with	   the	   mutation	   of	   p53	   using	   tissue	   microarrays	  

approach,	   and	   we	   could	   not	   observe	   any	   significant	   relationship	   (Annex	   XI).	  

Moreover,	   AKR1B10	   was	   not	   expressed	   when	   they	   used	   p53-‐induced	  
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transactivation	   directly	   (Ohashi	   et	   al.,	   2013).	   Moreover,	   what	   it	   is	   should	   be	  

noted	  is	  that	  adriamycin	  is	  a	  substrate	  of	  AKR1B10	  (Loeffler-‐Ragg	  et	  al.,	  2009).	  

For	   this	   reason,	   we	   think	   that	   adriamycin	   triggers	   AKR1B10	   expression	   as	   a	  

response	   of	   a	   cellular	  mechanism	   that	   pursuits	   the	   inactivation	   of	   the	   harmful	  

agent.	  Activation	  of	  AKR1B10	  upon	  adriamycin	  treatment	  needs	  to	  be	  very	  quick	  

in	  order	  to	  protect	  the	  cell	  against	  DNA	  damage.	  We	  have	  seen	  that	  adriamycin	  

activates	  more	   than	  100	   fold	   the	   expression	  of	  AKR1B10	   in	  24	  hours	   and	   it	   is	  

restored	   to	   normal	   levels	   in	   about	   8	   days	   (data	   not	   shown).	   This	   prompt	  

activation	   may	   differ	   from	   the	   mechanism	   that	   regulates	   the	   expression	   of	  

AKR1B10	  in	  normal	  colon	  and	  does	  not	  explain	  the	  silencing	  produced	  in	  cancer;	  

further	   experiments	   are	   needed	   to	   better	   understand	   how	   adriamycin	   induces	  

the	  expression	  of	  AKR1B10.	  

	  

Consequences	   of	   AKR1B10	   and	   AKR1B15	   loss	   of	   function	   in	   colorectal	  

cancer	  

In	  contrast	  to	  the	  ubiquitously	  expressed	  AKR1B1,	  AKR1B10	  is	  mainly	  expressed	  

in	   normal	   small	   intestine	   and	   colon,	   which	   suggests	   that	   the	   physiological	  

function	   of	   AKR1B10	   is	   specifically	   required	   in	   intestinal	   tissues	   (Cao,	   1998).	  

Interestingly,	  AKR1B10	  deregulation	   in	  cancer	  shows	  an	   inverted	  pattern	  to	   its	  

condition	   in	   normal	   tissue:	   silencing	   in	   colorectal	   cancer	   (where	   the	   normal	  

tissue	  expresses	  it),	  and	  upregulation	  in	  but	  cancers	  where	  AKR1B10	  is	  lowly	  or	  

not	  expressed	  in	  the	  normal	  tissue	  (i.e.	  pancreas)	  (Chung	  et	  al.,	  2012;	  Ma	  et	  al.,	  

2012).	  

Actually,	  AKR1B10	  is	  more	  than	  just	  another	  tissue-‐specific	  gene.	  Related	  to	  this,	  

Dr.	  Batlle’s	  group	  described,	  in	  mouse	  and	  human,	  the	  genes	  responsible	  for	  the	  

differentiation	   of	   intestinal	   stem	   cells	   (ISC)	   to	   well-‐differentiated	   colonocytes	  

(Merlos-‐Suárez	  et	  al.,	  2011).	   ISCs	  are	  selected	  by	  high	  expression	  of	  two	  genes:	  

the	  ISC	  marker	  EphB2	  (Merlos-‐Suárez	  et	  al.,	  2011)	  and	  the	  classical	  ISC	  marker	  

Lgr5	   (Barker	   et	   al.,	   2007).	   Both	   genes	   become	   gradually	   silenced	   when	   ISC	  

differentiate.	   Using	   the	   gradient	   expression	   of	   both	   genes,	   they	   identified	   the	  

panel	  of	  genes	  activated	  specifically	  at	  each	  point	  of	  differentiation:	  ISC,	  transient	  

amplifying	   cells,	   late	   terminal	   amplifying	   cells	   and	   terminal	   differentiation.	  

Terminal	  amplifying	  cells	  (TA)	  result	  from	  the	  expansion	  of	  ISC	  (through	  several	  



Discussion	  
	  

	   171	  

rounds	  of	  mitosis)	  while	  they	  migrate	  upwards	  along	  the	  crypt	  axis.	  Close	  to	  the	  

intestinal	   lumen,	   TA	   cells	   undergo	   cell-‐cycle	   arrest	   and	   become	   terminal	  

differentiated	   cells.	   Among	   all	   these	   colon	   differentiation	   steps,	   AKR1B10	  

appeared	   in	   the	   panel	   of	   genes	   defining	   the	   signature	   for	   the	   late-‐TA	   step	  

(supplementary	  table	  5	  in	  Merlos-‐Suárez	  et	  al.,	  2011	  paper).	  	  

However,	   due	   to	   the	   impact	   of	   AKR1B10	   silencing	   in	   colorectal	   cancer,	   our	  

hypothesis	  is	  that	  this	  gene	  is	  acting	  as	  a	  tumor	  suppressor	  gene,	  hampering	  the	  

development	  of	  the	  tumor.	  A	  recent	  paper	  underpinned	  this	  hypothesis;	  Dr.	  Yao	  

et	  al.	  described	  that	  AKR1B10	  is	  downregulated	  in	  gastric	  cancer	  and	  observed	  

that	  the	  expression	  of	  AKR1B10	  was	  inversely	  correlated	  with	  tumor	  size,	  lymph	  

node	   metastasis,	   distant	   metastasis	   and	   TNM	   stage.	   They	   concluded	   that	   the	  

presence	   of	   AKR1B10	   in	   the	   tumor	   is	   a	   good	   prognostic	   indicator	   in	   gastric	  

cancer	   patients	   (Yao	   et	   al.,	   2013).	   AKR1B10	   is	   expressed	   in	   gastric,	   colon	   and	  

rectum	   normal	   tissues	   and	   in	   the	   cancers	   of	   these	   tissues	   is	   frequently	  

downregulated.	   At	   this	   point,	   a	   question	   arises:	  what	  makes	   gastric,	   colon	   and	  

rectum	   tissues	  different	   from	  others	   like	  pancreas,	   liver,	   lung,	   blood	  or	   breast,	  

where	  this	  gene	  is	  upregulated	  in	  cancer?	  

AKR1B10	  is	  a	  metabolic	  enzyme	  that	  catalyzes	  the	  reduction	  of	  a	  wide	  range	  of	  

substrates;	   the	   cellular	   implications	   of	   expressing	   AKR1B10	   could	   vary	  

depending	  on	   the	  available	   substrate.	   In	  other	  words,	   each	   tissue	  has	  different	  

accessibility	   to	   different	   compounds,	   and	   the	   reduction	   of	   these	   distinct	  

compounds	   could	   be	   beneficial	   or	   detrimental	   for	   the	   cancer	   cell	   growth.	   This	  

may	  be	  why	  AKR1B10	  is	  upregulated	  in	  some	  cancer	  cells	  and	  downregulated	  in	  

others.	  

At	   that	   moment,	   we	   realized	   that	   those	   cancers	   where	   AKR1B10	   is	  

downregulated	  (gastric,	  colon	  and	  rectum)	  are	  tissues	  that	  are	  in	  direct	  contact	  

with	  the	  diet.	  Among	  all	  nutrients	  in	  the	  diet,	  we	  can	  find	  vitamin	  A	  ester	  form,	  

also	   known	   as	   retinal.	   This	   compound	   is	   efficiently	   reduced	   by	   AKR1B10	   to	  

retinol	   (but	   not	   by	  AKR1B1),	  which	   is	   described	   as	   an	   inhibitor	   of	   the	   cellular	  

growth	   in	   colorectal	   cancer	   cell	   lines,	   through	   an	   independent	   retinoic	   acid	  

pathway	  (Dillard	  &	  Lane,	  2007;	  Park	  et	  al.,	  2005;	  Park	  et	  al.,	  2008).	   	  Almost	  all	  

the	   retinal	   coming	   from	   the	   diet	   is	   converted	   to	   retinol	   in	   the	   lumen	   of	   the	  

gastrointestinal	   tissue,	   specially	   in	   the	   intestines	   (Fidge	  et	  al.,	   1968).	  Retinol	   is	  
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then	   specifically	   conjugated	   to	   different	   proteins,	   distributed	   across	   the	   body	  

and	   stored	   in	   the	   liver.	  To	   summarize,	   gastrointestinal	   tissues	   are	  distinctively	  

exposed	  to	  high	  amounts	  of	  free	  retinal	  and	  retinol.	  

Our	  hypothesis	  is	  that	  gastrointestinal	  cancers	  specifically	  silence	  the	  activity	  of	  

AKR1B10	  and	  AKR1B15	  to	  avoid	  the	  reduction	  of	  the	  dietary	  retinal	  into	  retinol,	  

which	   inhibits	   the	  growth	  of	   the	   tumor.	  The	   inhibition	  of	  AKR1B10	   is	   an	  early	  

alteration	  already	  present	  in	  adenoma,	  which	  would	  allow	  uncontrolled	  growth	  

of	  tumor	  cells.	  In	  the	  line	  of	  this	  hypothesis,	  normal	  ISC	  do	  not	  express	  AKR1B10	  

until	  the	  last	  state	  of	  differentiation,	  when	  cells	  do	  not	  need	  to	  divide	  anymore.	  

AKR1B10	  (and	  perhaps	  AKR1B15)	  is	  expressed	  to	  perform	  its	  own	  functions	  but	  

also	  to	  maintain	  the	  non-‐dividing	  state	  of	  differentiated	  cells.	  

Actually,	  this	  hypothesis	  is	  underpinned	  by	  our	  retinal	  treatment	  results.	  When	  

we	  performed	  proliferation	  assays	  with	  colon	  cancer	  cell	   lines	  transfected	  with	  

AKR1B10	   or	   AKR1B15	   and	   control,	   we	   observed	   a	   slight	   decrease	   in	   the	  

proliferation	  of	  AKR1B10	  and	  AKR1B15	  transfected	  cells.	  However,	  when	  we	  do	  

the	   same	   experiment	   adding	   retinal	   to	   the	   medium,	   cells	   that	   are	   transfected	  

with	   AKR1B10	   or	   AKR1B15	   are	   deeply	   affected	   and	   are	   less	   proliferative	  

compared	  with	   the	  controls	   cells.	  This	  effect	   is	  due	   to	   the	   increased	  amount	  of	  

retinol	   that	  was	   produced	   by	   retinal	   treatment	   in	   the	  AKR1B10	   and	  AKR1B15	  

transfected	   cells.	   The	   increased	   amount	   of	   retinol	   produced	   by	   AKR1B10	   and	  

AKR1B15	  transfected	  cells	  was	  confirmed	  by	  studies	  performed	  in	  Jaume	  Farrés	  

lab	   (UAB)	   (data	   not	   shown).	   These	   experiments	   pointed	   out	   the	   crucial	  

antiproliferative	   role	   of	   AKR1B10	   and	   AKR1B15	   per	   se	   but	   also,	   and	   more	  

important,	  in	  combination	  with	  retinal.	  

Non-‐gastrointestinal	   tissues,	   which	   are	   not	   exposed	   to	   free	   retinal,	   tend	   to	  

overexpress	   AKR1B10	   to	   acquire	   the	   pro-‐tumor	   activities	   described	   in	   the	  

literature,	  without	  the	  risk	  of	  growth	  inhibition	  by	  retinol	  production.	  
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DEREGULATION	   OF	   THE	   RETINOIC	   ACID	   PATHWAY	   IN	  
COLORECTAL	  CANCER	  
	  
As	  we	  have	  discussed	  above,	  gene	  silencing	  is	  a	  well-‐known	  cellular	  process	  that	  

commonly	  occurs	  in	  cancer	  (Khare	  &	  Verma,	  2012;	  Nephew	  &	  Huang,	  2003).	  The	  

literature	  is	  plenty	  of	  examples	  of	  specific	  genes	  silenced	  in	  a	  given	  cancer	  type;	  

however,	   in	  most	  of	  the	  studies	  the	  gene	  is	  analyzed	  overlooking	  its	  role	   in	  the	  

pathway.	   Understanding	   the	   impact	   of	   one	   single	   gene	   alteration	   in	   the	  whole	  

pathway	  is	  extremely	  important,	  because	  other	  genes	  could	  easily	  overcome	  the	  

function	  of	  one	  silenced	  gene	  within	  the	  whole	  pathway.	  

In	   the	   present	   study,	  we	   have	   screened	   for	   aberrant	   gene	   expression	   in	   genes	  

directly	   involved	   in	   the	   retinoic	   acid	   pathway	   in	   normal	   colon,	   and	   we	   have	  

focused	  our	  attention	  on	   the	  production	  of	   the	  key	  metabolites	   responsible	   for	  

the	  adequate	  function	  of	  the	  pathway	  (Retinol,	  All-‐trans	  RA	  and	  All-‐trans	  4	  oxo-‐

RA).	  

Previous	  investigations	  have	  reported	  epigenetic	  silencing	  of	  several	  genes	  of	  the	  

retinoic	  acid	  pathway.	  The	  most	  well	  studied	  is	  the	  promoter	  hypermethylation	  

of	   RARβ	   gene,	  which	   affects	   several	   cancer	   types	   (Hayashi	   et	   al.,	   2001).	  Many	  

other	  members	   of	   the	   pathway	   have	   also	   been	   described	   to	   undergo	   silencing	  

through	  DNA	  hypermethylation	  of	   the	  promoter	  (Chim	  et	  al.,	  2005;	  Chou	  et	  al.,	  

2012;	  Okudela	  et	  al.,	  2013;	  Tsunoda	  et	  al.,	  2009;	  Wang	  et	  al.,	  2003).	  Despite	  these	  

works,	   there	   is	   not	   a	   comprehensive	   study	   of	   the	   retinoic	   acid	   pathway	  

deregulation	   in	   cancer.	   Here	   we	   report	   a	   deep	   screening	   of	   the	   genetic	   and	  

epigenetic	   alterations	   of	   the	   retinoic	   acid	   pathway	   genes	   in	   human	   colorectal	  

cancer.	  

We	   show	   that	   13	   genes	   of	   the	   RA	   pathway	   were	   downregulated	   in	   colorectal	  

cancer	  (AKR1B1,	  AKR1B10,	  AKR1C3,	  ALDH1A1,	  CYP26B1,	  DGAT1,	  DHRS4,	  LRAT,	  

RARA,	   RARB,	   RBP1,	   RETSAT	   and	   RXRA)	   and	   among	   them,	   nine	   displayed	  

promoter	   DNA	   hypermethylation	   (AKR1B1,	   AKR1C3,	   ALDH1A1,	   CYP26B1,	  

DGAT1,	  LRAT,	  RARA,	  RARB	  and	  RBP1)	  during	  the	  cancerous	  process.	   	  We	  have	  

checked	  for	  the	  importance	  of	  promoter	  DNA	  methylation	  and	  expression	  on	  RA	  

pathway	   genes	   and,	   in	   most	   cases,	   the	   results	   showed	   a	   strict	   correlation	  

between	   methylation	   levels	   and	   changes	   in	   expression.	   Taken	   together,	   these	  
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for	  all-‐trans	  retinaldehyde).	  Even	  more,	  if	  some	  retinol	  is	  produced	  or	  absorbed	  

by	  the	  tumor	  through	  the	  diet,	   it	  would	  rapidly	  become	  All-‐trans	  retinaldehyde	  

because	  of	  the	  upregulation	  of	  the	  responsible	  enzymes	  (RDH10	  and	  RDH12).	  

In	   summary,	   we	   demonstrate	   the	   inhibition	   of	   the	   biosynthesis	   of	   active	  

metabolites	  of	  the	  retinoic	  acid	  pathway	  in	  colorectal	  cancer,	  which	  results	  in	  the	  

impairment	   of	   canonical	   and	   non-‐canonical	   anti-‐tumorigenic	   effects	   of	   these	  

signals.	  	  

Moreover,	  at	  the	  genome	  scale,	  other	  genes	  are	  also	  co-‐methylated	  with	  genes	  of	  

the	  retinol	  acid	  pathway.	  A	  deeper	  study	  of	  these	  events	  revealed	  that	  processes	  

such	  as	  embryo	  development,	  neuronal	  differentiation	  or	  cell	  migration	  are	  “co-‐

silenced”	   with	   retinoic	   acid	   pathway	   genes.	   Interestingly	   these	   processes	   are	  

known	  to	  be	  driven	  by	  retinoic	  acid.	  These	  results	  indicate	  that	  the	  production	  of	  

bioactive	  metabolites	   from	  the	  retinoic	  acid	  pathway	   is	  prevented	   in	  colorectal	  

cancer	  cells.	  
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methylation was detected in almost all primary adenoma
samples, the detection rate of methylated TFPI2 in fecal
DNA was only 21%. In a second study, detection rates for
methylated TFPI2 DNA in stool samples of patients with
colorectal cancer were lower (sensitivity, 68%), but speci-
ficity of this assay was higher (100%) [56]. GATA4 repre-
sents another tumor suppressor gene whose transcription is
reduced in colorectal carcinomas versus normal colon tis-
sue. Analysis of GATA4 DNA methylation in fecal DNA
showed an overall detection rate of 59% and a specificity of
88% [24]. Similar results were published by the same group
for the N-Myc downstream-regulated gene 4 (NDRG4), a
novel tumor suppressor [57]. With a sensitivity of 56% and
a specificity of 96%, NDRG4 has similar qualities a bio-
marker for asymptomatic patients with colorectal cancers as
GATA4. Ausch et al. identified methylation of the gene
integrin, alpha4 (ITGA4), as a potential marker for hyper-
plastic polyps in stool samples and reported a sensitivity of
69% and a specificity of 73% for this potential methylation

marker [58]. To identify new methylation markers, three
colon cancer cell lines were treated with the demethylation
reagent, 5-aza-2 ′-deoxycytidine, and differentially
expressed genes identified by microarray analysis. From a
list of 52 candidate genes, Kim et al. chose the gene Oncos-
tatin M receptor-β (OSM) for further analysis and were able
to detect methylation of the OSM gene in 26 out of 69
patients with colorectal cancers (sensitivity, 38%) and in 4
out 81 healthy controls (specificity, 95%) [59].

The number of publications focusing on the prognostic
value of DNA hypermethylation in stool is limited: Tang et
al. published data that detection of methylated SFRP2 DNA
in stool samples is associated with a reduced survival of
affected patients (P00.0219). However, detection of meth-
ylated SFRP2 DNA in stool samples has no prognostic
value, neither in the univariate analysis (HR02.17; 95%
confidence interval, 1.00 ñ 4.74; P00.051) nor in the multi-
variate analysis (HR01.02; 95% confidence interval, 0.27 ñ
3.86; P00.972) [37].

Table 3 Diagnostic stool markers

Gene Name Sensitivity/specificity Method Reference

APC, ATM,
hMLH1, SFRP2,
HLTF, MGMT,
GSTP1

Misc. CRC (75%, 15/20)/AD (68%, 17/25)/SP (90%, 3/30) MSP [49]

CDKN2A, MGMT
or hMLH1

Misc. HP (55%, 16/29), SP (63%, 7/19) MSP [45]

EN1 Homeobox protein engrailed-1 CRC (27%, 8/30)/SP (97%, 1/30) Melting curve
analysis

[54]

GATA4 Transcription factor GATA-4 CRC (59%, 44/75)/SP (88%, 9/75) qMSP [24]

HIC1 Hypermethylated in cancer 1 protein CRC (42%, 11/26)/AD (31%, 4/13)/SP (100%, 0/32) MSP [44]

ITGA4 Integrin alpha-4 HP (69%, 9/13)/SP (78%, 6/28) qMSP [58]

NDRG4 N-Myc downstream-regulated gene 4 CRC (56%, 42/75)/SP (96%, 3/75) qMSP [57]

OSMR Oncostatin M receptor-β CRC (38%, 26/69)/AD (13%, 2/16)/SP (95%, 4/81) qMSP [59]

RASSF2 Ras association domain-containing
protein 2

CRC (45%, 38/84)/AD (13%, 7/56)/SP (95%, 6/113) COBRA [52]

SFRP1 Secreted frizzled-related protein 1 CRC (84%, 16/19)/AD (100%, 7/7)/SP (86%, 2/14) MSP [53]

SFRP2 Secreted frizzled-related protein 2 CRC (83%, 19/23)/SP (77%, 6/26) MethyLight [43]

SFRP2 Secreted frizzled-related protein 2 CRC (94%, 49/52)/AD (52%, 11/21)/SP (96%, 1/24) MSP [48]

SFRP2 Secreted frizzled-related protein 2 CRC (60%, 18/30)/AD (44%, 11/25) SP (97%, 1/31) MSP [50]

SFRP2 Secreted frizzled-related protein 2 CRC (87%, 60/69)/AD (62%, 21/34)/SP (93%, 2/30) MSP [51]

SFRP2 Secreted frizzled-related protein 2 CRC (84%, 142/169)/AD (46%, 29/63)/SP
(93%, 2/30)

MSP [37]

SFRP2 Secreted frizzled-related protein 2 CRC (63%, 53/84)/AD (32%, 18/56)/SP (92%, 9/113) COBRA [52]

TFPI2 Tissue factor pathway inhibitor 2 CRC (81%, 59/73)/AD (21%, 4/19)/SP (85%, 11/75) qMSP [55]

TFPI2 Tissue factor pathway inhibitor 2 CRC (68%, 41/60)/AD (55%, 11/20)/SP (100%, 0/30) qMSP [56]

TMEFF2
(HPP1/TPEF)

Transmembrane protein with EGF-like
and two follistatin-like domains

CRC (71%, 37/52)/AD (57%, 12/21)/SP (100%, 0/24) MSP [48]

Vim Vimentin CRC (46%, 43/94)/SP (89%, 20/178) MSP [46]

Vim Vimentin CRC (41%, 9/22)/AD (45%, 9/20)/SP (95%, 2/38) Methyl-
BEAMing

[39]

Vim Vimentin CRC (78%, 9/40)/SP (84%, 19/122) MSP [47]

Sensitivities in hyperplastic polyps (HP), adenomas (AD), and colorectal carcinomas (CRC) and the specificity (SP)
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AKR1B10	  protein	  downregulation	  in	  colorectal	  cancer	  

Tissue	   microarray	   experiments	   revealed	   loss	   of	   AKR1B10	   protein	  

(downregulation	   or	   complete	   absence)	   in	   the	   cancer	   tissue	   of	   96.4%	   of	   the	  

tumors	  analyzed	   (162	  out	  of	  168).	  Due	   to	   its	  almost	  universal	  occurrence,	   it	   is	  

unlikely	   that	   the	   identification	   of	   this	   alteration	   could	   have	   prognostic	   utility.	  

Nevertheless,	   it	   remains	   to	   be	   investigated	   whether	   this	   analysis	   could	   be	  

applied	  to	  distinguish	  between	  a	  benign	  lesion	  and	  cancer	  in	  cases	  where	  there	  is	  

a	  lesion	  in	  the	  epithelium	  but	  it	  is	  difficult	  to	  determine	  its	  malignancy	  by	  other	  

methods.	  Further	  experiments	  are	  required	  until	  this	  application	  could	  be	  used,	  

and	  different	  types	  of	  lesions	  including	  adenomas	  and	  bowel	  disease	  samples	  are	  

required	   to	   have	   a	   complete	   profile	   of	   AKR1B10	   in	   the	   different	   possible	  

scenarios	  involving	  the	  intestinal	  tissue.	  
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RETINOIC	  ACID	  PATHWAY	  GENES	  AS	  PROGNOSTIC	  MARKERS	  
	  
The	   discovery	   of	   new	   biomarkers	   is	   crucial	   for	   the	   future	   of	   medicine.	  

Biomarkers	   could	   be	   related	   with	   the	   tumor	   biology	   and	   be	   essential	   for	   the	  

election	   of	   the	   treatment.	   Biomarkers	   could	   also	   predict	   the	   outcome	   of	   the	  

disease	   and	  help	   to	   improve	   the	  management	   of	   the	   disease.	   	   In	   this	  work	  we	  

described	  some	  gene	  expression	  alterations	  of	  retinoic	  acid	  pathway	  genes	  that	  

could	   also	   provide	   several	   confident	   prognosis	   markers.	   The	   alteration	  

(downregulation	   or	   upregulation)	   of	   the	   normal	   gene	   expression	   of	   ALDH1A2,	  

CYP26B1,	  DGAT1,	  DHRS4,	  LRAT,	  RARA,	  RDH10	  and	  RXRA,	  in	  colorectal	  cancer	  is	  

significantly	   related	   with	   worse	   overall	   survival.	   These	   results	   suggest	   that	  

alterations	   in	   RA	   pathway	   genes	   expression	   could	   be	   used	   for	   prognostic	  

prediction	  in	  colorectal	  cancers.	  

Regarding	  AKR1B1	  protein	  expression,	  we	  obtain	  some	  interesting	  results	  with	  

the	  tissue	  microarrays	  analysis,	  the	  few	  cases	  that	  have	  no	  expression	  of	  AKR1B1	  

display	  a	  worse	  overall	  and	  disease	   free	  survival	   than	  the	  cases	  where	   it	   is	  not	  

altered.	   This	   result	   is	   very	   motivating	   but	   we	   need	   to	   validate	   it	   with	   an	  

independent	  cohort.	  In	  summary,	  we	  have	  shown	  that	  transcriptional	  disruption	  

of	  the	  retinoic	  acid	  pathway	  (partly	  due	  to	  epigenetic	  alterations)	  is	  an	  important	  

feature	   of	   most	   colorectal	   cancers,	   and	   its	   analysis	   might	   have	   important	  

applications	  in	  the	  clinical	  management	  of	  patients.	  
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CONCLUSIONS	  
	   	  

1. AKR1B1	   CpG	   island	   is	   deeply	   and	   frequently	   hypermethylated	   in	  

colorectal	  cancer,	  but	  with	  minimal	  or	  no	  effect	  on	  the	  expression	  of	  the	  

associated	  gene.	  

2. Hypermethylation	   of	   AKR1B1	   CpG	   island	   is	   strongly	   associated	   with	  

downregulation	   of	   AKR1B10	   and	   AKR1B15,	   which	   promoter	   region	   is	  

60Kb	  upstream	  of	  the	  CpG	  island.	  

3. AKR1B1	  CpG	  island	  presents	  enhancer	  properties	   in	  regard	  to	  AKR1B10	  

and	  AKR1B15	  genes,	  which	  explains	  the	  functional	  association.	  

4. AKR1B10	  and	  AKR1B15	  are	  tumor	  suppressor	  genes	  in	  colorectal	  cancer,	  

especially	  in	  the	  presence	  of	  retinal,	  a	  form	  of	  vitamin	  A	  and	  precursor	  of	  

retinoic	  acid.	  

5. Akr1b	   enzymes	   are	   also	   dowregulated	   in	   a	   murine	   colorectal	   cancer,	  

suggesting	  that	  the	   impairment	  of	   its	   function	  in	  colorectal	  cancer	   is	  not	  

an	  epiphenomenon.	  

6. The	   retinoic	   acid	   pathway	   is	   deregulated	   in	  most	   colorectal	   cancers	   by	  

epigenetic	  mechanisms	  resulting	   in	  an	  overall	  decrease	  of	   the	  antitumor	  

compounds	  of	  the	  retinoic	  acid	  pathway.	  

7. Detection	   of	   AKR1B1	   CpG	   island	   hypermethylation	   (resulting	   in	  

downregulation	   of	   AKR1B10)	   in	   stools	   DNA	   is	   a	   non-‐invasive,	   sensitive	  

and	  specific	  marker	  of	  colorectal	  adenomas	  and	  carcinomas,	  rendering	  it	  

as	  a	  proper	  candidate	  for	  colorectal	  cancer	  screenings.	  	  

8. Low	  expression	  levels	  of	  AKR1B1,	  AKR1B10,	  ALDH1A2,	  CYP26B1,	  DGAT1,	  

DHRS4,	  LRAT,	  RARA	  and	  RXRA;	  and	  high	  expression	  levels	  of	  RDH10	  are	  

associated	   with	   tumor	   aggressiveness,	   which	   might	   be	   useful	   as	   a	  

prognostic	  factor.	  
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pCMV-HA-C Vector Information 

 

 

pCMV-HA-C vector map and multiple cloning site.  

To create a fusion of your protein of interest and the HA tag, insert your gene of interest in-frame with the HA coding sequence. 

 

pIRES-hrGFP-1a Multiple Cloning Site Region
(sequence shown 651–727)

GA GCT CCA CCG CGG TGG CGG CCG CTC TAG CCC GGG CGG ATC CGA ATT C ...

BamH I

...GC ATG CGT CGA CTC GAG GAC TAC AAG GAT

EcoR I

Sal I

Sma I/Xma I

Xho I

Srf I

Sac II*

Sph I

Not I*Sac I*

start of FLAG tag

STOP*

ampicillin

hrGFP

MCS

3x FLAG

IRES

LoxP

P CMV

SV40 pA
f1 ori

pUC ori

pIRES-hrGFP-1a
5.0 kb

CMV promoter 1–602
multiple cloning site 651–715
3× FLAG tag 716–787
internal ribosome entry site 823–1397
hrGFP ORF 1407–2123
SV40 polyA 2188–2571
f1 origin 2709–3015
LoxP sequence 3178–3211
ampicillin resistance (bla) ORF 3256–4113
pUC origin 4260–4927
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Appendix 

Map of pcDNA™3.1/Hygro (+) and pcDNA™3.1/Hygro (–) 
Vectors 

 
Map of 
pcDNA™3.1/ 
Hygro (+/–) 

The fi ure below summarizes the features of the pcDNA™3.1/H ro (+) and 
pcDNA™3.1/Hygro (–) vectors. The complete sequences for 
pcDNA™3.1/Hygro (+) and pcDNA™3.1/Hygro (–) are available for 
downloading from our web site at www.lifetechnologies.com or from 
Technical Support (see page 13).  
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Comments for 
pcDNA™3.1/Hygro (+): 
5597 nucleotides 

A B 
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Primer name Sequence 

AKR1B1 CpGi C F1 GAGTATTTATTTTTTAGGTATT!
AKR1B1 CpGi C R1 TTTCCCACCAAATACAACA!
AKR1B1 CpGi C F2 AATTTTAGGATGGGTATTTTG!
AKR1B1 CpGi C R2 AACTAAAAAACTCCTTTCTAC!
AKR1B1 CpG A F1 ATTACCTCACTTATAAATAATTAA       !
AKR1B1 CpG A R unique TTTTTTGAATTATTAATTAGTTA   !
AKR1B1 CpG A F2 GGGTGTTTAGATTTTTTTTTT!
AKR1B1 CpGi B F1 AGGGAAAGGAGGTTGGGTTT     !
AKR1B1 CpGi B R1 CCATCCTAAAATTAAATACCTAA!
AKR1B1 CpGi B F2 GGAAAGGAGGTTGGGTTTG      !
AKR1B1 CpGi B R2 ATTAAATACCTAAAAAATAAATACT   !
AKR1B10 F1 TTATGTTGGTTAGGTTGGTTTT!
AKR1B10 R1 CTTACTTTCCCTATAATAATTTCCT!
AKR1B10 F2 ATTATAGGTGTGAGATATTATGTT    !
AKR1B10 R2 CTTACTTTCCCTATAATAATTTCCT   !
AKR1B15 F1 GGTTTATATTATTTTTAAGAGTTAT   !
AKR1B15 R unique ACCTTATACCCAATTAAATATCCT   !
AKR1B15 F2 TTGTAATATATATTGTGAAGGTTTATG!
Mouse AKR1B3 CpGi F1 AGAGGATAGAGAAATAAGTTGG      !
Mouse AKR1B3 CpGi R1 AAACCAAAACTTCTCCCCAATCTC   !
Mouse AKR1B3 CpGi F2 TGGGTGTGTTTTTATTTGGGG      !
Mouse AKR1B3 CpGi R2 TATCTCTAATCTACTAATTATTTTC   !
EN1 CpGi C F1 AGAATAATAAAGATAAGAGAT!
EN1 CpGi C R1 ACTATCCTACTTATAAACTC!
EN1 CpGi C F2 GTTTTAGGGATTTAGAGTTT!
EN1 CpGi C R2 CTACTTATAAACTCAACCAA!
INHBB F1 AAGTTTTGAGGTTTAGTGGTTTT!
INHBB R1 AAACCCTACCTCTATCCCAA!
INHBB F2 GGTTAGGTTTTTAGTGGTTATT!
INHBB R2 CCTCCCCAACCAACAAAAA!
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Primer name Sequence Genome 

AKR1B1 Fw CCGTCTCCTGCTCAACAAC!
Human 

AKR1B1 Rv TACACATGGGCACAGTCGAT!
AKR1B10 Fw GCTTCTCGATCTGGAAGTGG!

Human 
AKR1B10 Rv GTAATGCCATCGGTGGAAAA!
AKR1B15 Fw CCCTTTGACTGGCCTAAAGAG!

Human 
AKR1B15 Rv AATGTGGCGATATTCTGCATCA!
EN1 Fw TGGGTGTACTGCACACGTTATTC!

Human 
EN1 Rv CTTGTCCTCCTTCTCGTTCTTCTT!
INHBB Fw CGCGTTTCCGAAATCATCA!

Human 
INHBB Rv GGACCACAAACAGGTTCTGGTT!
CPLX2 Fw GAGGCGGAGCGGGAGAAGGTC!

Human 
CPLX2 Rv GCCCGGGCAGGTATTTGAGCA!
18S Fw GCGAAAGCATTTGCCAAGAA!

Human 
18S Rv CATCACAGACCTGTTATTGC!
PP1A Fw CTCCTTTGAGCTGTTTGCAG!

Human 
PP1A Rv CACCACATGCTTGCCATCC!
Beta-2-Micro Fw CCAGCAGAGAATGGAAAGTC!

Human 
Beta-2-Micro Rv GATGCTGCTTACATGTCTCG!
PSMC4 Fw TGTTGGCAAAGGCGGTGGCA!

Human 
PSMC4 Rv TCTCTTGGTGGCGATGGCAT!
PUM1 Fw CGGTCGTCCTGAGGATAAAA!

Human 
PUM1 Rv CGTACGTGAGGCGTGAGTAA!
MRPL19 Fw CAGTTTCTGGGGATTTGCAT!

Human 
MRPL19 Rv TATTCAGGAAGGGCATCTCG!
Akr1b3 mice Fw AGGCCGTGAAAGTTGCTATTG 

Mouse 
Akr1b3 mice Rv ATGCTCTTGTCATGGAACGTG 
Akr1b8 mice Fw TCTGATTCGGTTTCACATCCAG  

Mouse 
Akr1b8 mice Rv CCAGTTTCTGTTGAAGCTAAGGA 
Akr1b10 mice Fw CTAGTGCCAAACCAGAGGACC 

Mouse 
Akr1b10 mice Rv TCCTGTATTCGAGAAGGTGTCA 
Akr1b7 mice Fw AGGCTGGGAATGCGTTATTAC 

Mouse 
Akr1b7 mice Rv GGGTGAGATAAGGGTGGCTCT 
mGAPDH Fw TGCACCACCAACTGCTTAG 

Mouse 
mGAPDH Rv GATGCAGGGATGATGTTC 
mB2M Fw GCTATCCAGAAAACCCCTCAA 

Mouse 
mB2M Rv CATGTCTCGATCCCAGTAGACGGT 
m18S Fw TTGACGGAAGGGCACCACCAG 

Mouse 
m18S Rv GCACCACCACCCACGGAATCG 
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Primer name Sequence Genome coordinates Amplicon size 

GCGTTGCATCATGCTTAGAA ! Fw. Fragment 1 Luciferase chr7:134142082+134143103 1022 bp 

TCTGGAACTCGGGAGAAAAA! Rv. Fragment 1 Luciferase 

GCGTTGCATCATGCTTAGAA ! Fw. Fragment 2 Luciferase chr7:134142082+134143103 1022 bp 

TCTGGAACTCGGGAGAAAAA! Rv. Fragment 2 Luciferase 

CAACCCCAGTTTGATGCTCT! Fw. Fragment 3 Luciferase chr7:134144202+134145228 1027 bp 

GCAACCTCCAAGTCAAGAGG! Rv. Fragment 3 Luciferase 

ATTTTTCTCCCGAGTTCCAGA! Fw. Fragment 2.1 Luciferase chr7:134143083+134143531 449 bp 
AATCCTGCGAGTGGGGTTTG! Rv. Fragment 2.1 Luciferase 

TTCGCTTTCCCACCAGATAC! Fw. Fragment 2.2 Luciferase chr7:134143736-134144109  374 bp 
CACGAGCACCTACCTTCCAG! Rv. Fragment 2.2 Luciferase 

CCAAGCTTTTCGCTTTCCCACCAGATAC! Fw. Fragment 2.3.1 Luciferase chr7:134143927-134144117  191 bp 
CCAAGCTTGGAGCCTTCTGATTGGTTGC! Rv. Fragment 2.3.1 Luciferase 

CCAAGCTTTTCGCTTTCCCACCAGATAC! Fw. Fragment 2.3.2 Luciferase chr7:134143985-134144117  133 bp 
CCAAGCTTGGGATGCTTCTTCCGCCT! Rv. Fragment 2.3.2 Luciferase 

CCAAGCTTTTCGCTTTCCCACCAGATAC! Fw. Fragment 2.3.1 Mut Luciferase chr7:134143927-134144117  191 bp 
CCAAGCTTGGAGCCTTCTGAATCGTTGC! Rv. Fragment 2.3.1 Mut Luciferase 
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Primer name Sequence 
Rv.CRISPR_AKR1B1.CpGi.GUIDE A CACCGAGCCTTCTGATTGGTTGCGCTGG!
Rv.CRISPR_AKR1B1.CpGi.GUIDE A AAACCCAGCGCAACCAATCAGAAGGCTC!
Fw.CRISPR_AKR1B1.CpGi.GUIDE B CACCGCCGCTGCGCGAAGGAGCCTTCTG!
Rv.CRISPR_AKR1B1.CpGi.GUIDE B AAACCAGAAGGCTCCTTCGCGCAGCGGC!
Fw.CRISPR_NF-Y.Gene.GUIDE A CACCGCCACTGACCTGCACCATTAATGG!
Rv.CRISPR_NF-Y.Gene.GUIDE B AACCCATTAATGGTGCAGGTCAGTGGC!
Fw.CRISPR_NF-Y.Gene.GUIDE B CACCGTGGCCAACCCATCATGGTCCAGG!
Rv.CRISPR_NF-Y.Gene.GUIDE B AACCCTGGACCATGATGGGTTGGCCAC!
Fw.CRISPR_CEBPB.Gene.GUIDE A CACCGTCGGCACCGCCTGGTAGCCGAGG!
Rv.CRISPR_CEBPB.Gene.GUIDE A AACCCTCGGCTACCAGGCGGTGCCGAC!
Fw.CRISPR_CEBPB.Gene.GUIDE B CACCGTCCTCCTCGTCCAGCCCGCCCGG!
Rv.CRISPR_CEBPB.Gene.GUIDE B AACCCGGGCGGGCTGGACGAGGAGGAC!
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Gene 450k Methylation Probe 
ABCG5&8 cg26706238 

ADH1 cg23949936 
ADH4 cg12011299 

AKR1B1 cg02215070 
AKR1B10 cg11693019 
AKR1B15 cg27018005 
AKR1C1 cg10568634 
AKR1C2 cg18841653 
AKR1C3 cg12530994 
AKR1C4 cg09272256 
ALDH1A1 cg01812894 
ALDH1A2 cg02888131 
ALDH1A3 cg21359747 
AWAT1 cg20220865 
AWAT2 cg23904115 
BCDO2 cg10503334 
BCMO1 cg01678878 
CD36C cg06719671 
CRABP1 cg22496102 
CRABP2 cg03734660 
CYP26A1 cg22536554 
CYP26B1 cg20097440 
CYP26E1 cg14250048 
DHRS3 cg01083689 
LPLC cg07964216 
LRAT cg26084529 

NPC1L1 cg06907626 
RARA cg24957657 
RARB cg12479047 
RARG cg08104462 
RBP1 cg11027570 
RBP4 cg18585903 
RBP7 cg18086187 

RDH10 cg20179892 
RDH11 cg02218134 
RDH12 cg21238221 
RDH5 cg02192520 
RDH8 cg25661884 

RETSAT cg02301651 
RXRA cg14654324 
RXRB cg08949668 
RXRG cg22675486 

SCARB1 cg00894440 
SULT1A1 cg15812873 
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Primer name Sequence 
Fw.Fragment1.AKR1B1.ChIP GCTCTTTCTGCTCCATCACC!
Rv.Fragment1.AKR1B1.ChIP TCCAGGAGGGAGCACTTTTA!
Fw.Fragment2.AKR1B1.ChIP CGGCGCGTACCTTTAAATAG!
Rv.Fragment2.AKR1B1.ChIP GAAAGAATCCGCTGCCACTA!
Fw.Fragment3.AKR1B1.ChIP TCTACCGGCTTGAGATGCTT!
Rv.Fragment3.AKR1B1.ChIP GGAAAGTGGGCTTCACAGAC!
Fw.Fragment4.AKR1B1.ChIP TTAAGGGCCTGGTGTTTCAC!
Rv.Fragment4.AKR1B1.ChIP AATGGAAGAATTGCCCACAC!
Fw.Fragment5.AKR1B1.ChIP TTTTCTGAGCCCCAACAATC!
Rv.Fragment5.AKR1B1.ChIP CCTTCACAAGAGGGAAGCAC!
Fw.Fragment6.AKR1B1.ChIP CCTCCCTCCTCCAACTCTTC!
Rv.Fragment6.AKR1B1.ChIP ATCCATTCCAGGCTTTTGTG!
Fw.Fragment7.AKR1B1.ChIP TTGCTCGGTTACGACATTTG!
Rv.Fragment7.AKR1B1.ChIP TTCCCCTCCAGAAGACAGTG!
Fw.Fragment8.AKR1B1.ChIP CATGCTGCCATCTGTCAACT!
Rv.Fragment8.AKR1B1.ChIP CCAACCCCTCCTGTGAGATT!
Fw.Fragment9.AKR1B1.ChIP CCTGCCAGAATGAACCCTAA!
Rv.Fragment9.AKR1B1.ChIP TGGAATTAAGCCTGCCAATC!
Fw.Fragment10.AKR1B1.ChIP CATTCCCATTTCCAGGTTTG!
Rv.Fragment10.AKR1B1.ChIP TGGGCTAGAAATCGTTGACC!
THOC3 Fw ChIP TTCTTCTGGGGTTGTTCCGTAATC!
THOC3 Rv ChIP CACACCCGCTAGCCCTTTTCAT!
CPLX2 Fw ChIP CCTCCAGACCCCCACCCCATCC!
CPLX2 Rv ChIP AGGCTTCCCCGCGGCTTCTCAG!
GADPH Fw ChIP TTGCAACCGGGAAGGAAA!
GAPDH Rv ChIP TAGCCTCCGTCCAGCTGACTT!
16CEN Fw ChIP CAGTTTGCCAGATAGTCTCTTT!
16CEN Rv ChIP GAGACATTTGGGAAGGTCACTGAAT!
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Primer name Sequence 
Fw8.akr1b.3C CAGGGTCTCACTGTCTGTCG!
Fw17.akr1b.3C CCATGATGCTGTGAATGGTT!
Fw16.akr1b.3C GTAGGCTGCATGGACACGTA!
Fw15.akr1b.3C TTGGGAGGCTGAGGTATGAG!
Fw13.akr1b.3C TTGAGCCCAGGAATTGGA!
Fw2.akr1b.3C GCCTGTAGTCCCAGCTACCC!
Fw4.akr1b.3C TTTCCCAAGAGCTTGAAACTG!
Fw5.akr1b.3C TCCTGGCACACATAGCAAGA!
Fw19.akr1b.3C TCCTTCCAGTTTCCGTCTTAAA!
Fw20.akr1b.3C GTAAAAGGCTTTGGGTTCCAC!
Fw22.akr1b.3C AGAGGATGCAGAGCCAGAAG!
Fw31.akr1b.3C AGAAACAAAGCCAACGCACT!
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Gene Expression probe 
AKR1B1 A_23_P258190 
AKR1B10 A_24_P129341 
AKR1C3 A_23_P138541 
ALDH1A1 A_23_P83098 
ALDH1A2 A_24_P73577 
CRABP1 A_33_P3326483 
CYP26A1 A_23_P138655 
CYP26B1 A_23_P210101 
DGAT1 A_23_P112162 
DHRS4 A_23_P14376 
LRAT A_32_P113066 
RARA A_32_P5251 
RARB A_24_P3243 
RBP1 A_23_P257649 

RETSAT A_23_P209944 
RXRA A_23_P423197 
RXRG A_23_P23292 

SULT1A1 A_24_P262201 

� AA� b� 
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ANNEX	  X.	  CHIP-‐SEQ	  DATA	  
	  
	  
	  

	  
Annex	  X	  |	  ChIP-seq	  data	  on	  HCT116	  control	  and	  treated	  with	  5-AzadC.	  

	  
	  
	  
	  
	  
	  
	  

Scale
chr7:

500 bases hg19
134,142,900 134,143,000 134,143,100 134,143,200 134,143,300 134,143,400 134,143,500 134,143,600 134,143,700 134,143,800 134,143,900 134,144,000 134,144,100 134,144,200 134,144,300 134,144,400

UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)
CpG Islands (Islands < 300 Bases are Light Green)

CTCF_Control.profile

CTCF_Aza.profile

H2AZ_Control.profile

H2AZ_Aza.profile

H4K20me3_Control.profile

H4K20me3_Aza.profile

H3K27me3_Control.profile

H3K27me3_Aza.profile

H3K4me3_Control.profile

H3K4me3_Aza.profile

H3K9me2_Control.profile

H3K9me2_Aza.profile

H3K9me3_Control.profile

H3K9me3_Aza.profile

AKR1B1
CpG: 93

CTCF_Control.sig

53 _

0 _

CTCF_Aza.sig

53 _

0 _

H2AZ_Control.sig

62 _

-18 _

0 -

H2AZ_Aza.sig

62 _

-18 _

0 -

H4K20me3_Control.sig

38 _

-18 _

0 -

H4K20me3_Aza.sig

38 _

-18 _

0 -

H3K27me3_Control.sig

95 _

-36 _

0 -

H3K27me3_Aza.sig

95 _

-36 _

0 -

H3K4me3_Control.sig

260 _

-15 _

H3K4me3_Aza.sig

260 _

-15 _

H3K9me2_Control.sig

62 _

-35 _

0 -

H3K9me2_Aza.sig

62 _

-35 _

0 -

H3K9me3_Control.sig

33 _

-23 _

0 -

H3K9me3_Aza.sig

33 _

-23 _

0 -
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Introduction

The combination of genetic and epigenetic lesions in cancer 
cells results in altered gene expression profiles. DNA methyla-
tion and different modifications on histone tails are the two 
principal forms of epigenetic regulation and both are largely 
disturbed in cancer cells.1,2 Many unmethylated CpG islands 
often become hypermethylated during cancer progression 
resulting in epigenetic inactivation of the associated gene. 
This appears to be a principal mechanism of tumor suppres-
sor inactivation, but not all silenced genes are considered to 
have antitumor activities and heterogeneous profiles have been 
identified for different tumor types.1,2 Most CpG island hyper-
methylations appear as isolated and independent events, but 
the concurrent hypermethylation of neighboring CpG islands 
accompanied by global remodeling of the chromatin in large 
chromosomal regions may also occur.3,4 This is a phenomenon 
known as Long Range Epigenetic Silencing (LRES) and has 

Epigenetic deregulation revealed by altered profiles of DNA methylation and histone modifications is a frequent event 
in cancer cells and results in abnormal patterns of gene expression. Cancer silenced genes constitute prime therapeutic 
targets and considerable progress has been made in the epigenetic characterization of the chromatin scenarios 
associated with their inactivation and drug induced reactivation. Despite these advances, the mechanisms involved 
in the maintenance or resetting of epigenetic states in both physiological and pharmacological situations are poorly 
known. To get insights into the dynamics of chromatin regulation upon drug-induced reactivation, we have investigated 
the epigenetic profiles of two chromosomal regions undergoing long range epigenetic silencing in colon cancer cells 
in time-course settings after exposure of cells to chromatin reactivating agents. The DNA methylation states and the 
balance between histone H3K4 methylation and H3K27 methylation marks clearly define groups of genes with alternative 
responses to therapy. We show that the expected epigenetic remodeling induced by the reactivating drugs, just achieves 
a transient disruption of the bivalent states, which overcome the treatment and restore the transcriptional silencing 
approximately four weeks after drug exposure. The interplay between DNA methylation and bivalent histone marks 
appears to configure a plastic but stable chromatin scenario that is fully restored in silenced genes after drug withdrawal. 
These data suggest that improvement of epigenetic therapies may be achieved by designing strategies with long lasting 
effects.

Dynamics of bivalent chromatin domains  
upon drug induced reactivation and resilencing 

in cancer cells
Regina Mayor,1 Mar Muñoz,1 Marcel W. Coolen,2,3 Joaquin Custodio,1 Manel Esteller,4 Susan J. Clark2,5 and Miguel A. Peinado1,*
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been reported to affect multiple chromosomal regions in dif-
ferent tumor types, including colorectal, prostate and breast 
cancer.3-10

Histone modifications can lead to either activation or repres-
sion depending upon which residues are modified and the type of 
modification.11 For instance, in histone 3, dimethylaton and tri-
methylation of lysine 4 (H3K4me3) are associated with transcrip-
tional activity, while trimethylation of lysine 27 (H3K27me3) is 
characteristic of silenced promoters. This later mark is driven by 
the presence of the polycomb repressor complex and is believed 
to direct de novo methylation in cancer-related silenced genes.12,13 
Different studies have reported that in genes that become silenced 
in cancer cells, the repressive mark H3K27me3 co-exists with 
active marks (H3K4me3 and H3K4me2).6,14,15 These two oppo-
site modifications participate in the mitotic inheritance of lineage-
specific gene expression programs and have key developmental 
functions. Its co-localization is considered characteristic of stem 
cells and is believed to keep developmental regulator genes poised 
for induction.16-21 More recently, it has been shown that bivalent 
chromatin domains are also prone to DNA hypermethylation 
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chromosome maps and the molecular profiles of both regions are 
depicted in Figure 1 and Supplemental Figure 1.

According to the expression levels and the epigenetic state of 
their promoter, the genes could be classified into three groups 
(Fig. 2). First group consists of silenced genes exhibiting meth-
ylated CpG island-promoter; this group includes EN1, SCTR 
and INHBB (2q14.2) and HRH2, CPLX2 and SNCB (5q35.2) 
that express at low levels in normal colon cells.3,6 A second group 
consisted of genes with unmethylated CpG island-promoter, 
and includes DDX18, INSIG2, PTPN4, RALB, TSN (2q14.2), 
SFXN1 and THOC3 (5q35.2). These genes tend to be downreg-
ulated in colorectal tumors (as compared with the normal colon 
cells) but still retain high expression levels.3,6 Finally, a third 
group includes MARCO (2q14.2) and PCLKC (5q35.2) genes 
that are low expressed and do not contain a CpG island in the 
promoter region (Fig. 1 and Sup. Fig. 1).

Histone modification profiles were also analyzed by chromatin 
immunoprecipitation (ChIP) and each one of the groups exhib-
ited characteristic profiles (Fig. 2). A good agreement between 
H3K4me2 and H3K4me3 profiles was observed (Sup. Fig. 2) 
and for simplification, H3K4me2 data have been represented in 
figures and Tables throughout the manuscript.

The concurrent presence of repressive H3K27me3 and active 
H3K4me2/me3 chromatin marks was observed in genes of 
the first group containing a DNA hypermethylated promoter 
(Fig. 2). This is consistent with a bivalent state, as it has been 
reported previously for some of these genes6 and in other genes 
that become hypermethylated in cancer.14,15,31 Genes with these 
features (N1, SCTR and INHBB, HRH2, CPLX2 and SNCB) 
are referred as MBV (methylated and bivalent). Noteworthy, the 
same genes that showed higher levels of H3K4me2/me3 within 
this group, presented the highest levels of H3K27me3, as it is the 
case of CPLX2 and INHBB (Fig. 2). H3K9Ac was absent from 
MBV genes and some of them (i.e., EN1, SCTR) exhibited low 
levels of H3K9me2 (Sup. Fig. 3). The H3K27me3/H3K4me2 
ratio was above 0.5 in all MBV genes.

The activated state of genes of the second group was associ-
ated with high levels of H3K4me2/me3 (Fig. 2) and H3K9Ac 
marks (Sup. Fig. 3). However, there was no correlation between 
the gene expression levels and the amount of active marks when 
comparing genes among them. As expected, H3K27me3 mark 
was absent on the promoters of these genes. The H3K27me3/
H3K4me2 ratio was at least ten fold lower than the minimum 
value observed in MBV genes. Genes of this group are referred as 
ACTIVE, because they were expressed in all experimental situa-
tions, although the levels were not maintained.

MARCO and PcLKC (also known as PCDH24) genes dis-
played histone modification profiles compatible with bivalent 
chromatin and accordingly their gene expression levels were very 
low. MARCO exhibited the highest levels of repressive marks 
H3K27me3 and H3K9me2 among all analyzed genes (Fig. 2 and 
Sup. Fig. 3). Genes of this group do not contain a CpG island in 
the promoter and are referred as NoCpGi.

Dynamics of epigenetic profiles in LRES regions upon 
5-AzadC/TSA treatment and drug withdrawal. It has been 
repeatedly shown that epigenetically silenced genes can be 

in aging, providing an epigenetic link between the processes of 
aging and cancer.22,23

Stem-cell like signatures are mimicked by cancer cells and 
contribute to define their properties.24-26 Resetting of epigenetic 
profiles appears as a novel and promising therapeutic strategy in 
cancer,1,27 but a better understanding of the mechanisms setting 
epigenetic memory and how the chromatin landscapes are either 
maintained or modified is required to make it a broad reality. 
This is especially important, since most of the critical genes in 
cell programming and targets of epigenetic therapies show biva-
lent chromatin signatures in both stem and cancer cells.

Genome-scale approaches just illustrate the ubiquitous and 
complex reorganization of epigenomic profiles upon treatment 
with gene-reactivating drugs, as shown in a recent study.28 Due 
to the heterogeneity of chromatin landscapes before and after the 
treatment, insights into the regulatory mechanisms can be only 
obtained from a detailed analysis of specific loci. An interest-
ing example is a recent investigation in which a clear picture of 
chromatin and gene expression dynamics has been achieved by 
analysis of green fluorescent protein expression under the con-
trol of a methylated cytomegalovirus promoter after treatment 
with 5-AzadC.29 This artificial setting illustrates the different 
epigenetic events associated with changes in gene activity, but 
it remains unsolved which mechanism or driving signal retains 
the “switch-off” memento and is able to reset the original state of 
the chromatin. Si et al. suggest that residual DNA methylation 
near the CMV-GFP locus could play a role. It is also unknown 
if the dynamics of chromatin remodeling and DNA methylation 
observed in this system apply to endogenous genes.29

Although important insights into the mechanisms of epi-
genetic control have been made, the interaction between differ-
ent coexisting epigenetic marks and the dynamics of the events 
responsible for the repression/activation of chromatin are still 
poorly known.11 Here we have characterized the epigenetic pro-
files of two chromosomal regions undergoing long range epigen-
etic silencing in most colorectal cancers, how these profiles are 
affected by epigenetic drugs and how they are reset upon drug 
withdrawal and maintenance in in vitro culture. Our results 
illustrate the dominant nature of DNA methylation and bivalent 
histone marks, which endure drug-induced changes in transcrip-
tional activity.

Results

DNA methylation, expression and histone patterns define 
three types of genes in long range epigenetic silencing (LRES) 
regions. In previous studies we have shown that LRES affects 
chromosomal regions 2q14.2 and 5q35.2 in most colorectal can-
cers.3,6,30 Although genetic activity is downregulated all along the 
LRES region, uneven epigenetic profiles are likely to define dif-
ferent chromatin domains. To better characterize the epigenetic 
regulation of the diverse chromatin domains in LRES we have 
investigated gene expression and epigenetic profiles in nine and 
six genes embedded in chromosomal regions 2q14.2 and 5q35.2, 
respectively, in HCT116 colon cancer cells. An overview of the 
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Upon drug withdrawal, a remethylation to >90% was reached 
in 5AzadC treated cells after 16 days (data not shown), while the 
co-treatment appeared to delay the full remethylation, that was 
achieved two weeks later (day 29) (Fig. 3). TSA treatment alone 
did not affect DNA methylation (data not shown).

5AzadC treatment restored the expression of genes with a hyper-
methylated promoter (MBV group) (data not shown), although 
the co-treatment with TSA resulted in a more substantial reac-
tivation, that was maintained for about two weeks but returned 
to original levels 4 weeks later (Fig. 4), consistent with the DNA 
methylation profiles. H3K4me2/3 and H3K27me3 marks were 
also increased in response to the drugs, which is suggestive of 
balanced dynamics. After drug withdrawal, the active chromatin 
mark H3K4me2/me3 exhibited a time dependent decrease that, 
after four weeks, reached levels similar to the untreated cells for 
genes of the chromosomal band 5q35.2 and even lower for those 
of the 2q14.2 region. On the other hand, the repressed chromatin 
mark H3K27me3 displayed a heterogeneous profile and in some 
genes retained higher levels all along the time course study (Fig. 
4). This result could be interpreted as a partial disruption of the 
balance between active and inactive marks during the resilenc-
ing process. Nevertheless, the alternation of different cell popu-
lations with distinct chromatin signatures might also contribute 

reactivated by treating the cells with the demethylating agent 
5-Aza-2'-deoxycytidine (5AzadC) and the inhibitor of histone 
deacetylases Trichostatin A (TSA).27,32 More recently it has 
also been shown that bivalent domains in silenced genes are 
not resolved in spite of the reactivation upon drug treatment.6

To get a better picture of the events associated with gene activa-
tion and silencing in these chromosomal regions we performed 
a time course experiment after treating the cells separately with 
5AzadC or TSA, and with a combination of both. Cells were 
analyzed at days 1 (the same day the drugs were removed), 16, 
22 and 29 after treatment. As expected, 5AzadC alone or in com-
bination with TSA resulted in global demethylation of the seven 
hypermethylated genes as determined by direct bisulfite sequenc-
ing and melting curve analysis (data not shown). For a subset of 
genes (EN1, SCTR and INHBB), a quantitative determination 
was performed using the MassCLEAVETM DNA methylation 
assay system. A 60% of loss of methylation was observed just 
after the treatment (day 1) in 5AzadC treatment alone (data not 
shown) and after the co-treatment that affected most CpG sites 
(Fig. 3). Some CpG sites (SCTR 6_7 and SCTR 40) exhibiting 
lower methylation levels (about 50%) in untreated cells did not 
display changes upon treatment.

Figure 1. Scheme of the chromosomal regions analyzed at epigenetic level. Genes are depicted as arrowheads (indicating the transcription direction) 
and coded according to its epigenetic signature in HCT116 cells. Closed black arrowhead: DNA methylated and bivalent chromatin marks (MBV), Open 
arrowhead: Active genes, Grey arrowhead: No CpG island.
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were analyzed, although H3K4me2 changes appeared to occur at 
a slower pace than H3K4me3 (Sup. Fig. 2).

to the observed changes. H3K4me2 and H3K4me3 active marks 
showed parallel changes in most of the experiments in which both 

Figure 2. Gene expression and chromatin modification patterns of genes classified into three groups according to their epigenetic signatures in 
HCT116 cells. MBV corresponds to silenced genes exhibiting a DNA methylated promoter embedded in bivalent chromatin (presence of methylation 
in H3K27 and H3K4); ACTIVE corresponds to unmethylated and expressed genes; NoCpGi corresponds to genes without CpG island. Gene expres-
sion levels were normalized to 18S. H3K4me2 and H3K27me3 ChIP levels were normalized to input and the ratios between both marks are shown. All 
quantifications were performed by real-time PCR in triplicate. Error bars indicate standard deviation. Note that gene expression and H3K4me2 values 
are represented in a different scale for ACTIVE genes due to their high values as compared with the other two groups. The regional profiles of genes 
arranged by chromosomal position in shown in Supplemental Figure 1.
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in chromatin modifications were also minor, with slight increases 
of H3K4me2/3 and H3K27me3 in PcLKC along the time course 
(Fig. 4).

Notably, for all three groups of genes, an enrichment of 
H3K4me2/me3 levels was found after treating the cells with TSA 
alone (Sup. Fig. 2B and data not shown), but this effect had dis-
appeared by day 16 for most of the genes, and was not reflected 
on the expression patterns. Regarding other histone modifica-
tions analyzed, H3K9Ac was increased in most genes after TSA 
or the combined treatment but not when treated with 5dAzaC 
alone as expected (data not shown). H3K9me2 and total H3 lev-
els displayed small variations without a consistent pattern.

Maintenance of chromatin states in DNA methylation defi-
cient cells. Since DNA demethylation appeared to reactivate 
silenced genes but was not able to resolve bivalent chromatin, 

On the other hand, ACTIVE genes exhibited a completely 
different behavior in response to the various treatments. Most 
of them suffered a clear decrease in the transcription rates by 
day 1, either with 5AzadC or TSA alone (data not shown), or 
with the combination of both (Fig. 4). Reduction of expression 
was paralleled by an initial decrease in H3K4me2/me3 mark. 
The initial expression levels were recovered 16 days after the 
drug withdrawal as the H3K4me2/me3 mark did. H3K27me3 
mark remained low or undetectable in these genes along the time 
course, although its sporadic presence could be detected in some 
genes (Fig. 4).

Finally, MARCO and PcLKC gene expression was slightly 
induced by the treatment. This reactivated status was maintained 
over 16 days. Afterwards, transcription rates started to decrease to 
the low or undetectable levels of untreated cells (Fig. 4). Changes 

Figure 3. Relative methylation levels of the named CpG sites contained in the EN1, SCTR and INHBB amplicons as analyzed by MassCLEAVETM after 
5AzadC/TSA co-treatment. A pool of three direct bisulfite PCR products was used for analysis. Represented values correspond to the ratio of treated 
versus untreated HCT116 cells (Y axis). The gradient scale represents the different time points corresponding to days 1, 16, 22 and 29 after treatment 
(from dark to light). Mean methylation values of all the CpG sites are represented in the right part.
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demethylated MBV genes (Fig. 5A), which suggests a dynamic 
rebalancing of these two histone modifications enduring the 
retention of the bivalent states. These results are in agreement 
with previous observations in other genes.15 Genes with unmeth-
ylated CpG islands (ACTIVE group) in the HCT116 cells and 
those without CpG island (noCpGi group) exhibited null or 
minimal changes in gene expression and histone modification 
marks (Fig. 5A and data not shown).

The treatment of DKO cells with TSA resulted in an 
increased expression of all the MBV genes (Fig. 5B) that was par-
alleled by a partial disruption of the balance between H3K4me2 

we wondered if stable demethylation will be sufficient to over-
ride the epigenetic memory. We analyzed the DKO cells, a vari-
ant of HCT116 colon cancer cells which is deficient for DNA 
methyltransferases,33 although retaining some residual DNMT1 
activity.34 As expected, hypermethylated genes (MBV) in the 
wild-type HCT116 were fully demethylated in DKO cells (data 
not shown), and their expression was restored to higher lev-
els than in the parental cells, although two of the genes, EN1 
and CPLX2, exhibited a limited reactivation (Fig. 5A). As in 
drug induced gene reactivation, DKO cells exhibited an overall 
increase of the H3K4me2/me3 and H3K27me3 marks in the 

Figure 4. Relative expression and histone mark (H3K4me2 and H3K27me3) levels in the three classes of genes after 5-AzadC and TSA co-treatment. 
Relative values were calculated as the log2 of the treated/untreated ratio. The gradient scale indicates the different time points corresponding to days 
1, 16, 22 and 29 after treatment (from dark to light).

Figure 5 (See opposite page). (A) Relative gene expression and histone modification profiles in DKO cells in regard to parental HCT116. Relative 
values were calculated as log2 of DKO/HCT116 ratio. Gene expression was normalized to 18S. ChIP results were normalized to the respective input 
fractions. Major differences are seen in the methylated bivalent genes (MBV) that exhibit DNA demethylation, higher expression and increased levels 
of histone marks H3K4me2 and H3K27me3. (B) Relative gene expression and modification profiles in DKO cells treated with TSA in regard to untreated 
DKO cells. Relative values were calculated as log2 of treated/untreated cells ratio. Gene expression was normalized to 18S. ChIP results were normal-
ized to the respective input fractions.
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Figure 5. For figure legend, see page 6.
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only a fraction of the cells and the fraction of cells exhibit-
ing changes may be different for every assessed parameter. 
To determine whether drug induced DNA demethylation is 
directly associated with the changes detected in active and 
repressive histone modifications, we analyzed DNA meth-
ylation in H3K4me2 and H3K27me3 chromatin fractions in 
untreated HCT116 and DKO cells, 5-AzadC and 5-AzadC/
TSA treated HCT116 cells and TSA treated DKO cells. 
DNA methylation profiles of five MBV genes (EN1, SCTR, 
INHBB, CPLX2 and HRH2) were analyzed in the Input, 
H3K4me2 and H3K27me3 ChIP fractions by bisulfite 
sequencing and MassCLEAVETM.

High levels of DNA methylation were observed in all 
chromatin fractions analyzed in HCT116 cells, suggesting 
that DNA methylation was homogeneous and ubiquitous 
in the five genes analyzed. Illustrative results of HRH2 and 
EN1 genes have been represented (Fig. 6A). Upon treatment 
(5AzadC alone or in combination with TSA), marked dif-
ferences between H3K4me2/me3 and H3K27me3 fractions 
were appreciated. A dramatic decrease in DNA methylation 
was observed in the input and the H3K4me2/me3 frac-
tion of treated cells (20–30% and 10–30% of that found 
in untreated cells), but the H3K27me3 fraction retained 
a higher level of DNA methylation (40 to 100% of that 
found in untreated cells). This discordance suggests that 
drug treatment ensues in at least two different cell popula-
tions. The responsive cell population would be character-
ized by the loss of DNA methylation, gene re-expression, 
increased levels of H3K4me2, and probably by loss of the 
H3K27me3 mark. A second population of resistant cells 
would retain DNA methylation and probably increased lev-
els of H3K27me3.

Next we wondered if cells retaining DNA methylation 
underwent replication. We analyzed the DNA methylation 
and histone marks in replicating and non-replicating cells 
after fluorescence assisted cell sorting (FACS) of cells cul-
tured in medium containing bromodeoxyuridine (BrdU). 
All fractions exhibited DNA demethylation, although it was 
deeper in cells that have incorporated high levels of BrdU. 

After 1 week, the demethylation was maintained and the differ-
ences between BrdU positive and negative cells were still appar-
ent (Fig. 6B). Combined analysis of histone modifications and 
DNA methylation was performed in cells labeled with propidium 
iodide. Cells were fractioned by FACS into two groups (G

0
/G

1
 and 

S/G
2
). Both groups retained balanced levels of H3K27me3 and 

H3K4me3, although DNA demethylation tended to be deeper in 
H3K4me3 fractions and cells in S/G

2
 phases. Equivalent results 

were obtained 1 day and 7 days after treatment (data not shown).
We do not know if gene reactivation of silenced genes takes 

place in all cells, but a deeper DNA demethylation is consistently 
associated with enrichment of the H3K4me2/me3 marks and, as 
expected, DNA replication. H3K27me3 mark was present in all 
cell fractions. DKO cells exhibited low methylation levels similar 
to drug treated cells and no differences among treatments and 
chromatin fractions.

and H3K27me3 marks (higher H3K4me2 levels but lower 
H3K27me3) (Fig. 5B). The rest of genes were not affected by 
TSA, with the exception of DDX18 and PcLKC, which were also 
upregulated. A global increase of H3K4me2 levels was also seen 
in most genes (Fig. 5B).

These results suggest that retention of the bivalent nature of 
chromatin in the MBV genes is preserved even in the absence 
of an efficient DNA methylation system, although the balance 
between H3K4me2/me3 and H3K27me3 marks is partially dis-
rupted after inhibition of histone deacetylases with TSA.

Epigenetic profiles of different chromatin and cell frac-
tions. In vitro treatments with epigenetic drugs clearly show 
that silenced genes can be reactivated but do not illustrate the 
direct associations among the different components of the epi-
genetic code and gene activity in response to the drug. This is 
because changes observed in response to drugs may be driven by 

Figure 6. DNA methylation analysis of cell fractions after 5AzadC/TSA treat-
ment. (A) MassCLEAVETM DNA methylation analysis of input, H3K4me2 and 
H3K27me3 immunoprecipitated DNA fractions in EN1 and HRH2 gene CpG 
islands. Each bar represents the mean methylation (1.0 is full methylation) 
of all CpG sites contained in the amplicon analyzed in untreated HCT116, 
5AzadC and 5AzadC/TSA treated cells and DKO and TSA DKO treated cells. 
(B) Direct bisulfite sequencing of CpG island regions corresponding to three 
MBV genes in HCT116 cells after BrdU labeling and FACS.
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cells.33,44 Most HCT116 hypermethylated genes are reexpressed 
and exhibit higher levels of H3K4me2 and H3K27me3 marks 
in the DKO cells (Fig. 5A). These results are similar to what 
we obtain when HCT116 cells are treated with 5-AzadC alone 
(our data and ref. 40). As expected, DKO cells treated with 
TSA exhibited increased expression of genes hypermethylated in 
HCT116. Interestingly, TSA had deep effects on DKO cells by 
disrupting the balance between bivalent marks (Fig. 5B). While 
H3K4me2 is increased in most genes, the repressive H3K27me3 
mark is lost from most of the genes in which promoter hyper-
methylation was present (MBV). Our results suggest that DNA 
methylation also contributes to maintain the repressive histone 
code in genes poised for silencing and confirm the role of DNA 
methylation as the foremost player in preserving the inactivation 
of silenced genes.38 Besides that, retention of bivalent signatures 
probably acts as a memento and is likely to participate in the res-
toration of the silencing.6

Another interesting finding arises from the analysis of DNA 
methylation in different chromatin fractions and in various 
experimental conditions. At global level, all the MBV genes ana-
lyzed in HCT116 untreated cells show coexistence of histone 
marks H3K4me2 and H3K27me3 with fully methylated DNA 
(Fig. 6A). Nevertheless, upon DNA demethylation by treatment 
with 5AzaC, H3K27me3 chromatin fraction retains higher lev-
els of DNA methylation, while the H3K4me2/me3 fractions are 
extensively DNA demethylated. This result could be interpreted 
as a partial disruption of bivalent domains that become active 
in a fraction of the cells (unmethylated DNA and H3K4me2), 
while reaching a new balance in “drug-resistant cells” (methyl-
ated DNA and bivalent marks).

It remains to be elucidated if the recovery of the silenced 
state after drug removal is due to chromatin re-remodeling or to 
a cell population renewal in which a reservoir of cells resistant 
to the drug (denoted by the presence of high levels of methyla-
tion associated with the H3K27me3 chromatin fraction) become 
prevalent in the cell population. While it seems clear the homo-
geneity of the parental cells, it could be hypothesized that the 
treatment induces the presence of mixed cell populations with 
different chromatin landscapes (active, silenced, bivalent). We 
tried to resolve this conundrum by coimmunoprecipitation of 
both histone marks H3K4me2 and H3K27me3, but it did not 
work in our hands, although we have been able to do it in murine 
cells (data not shown). Our data indicate that the retention of 
repressive marks is unlikely to be driven by a resting cell popu-
lation, since epigenetic profiles of bivalent chromatin domains 
are similarly affected in replicating and non-replicating cells. In 
agreement with previous studies,6,15 H3K27me3 is retained and 
even increased in the reactivated loci. Hence, this repressing his-
tone modification could trigger the resilencing and the DNA 
remethylation in the affected regions. Additional studies using 
inhibitors of H3K27 methyltransferase, as the DZNep,45 may 
contribute to better understand the role of H3K27me3 mark in 
this process. Residual DNA methylation in the locus or near the 
locus is also likely to play a role.29

As we have shown, treated cells recover the original chromatin 
states after a few weeks of drug withdrawal. Moreover, they show 

Discussion

Reactivation of tumor suppressor genes that have undergone epi-
genetic silencing appears as a promising therapeutic strategy.32,35

It has been shown that reactivated promoters are often slowly 
remethylated and the gene is resilenced after withdrawal of the 
DNA methylation inhibitor.36-40 Recent discoveries have revealed 
chromatin scenarios linking stem cell and cancer biology 6,12,14,15,25

and have underscored the impact of neighboring epigenetic states 
on the regulation of chromatin stability.3,6,9 To get insights into 
the dynamics of chromatin reactivation and resilencing in cancer 
cells submitted to epigenetic treatments, we have investigated the 
epigenetic profiles of two of these chromosome regions, 2q14.2 
and 5q35.2, containing genes silenced in colorectal cancer. We 
have defined three different genetic compartments based on the 
epigenetic signatures of the genes.

The first group is represented by six genes undergoing epigen-
etic silencing in cancer cells (as denoted by DNA hypermethyl-
ation) and the retention of bivalent chromatin epigenetic marks 
(MBV genes). It is of note the bivalent nature of these genes in 
murine colon cells, that has been demonstrated by co-immuno-
precipitation of H3K4me3 and H3K27me3 (unpublished data). 
When reactivated, the expression of these genes is restored but at 
low levels, similar to those detected in non-tumorigenic cells,3,6

and histone modifications profiles are also changed to a more pro-
nounced bivalent state (elevated H3K4me2/3 and H3K27me3 
signals) as it has been previously reported in reference 6 and 
40. Upon drug withdrawal, the bivalent marks are maintained, 
but the balance is partially disrupted by a predominance of the 
repressive mark H3K27me3, suggesting its contribution to the 
recovery of the silenced state. The overall data are consistent with 
a coordinated dynamics of bivalent chromatin signatures among 
the MBV genes Nevertheless, it should be noted that our analysis 
is limited to specific regions inside the CpG island. Regional pro-
files along and outside the promoter region may be also affected 
by the treatments and may exhibit different dynamics during 
the resilencing process. Future studies a genome scale should 
address this issue. The effects of the treatment are reversed at 
mid-term and a complete resilencing of the reactivated genes is 
accomplished three weeks after drug withdrawal, while the DNA 
remethylation is fully restored one week later for most of the CpG 
islands analyzed. The combined treatment resulted in an extended 
recovery period as compared with 5-AzadC alone. These results 
are consistent with a secondary nature of DNA methylation in 
regard to gene activity.39,41 The percentages of demethylation and 
the rate of remethylation were of the same order as previously 
described for other genes.36,38,39 While treatment with the histone 
deacetylases inhibitor agent TSA alone did neither induce DNA 
demethylation nor gene reactivation, it had a synergistic effect 
with 5-AzadC, in agreement with other studies.42,43

The use of cells deficient in DNA methyltransferase activity 
(DKO) has allowed us to contrast the results presented above 
in a more stable system. As it has been described before, most 
hypermethylated tumor suppressor genes in HCT116 cells, 
such as p16INK4a or TIMP3, are found demethylated and re-
expressed in DKO cells as compared with the parental HCT116 
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45 minutes at room temperature in a dark chamber. Cells were 
washed twice with PBS and Tween (0.02%) and 2 more times 
with PBS. Flow cytometry and sorting was performed on an 
Influx flow cytometer (BD FACSAriaTM II). Standard negative 
controls were used to set up the threshold and to fractionate cells 
positive and negative for BrdU.

Cell cycle analysis. Cell cycle analysis using PI was performed 
in 5dAzadC+TSA treated cells 1 and 7 days after the treatment. 
Cells were resuspended in 0.9 ml PBS, permeabilized with 2.1 
ml 100% ethanol and kept at -20°C for 30 min. Then, cells were 
washed twice to eliminate the ethanol and 1 ml of the analy-
sis solution compound (Propidium iodide 500 μg/ml (Sigma), 
sodium citrate 38 mM and Ribonuclease A (Sigma) was added. 
Flow cytometry and sorting was performed as described above. 
Fractions for G

0
/G

1
 and S/G

2
 were collected.

Bisulfite sequencing and massCLEAVETM analysis. Genomic 
DNA was obtained using standard protocols. Bisulfite treatment 
was performed as previously described in reference 41, or using 
the EZ DNA methylation kitTM (Zymo Research). Three indepen-
dent PCR reactions were carried out and products were pooled to 
ensure a representative methylation profile. The primers used for 
the bisulfite PCR amplifications are listed in Supplemental Table 
1. MassCLEAVETM methylation analyses were performed as pre-
viously described in reference 48. Data was analyzed using the 
MassCLEAVETM technology as previously reported in reference 48.

RNA extraction and quantitative real-time RT-PCR. RNA 
and the corresponding cDNA were obtained using standard pro-
tocols. Expression was quantified using the ABI PRISM 7900 
HT sequence detection system (Applied Biosystems) or the Light 
Cycler 2.0 real time PCR system (Roche Diagnostics). The prim-
ers used for RT-PCR amplification are listed in Supplemental 
Table 2. The reactions were performed in triplicate. Gene expres-
sion levels were normalized using 18S determinations.

Chromatin immunoprecipitation (ChIP) assays. ChIP assays 
were carried out using the Chromatin Immunoprecipitation 
Assay Kit (Upstate Biotechnology) according to the manufactur-
er’s instructions. The complexes were immunoprecipitated with 
antibodies specific for total histone H3 from Abcam (ab1791) 
and acetylation of histone H3 (Lys 9) (no. 07-352), dimethyl-
histone H3 (Lys 4) (no. 07-030), dimethyl-histone H3 (Lys 9) 
(no. 07-441), trimethyl-histone H3 (Lys 27) (no. 07-449) from 
Upstate Biotechnology. As negative control we used rabbit IgG 
serum (Jackson Immunoresearch). The amount of immuno-
precipitated target was measured by real-time PCR as described 
above. Positive and negative controls for each histone modifica-
tion were used to set the lower limits.3,6,49 Amplification primers 
for gene promoters are listed in Supplemental Table 3. PCRs 
were performed in triplicate.
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similar sensitivity and response to the drugs upon retreatment 
as never-treated cells (data not shown), suggesting that selec-
tion of drug-resistant cells is not sufficient to explain our results. 
Epigenetic drugs used here appear to induce plastic effects on 
chromatin. The transient disruption of the silenced states 
achieved by these treatments is overcome by a dominant repres-
sive chromatin landscape determined by DNA methylation and 
bivalent chromatin marks. Design of new drugs with long lasting 
effects should improve the efficiency of epigenetic therapies.

In summary, our work illustrates the complexity of the epigen-
etic changes occurring upon drug-induced activation of silenced 
genes. While DNA methylation appears to play a dominant role 
in long lasting silencing, other players, characterized here as biva-
lent histone marks, contribute to maintain the epigenetic memory 
of silenced genes. The histone modification H3K27me3 is likely 
to play an important role in maintaining the memory of silenced 
genes that are in a bivalent context. Novel epigenetic strategies in 
cancer should target this repressive mark in order to get a more 
efficient effect of current DNA demethylating therapies.

Materials and Methods

Cell culture and 5-Aza-2'-deoxycytidine and trichostatin A 
treatments. The HCT116 colorectal carcinoma cell line was 
obtained from the American Type Culture Collection (ATCC). 
Cell culture and treatment with 5-Aza-2'-deoxycytidine 
(5AzadC) and Trichostatin A (TSA) were performed as described 
in reference 3, with minor modifications. Briefly, 0.65 x 106 cells 
were seeded in 10-cm cell culture dishes and 24 h later treated 
with 0.5 μM 5-Aza-2'-deoxycytidine (5AzadC; Sigma) for 48 h. 
Cells were treated with Trichostatin A (TSA) (Sigma) at 0.3 μM 
for 16 h. For co-treatment of cells with 5AzadC and TSA, 0.8 x 
106 cells were seeded and treated initially with 5AzadC for 48 
h, afterwards the medium was removed and cells were treated 
with TSA for an additional 16 h; then, the medium was changed 
and cells were harvested at the indicated time points. For control 
samples, half a million cells were seeded and cultured at the same 
time in which the drugs were omitted. DKO cells (HCT116 defi-
cient in both DNA methyltransferases),46 were cultured under 
the same conditions as wild type HCT116 cells. A complete new 
treatment of HCT116 cells with 5AzadC and TSA was done in 
parallel as control of drug efficiency.

Fluorescence-activated cell sorting (FACS). Cell sorting 
of replicating and non-replicating cells was performed using a 
modification of the method described previously in reference 47. 
Briefly, untreated and treated (5AzadC + TSA) cells were incu-
bated for 24 h with 30 μM BrdU (Sigma) immediately and 7 days 
after the treatment. Cells were fixed with 3.7% formaldehyde at 
room temperature for 10 min, washed 3 times with cold PBS. 
The blocking solution (15% goat serum in 0.1% TritonX100) 
was added to the cells and incubated for 30 minutes at room 
temperature. After removal of blocking solution, fixed cells were 
incubated for 1 h at room temperature with anti-BrdU mouse 
monoclonal antibody 1:250 (Becton Dickinson, Ref. 555627), 
washed 3 times with PBS, and incubated again with anti-mouse 
FITC-conjugated antibody 1:250 (Invitrogen, Ref. A10543) for 
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