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Hsp90 is a chaperone for over 100 ‘client proteins’ in the cell, most of which are involved in signaling path-
ways. For example, Hsp90 maintains several nuclear hormone receptors, such as the estrogen receptor (ER),
as agonist-receptive monomers in the cytoplasm. In the presence of agonist, Hsp90 dissociates and the
receptors dimerize, enter the nucleus and ultimately activate transcription of the target genes. Increasing
evidence suggests that Hsp90 also has a role in modifying the chromatin conformation of many genes.
For example, Hsp90 has recently been shown to increase the activity of the histone H3 lysine-4 methyltrans-
ferase SMYD3, which activates the chromatin of target genes. Further evidence for chromatin-remodeling
functions is that Hsp90 acts as a capacitor for morphological evolution by masking epigenetic variation.
Release of the capacitor function of Hsp90, such as by environmental stress or by drugs that inhibit the
ATP-binding activity of Hsp90, exposes previously hidden morphological phenotypes in the next generation
and for several generations thereafter. The chromatin-modifying phenotypes of Hsp90 have striking simi-
larities to the trans-generational effects of the ER agonist diethylstilbesterol (DES). Prenatal and perinatal
exposure to DES increases the predisposition to uterine developmental abnormalities and cancer in the
daughters and granddaughters of exposed pregnant mice. In this review, we propose that trans-generational
epigenetic phenomena involving Hsp90 and DES are related and that chromatin-mediated WNT signaling
modifications are required. This model suggests that inhibitors of Hsp90, WNT signaling and chromatin-
remodeling enzymes might function as anticancer agents by interfering with epigenetic reprogramming
and canalization in cancer stem cells.

CANALIZATION IN DEVELOPMENT AND CANCER

In 1942, Conrad Waddington popularized the term ‘canaliza-
tion’ in his classic Nature letter, ‘Canalization of development
and the inheritance of acquired characters’ (1). He wrote, ‘The
main thesis is that developmental reactions, as they occur in
organisms submitted to natural selection, are in general cana-
lized. That is to say, they are adjusted so as to bring about one
definite end-result regardless of minor variations in conditions
during the course of the reaction’ (1). A morphological pheno-
type, such as a novel adaptive character, is ‘canalized’ through

a process called ‘assimilation’, which is defined as a selection
of existing genetic variation in a population over several gen-
erations until the phenotype is stabilized or ‘fixed’ (1). In
1953, Waddington (2) proved that assimilation leads to cana-
lization. Waddington stressed Drosophila larvae to generate a
novel ‘crossveinless’ phenotype in which one of the crossveins
in an adult wing is missing. By selecting flies in an outbred
population that had the induced crossveinless phenotype,
repeating the stress in their larval progeny and again selecting
for crossveinless progeny, Waddington showed that the cross-
veinless phenotype can be ‘fixed’ in �100% of the progeny
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after 10–15 generations, even in the absence of additional
environmental stress (2). In other words, the novel crossvein-
less phenotype was ‘canalized’ in the ‘assimilated’ population.

In 1998, Rutherford and Lindquist (3) proposed a molecular
mechanism explaining how stress, such as heat shock, can
reveal previously hidden cryptic phenotypic variation. They
showed that mutations in Drosophila Hsp90, or pharmacologi-
cal inhibition of Hsp90 with the potent and specific inhibitor
geldanamycin, reveal previously hidden phenotypic variation
in diverse adult body parts such as wings, legs and eyes (3).
They then performed a variation on Waddington’s assimila-
tion experiment and showed that several of these novel
phenotypes can be selected for several generations until they
are present, i.e., ‘assimilated’, even when Hsp90 activity is
restored (3). Although Rutherford and Lindquist did not
identify the targets of Hsp90 in their assimilation experiments
in Drosophila (3) and later in Arabidopsis (4), the fact that
Hsp90 has over 100 identified ‘client proteins’, most of
which are signaling proteins (5), suggesting that Hsp90
could affect the morphological development of numerous
body parts.

We expanded on assimilation studies of Rutherford and
Lindquist that show that Hsp90 can function as a ‘genetic
capacitor’ (3) by showing that Hsp90 can also function as
an ‘epigenetic capacitor’ for phenotypic variation (6). A
‘genetic capacitor’, a term coined by Rutherford and Lindquist
(3), is like an electric capacitor that instead of storing electri-
cal potential energy for later release, stores morphological
variation for later release. An ‘epigenetic capacitor’, we
propose, stores epigenetic potential for morphological vari-
ation (6). For both types of capacitors, stress releases the
potential for morphological variation by functionally inacti-
vating Hsp90 (3,6).

We showed that mutations in Drosophila Hsp90, or pharma-
cological inhibition of Hsp90 with geldanamycin, induce
ectopic large bristle outgrowths (ELBOs) from the eyes of
‘epigenetically sensitized’ isogenized flies with the KrIf-1

mutation (Fig. 1). An ‘epigenetically sensitized’ fly is a term
that we coined which refers to a mutation that does not yet
induce a new morphological phenotype, but it is on the verge
of producing a new morphological phenotype (6). Flies with
the KrIf-1 mutation will have the ELBO phenotype if the
chromatin is altered epigenetically, such as by inactivation
of Hsp90 or by reducing the amount of other chromatin-
remodeling genes in the mother (6). This term is analogous to
the term ‘genetically sensitized’, which is a type of animal
that is ‘sensitized’ for new mutations in a particular signaling
pathway because it is heterozygous for a mutation in a gene
encoding a component in the same pathway (7).

KrIf-1 flies, which have the zinc-finger containing Krüppel
(Kr) transcription factor ectopically expressed in the eye
imaginal discs, presumably by having an enhancer element
inserted at the Kr locus (8), normally have a reduced
number of eye facets but no ELBOs (6). In our paper, we
showed that ‘epigenetic assimilation’ can occur by selecting
for flies with the ELBO phenotype, even in the absence of
genetic variation (6). After five or six generations of selection,
60–70% of the progeny had the ELBO phenotype, even
though geldanamycin was only added in the parental gener-
ation (6). The study of Lindquist and coworkers and our

studies have been the subject of several recent reviews and
commentaries (9–12).

In this review, we call the stability of epigenetically assimi-
lated traits, such as the ELBO phenotype, ‘epigenetic canaliza-
tion’. We propose that progression of cancer is another
example of ‘epigenetic canalization’ because inheritance
of tumor-promoting ‘metastable epi-alleles’, genes with a
stochastic distribution of methylation states (13), are selected
in precancer cells as they progress to a malignant state (14,15).
Here, we argue that trans-generational effects of diethylstil-
bestrol (DES), a synthetic estrogen, exposure on uterine
cancer and development, and cancer epigenesis in general,
have many similarities to the trans-generational ‘epigenetic
assimilation’ phenomena described earlier. Although techni-
cally ‘assimilation’ experiments require selection of a pheno-
type for several generations (2), whereas the DES effect is
only observed in the children and grandchildren, we speculate
that DES exposure can be the first step in an ‘epigenetic assim-
ilation’ process, which might last for numerous generations. In
the next section, we will review the trans-generational effects
of DES exposure, and in the final section, we will attempt a
‘conceptual assimilation’ of these studies to form a unified

Figure 1. Fly head with a ELBO. (A) Arrow points to the ELBO and the
asterix indicates a KrIf-1/þ eye without an ELBO. (B) Enlargement of the
ELBO shown in (A).
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model on how DES affects uterine development and cancer in
a trans-generational manner.

TRANS-GENERATIONAL EPIGENETIC EFFECTS

MEDIATED BY DES

Between 1947 and 1971, over 1 million American women
were exposed to DES when they took the drug to reduce the
risk of mis-carriage (16). DES in meat products caused
further human exposure because this drug was widely fed to
beef cattle and other livestock to accelerate their growth
(17). DES was present at biologically relevant levels in beef,
and DES is metabolically very stable, so this was likely a
significant source of exposure in humans (17). In 1971, an
estimated 27 600 kg of DES was used in livestock feed lots (17).

Daughters of mothers exposed to DES during the first trime-
ster often show developmental abnormalities in the structure
of the uterus, cervix or vagina and an increased risk in
developing a rare form of cancer, clear-cell adenocarcinoma
(16). Studies with laboratory animals, described subsequently,
have confirmed these early observations on the adverse effects
of DES on reproductive system development and cancer.
However, the exact risk of DES exposure in humans is still
not clear. For example, in a recent study on DES exposure
in humans, Robboy’s laboratory, which has been studying
DES exposure in humans for .30 years, concludes, ‘The
findings support an association between in utero DES exposure
and high-grade squamous neoplasia, although a role for
more intensive screening among DES-exposed women in
the production of this excess could not be completely ruled
out’ (18).

Perinatal (during the first 3 months after birth) exposure to
DES induces developmental abnormalities in the reproductive
tract of rodents such as mouse (19–21), rat (22,23), and ham-
sters (24,25). For example, when neonatal mice are exposed to
DES, 2 mg/pup per day for the first 5 days of life, �90% of
the mice develop uterine cancer by 18 months (20). Most strik-
ingly, using this and similar neonatal exposure paradigms in
mice, DES affects uterine development in a trans-generational
manner in the daughters of the neonatally exposed female
mice and the granddaughters of DES-exposed pregnant mice
(26–29). Therefore, even though DES has not been used
commercially in the USA since the 1970s, nevertheless these
results suggest that another generation of humans is at risk
from DES exposure in their grandmothers. If they have not
already begun, it is now time to begin studies on the possible
effects of DES on the granddaughters of women exposed in
the mid-20th century.

Although, to our knowledge, the mechanisms for the trans-
generational effects of DES exposure have not yet been
investigated, the effects of neonatal exposure to DES on
uterine cancer in the same generation have been shown to
be mediated, at least partly, by altering the CpG methylation
pattern of key uterine cancer genes in mice. For example,
Li et al. (16,30) have recently shown that neonatal exposure
of DES in mice, using the previously mentioned conditions,
induces persistent increases in c-fos mRNA expression and
hypomethylation of specific enhancer-binding sites. Altered
DNA methylation by DES is probably a gene-specific

phenomenon because the CpG methylation of the promoters
of the Hox-a10 and Hox-a11 genes are not altered by neonatal
exposure to DES, even though DES dramatically downregu-
lates expression of these genes (31). It is possible that CpG
methylation alterations in many of the key uterine cancer
genes are stable during gametogenesis and that this might
explain the trans-generational effects of DES exposure on
uterine development.

Several studies have suggested that CpG methylation regu-
lates modifications of the histones around the CpG methylated
genes (32–34). For example, expression of mammalian
Dnmt3a in Drosophila increases histone H3 lysine-9 methyl-
ation (35), which is catalyzed by the Su(var)3-9 protein.
This suggests that histone H3 lysine-9 methylation and DNA
methylation are linked in Drosophila and likely also in
mammals (36). Consistent with this, human cells deficient in
Dnmt1 have recently been shown to have altered histone H3
modification patterns (37).

Figure 2 summarizes the role of Hsp90 in regulating the
estrogen receptor (ER), with an emphasis on the chromatin
remodeling that occurs at ER-target genes. In the absence of
estrogen, a monomer of the ER is bound to a dimer of
Hsp90 in an inactive, but agonist-receptive complex
(Fig. 2A) (5,38). In the presence of estrogen or DES, Hsp90
releases ER and ligand-bound ER dimerizes and enters the
nucleus where it activates transcription of target genes
(Fig. 2B) (5,38). Furthermore, Freeman and Yamamoto (39)
showed that Hsp90 is associated with the chromatin and regu-
lates inactivation of the ER chromatin complex when the
ligand is removed. Presumably, either Hsp90a or Hsp90b
isoform in humans can have these functions (39). CARM1, a
histone H3 arginine-17 methyltransferase, is one of several
co-activators, which associates with the ER on target genes
(Fig. 2B) (40). CARM1 also activates the chromatin of
target genes by recruiting the histone acetyltransferase CBP
(41,42). Recently, histone deimination by PAD4 has been
shown to antagonize arginine methylation by converting the
methyl-arginine to citruilline, thereby converting chromatin
that supports transcription to chromatin which does not
support transcription (43,44). Although, to our knowledge,
there is no evidence for this yet, we speculate that PAD4 is
used to inactivate the chromatin at ER target genes in the
absence, or after the removal, of estrogen or DES (Fig. 2A).

In Figure 2, we also speculate on how Hsp90 might regulate
expression of the WNT genes in an opposite manner as the
ER-target genes. The WNT family instructs a wide array of
cell behavioral changes and morphogenetic events that con-
tribute to specify the position and shape of a variety of
organs, tissues and structures during normal development
and in tumors (reviewed in 45). Several WNTs, such as
Wnt7a, are required for postnatal and estrogen-mediated
growth of the female reproductive tract by suppressing
uterine cell death in the absence of estrogen (46). Conversely
to ER, where Hsp90 maintains the ER in an agonist-competent
inactive state, Hsp90 is required for optimal activity of the
histone H3 lysine-4 methyltransferase SMYD3 (47,48).
SMYD3 is required for activation of Wnt10b and possibly
other WNTs (Fig. 2A) (48). We speculate that stress, and poss-
ibly also estrogen or DES, might disrupt association of
SMYD3 with Hsp90 by functionally titrating Hsp90 activity
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(3), therefore, inactivating SMYD3 so that it can no longer
mediate the activation of transcription of WNT genes
(Fig. 2, right).

Alternatively, or additionally, to the role of SMYD3 in reg-
ulating WNT gene expression in the uterus, agonist-bound ER
might form an inhibitory chromatin complex with the WNT-
target genes. A precedent for this model is that the vitamin
D nuclear receptor can form both activating chromatin com-
plexes with the HAT CBP and inhibitory chromatin complexes
with the histone inhibitory factors, HDAC1 and HDAC2,
among others, depending on whether vitamin D is present
(49,50). Similarly, Klinge et al. (51) have recently shown
that the sequence of the estrogen response element (ERE)
determines whether ER forms an activating chromatin
complex with CARM1 (among others) or an inhibitory
chromatin complex with nuclear receptor co-repressor and
silencing mediator for retinoid and thyroid hormone receptor
(SMRT). We speculate that WNT genes which regulate
uterine development might also have inhibitory EREs, but
this has not yet been tested.

Although many of the aspects of our model in Figure 2 are
highly speculative, a key point of the model is the reversibility
of activating and inactivating chromatin by enzymes that
counteract each other’s functions, possibly in the same
complex. In this paragraph, we will specify which aspects of
Figure 2 are supported by evidence and which aspects are
more speculative. For example, there is evidence that
CARM1 is an ER co-activator that methylates histone H3 argi-
nine-17 (40), but there is no evidence yet to our knowledge
that PAD4, which converts this methyl-arginine to citrulline,
is present on this complex. In addition, there is no evidence
to our knowledge that Su(var)3-9, a histone H3 lysine-9

methyltransferase, is involved in repressing Wnt transcription
when estrogen is present, nor is there evidence that Lsd1,
which is a lysine demethylase (52), re-activates Wnt transcrip-
tion when estrogen is absent.

One stimulus for making this ‘yin-and-yang’ or
‘Voldemort-type’ model (53), which has opposing activities
on the same complex, is the recent finding from Kudlow’s
laboratory that O-GlcNAc transferase (OGT) and NCOAT
(nuclear cytoplasmic O-GlcNAcase and acetyltransferase)
are on the same chromatin-remodeling complex (54). Modifi-
cation of chromatin proteins, such as the transcription factor
SP1, by O-GlcNAc occurs in high-glucose conditions,
whereas NCOAT is active under low-glucose conditions
(54). O-GlcNAc modifications have been proposed to be a
‘nutrient sensor’, which regulates the activity of numerous
transcription factors, in addition to SP1 (55).

TRANS-GENERATIONAL EPIGENETICS:

A UNIFYING MODEL

As noted earlier, the trans-generational effects that we observe
with the ELBO phenotype (Fig. 1) and DES-induced uterine
abnormalities have several similarities. First, both phenomena
involve in the signaling chaperone Hsp90. Geldanamycin, a
specific Hsp90 inhibitor induces the ELBO phenotype in the
KrIf-1 genetic background (6) and Hsp90 is required to main-
tain the ER in a agonist-receptive inactive cytoplasmic form
(Fig. 2) (5,38). Secondly, chromatin remodeling is evidently
involved in both processes. The histone deactylase inhibitors
trichostatin A and sodium butyrate partially suppress the
ELBO phenotype (6) and nuclear receptors form complexes

Figure 2. Effects of estrogen and stress on activation of the ER and repression of the WNT genes. (A) In the absence of estrogen or stress, a dimer of Hsp90 binds
to a monomer of the ER and, we propose, a monomer of the histone H3 lysine methyltransferase SMYD3. SMYD3 is activated by Hsp90, and activated SMYD3
enters the nucleus and activates transcription of target genes such as WNT genes. Hsp90 forms a complex with ER and the methyl-arginine deimination enzyme
PAD4, which inactivates the chromatin of the ER-target genes. (B) In the presence of estrogen or stress, the ER dimerizes, enters the nucleus and binds to chro-
matin activating enzymes such as the histone H3 arginine-17 methyltransferase CARM1. In the presence of estrogen, the ER-target genes are activated. We
propose that the WNT genes are not expressed because SMYD3 cannot be activated when estrogen or stress is present. Chromatin inactivating enzymes,
such as the histone H3 lysine-9 methyltransferase Suv39, could inactivate the chromatin of the WNT genes. Lsd1 can remove the methyl group on methyl-
lysine (52) and can therefore presumably counteract the effect of Suv39. Active proteins and histones in chromatin that can support transcription are indicated
(green). Likewise, inactive proteins and histone in regions that cannot support transcription are also indicated (red).
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with histone deacetylases (HDACs) and histone acetyltrans-
ferases on the chromatin (49,50). We also have evidence
that mutations in several histone-modifying enzymes, such
as the histone methyltransferase Su(var)3-9 and the HDAC
Rpd3, suppress the ELBO phenotype when there is a
deficiency in the levels of these proteins in the mother
(D.M. Ruden and coworkers, unpublished data). Finally,
Wnt signaling is involved in both processes. Mutations in
WNT-pathway genes suppress the ELBO phenotype (D.M.
Ruden and coworkers, unpublished data), and as discussed
earlier, postnatal uterine development and growth requires
WNT signaling (46). For example, Wnt7a and other members
of this family are required for guiding the epithelial–
mesenchymal interactions, which direct postnatal uterine
development (46). Lindquist and coworkers (11) also specu-
lated on the role of WNT signaling in generating the ELBO
trans-generational epigenetic phenotype.

What is the role of WNT signaling in trans-generational
epigenetic phenomena such as the ELBO phenotype (Fig. 1)
and those mediated by DES? The hypothesis of this review
is that WNT is required for epigenetic reprograming of stem

cells in both phenomena (Fig. 3). Germline stem cells must
be involved in the epigenetic transmission of the ELBO phe-
notype because the phenotype is transmitted through both
the male and female germlines (6). Epithelial stem cells are
also probably involved in generating the ELBO phenotype
because the bristle outgrowths are likely derived from trans-
differentiated epithelial stem cells in the eye imaginal discs
(6). As are all stem cells, epithelial stem cells derived from
germline stem cells and epithelial stem cells such as those in
the epidermis, gut and uterus, require WNT signaling for
self-renewal (56,57).

In our model for the trans-generational effects of DES, we
propose that under normal situations, specific chromatin
regions in germline stem cells are methylated at CpG sites,
and therefore, inactivated at critical enhancer regions for
genes that promote uterine cancer, such as c-fos (Fig. 3A)
(16,30). DES exposure or stress induces hypomethylation of
the uterine cancer promoting genes, thereby allowing the
enhancer proteins to bind to the regulatory elements and acti-
vate transcription of these genes (Fig. 3B). The germline stem
cells, which are totipotent because they can become all of the
cells in the organism, differentiate into pleuripotent cells such
as the epithelial stem cells in the uterus (58). Although this has
not yet been demonstrated, we speculate that the CpG methyl-
ation pattern in epithelial stem cells is maintained by Wnt sig-
naling in the stem cell niches in the uterus (Fig. 3A).

As mentioned earlier, WNT signaling is required for
renewal of the uterine stem cells. We propose that WNT sig-
naling might also be required for maintenance of the CpG
methylation status of the uterine cancer promoting genes,
and thereby contribute to the trans-generational effects of
DES and stress. Further experiments are required to test the
various aspects of this model. This model suggests that inhibi-
tors of Hsp90, WNT signaling and chromatin-remodeling
enzymes might function as anticancer agents by interfering
with epigenetic reprograming and canalization in cancer
stem cells. We hope that this review stimulates further
research in this, in our view, understudied area.
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