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Table 1 Summary of ER methylation in hematopoieticneoplasmsTumor-derived

DNA was assayed for the presence of ER genehypermethylation(>15%
methylation) using Southern blotanalysis.n

Methylated Unmethylated %methylatedALL

(pediatric) 9 8 189ALL

(adult) 18 17 194AML

(adult) 23 21 291CML-chronic

phase 6 3 350CML-blast

crisis 9 9 0100Lymphoma

8 5 363Cell

lines 9 9 0 100

ER METHYLATION IN HEMATOPOIETICNEOPLASMS

Leukemia Cell Lines

3.1+

Fig. 1. ER methylation in normal and leukemic
hematopoietic cells. Shown are examples of South
em blots of DNA derived from the tissue samples or
cell lines indicated on the top of each lane. The 1.9-
and 1.2-kb bands represent the normal (unmethyl
ated) pattern, while the 3.1-kb band represents
methylation at a Not! site in the ER CpG island. The
presence of all three bands in some lanes (e.g..
NHL) most likely reflects contamination of the tu
mor samples with nonneoplastic cells. CMUCP,
CML chronic phase; CMUBC, CML blast crisis;
If//RH, lymph node reactive hyperplasia; NH!.,
non-Hodgkin's lymphoma.

CpG island, we next determined the methylation state of this gene in
73 samples of human hematopoietic neoplasms. Fig. 1 shows exam
ples of our findings, which are summarized in Table 1. Nearly all
acute leukemias examined showed extensive methylation of the Not!
site in exon 1 of the ER gene, indicating methylation of its CpG island.
Methylation was also present in 50% of chronic phase CML, 100% of
blast crisis CML, 60% of lymphomas, and in all 9 human hemato
poietic tumor cell lines studied. Age of the patient at diagnosis,
gender, cell lineage in ALL, FAB classification in AML, and blast
crisis morphology in CML (lymphoid or myeloid) had no impact on

the prevalence or extent of ER methylation. In leukemic cell lines, we
similarly analyzed two Sac!I sites also present in the ER CpG island
and found them to be concordantly methylated with the Not! site (data
not shown). These data confirm extensive methylation of the ER CpG
island in these leukemias.

ER Methylation as a Marker of Disease in Human Leukemias.
To explore potential clinical applications of this molecular marker, we
measured ER methylation in serial samples obtained at diagnosis,
clinical CR, and subsequent relapse in several patients with adult ALL
and CML (Fig. 2). In ALL, we saw two distinct patterns. In the first
pattern, ER methylation tracked well with the clinical assessment of
disease activity. It was present at diagnosis and posttherapy in one
patient with chemotherapy-resistant disease (patient A), absent at
chemotherapy-induced CR in two patients (patients B and C), and

CpG island.In all cases, an expected5-kb band was the only band present,
indicating complete digestion of the DNA with Not!.

RT-PCR.RNAwasisolatedusingtheguanidinium-thiocyanateprocedure
(36). RNA was reverse transcribed using random hexamers, and the cDNA was
amplified by the PCR, using primers located in the last two exons of the ER

gene (37). To confirm integrity of the RNA, the same amount of cDNA was
amplified by PCR using primers located in the first and third exons of the actin
gene (37). Three hundred ng of RNA were used for each reaction, and
one-third of the amplified product was run on a 2% agarose gel and stained
with ethidium bromide. All amplifications were performed at least twice, and

all included a positive control consisting of mRNA from the ER-positive breast
cancer cell line ZR75 and a negative control consisting of mRNA from an
ER-negative colon cancer cell line RKO. RT (â€”) controls where the reverse
transcriptase enzyme was omitted were also used for each sample.

Results

ER Methylation in Normal Hematopoietic Cells. To determine
normal patterns of ER methylation in hematopoietic cells, we studied
peripheral blood leukocyte DNA from 17 healthy individuals ranging
from 29 to 67 years of age. Samples were digested with EcoRI and the
methylation-sensitive restriction enzyme Not!, subjected to agarose
gel electrophoresis, and probed with a fragment of exon 1 of the ER
gene. In this analysis, unmethylated DNA yielded bands of 1.9 and 1.3
kb, while methylated DNA yielded a single band at 3.1 kb. In these
samples, methylation of the Not! site in the promoter region of the ER
gene was minimal, ranging from less than 1 to 4%, with no clear
relationship with age (Fig. 1, PBL). In DNA isolated from bone
marrow aspirates of 15 other healthy individuals ranging from 18 to

55 yearsof age,we likewise found minimal methylationof the ER
gene CpG island Not! site, with values ranging from 1 to 9%, and no
clear relationship with age (Fig. 1, BM). In one person, we compared
bone marrow-derived CD34+ cells to CD34â€” cells and found no
difference in the extent of ER methylation (data not shown). These
data suggest that, in contrast to normal colonic mucosa, normal
hematopoietic cells show little age-related methylation in the ER CpG
island.

ER Methylation in Human Leukemias. Having established that
normal hematopoietic cells are essentially unmethylated at the ER

974

Normal

.-@@ -g@@ Ã§@@

PBL BM@ c@@

@I,@ @â€¢@â€¢@ *

19+@@Ã˜@

1.2+@i@i III@... .

AML ALL CML/CP CMLIBC LNIRH NHL

3.1+@ @*â€¢@@@@ @â€”@0 â€˜â€”@ .@ @P.@ su

1.9 + â€¢@@ 0.@@ . @. â€”@@ .@-

1.2+@ @.â€”-@

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/56/5/973/2952209/cr0560050973.pdf by guest on 04 February 2023



ER METHYLATION IN HEMATOPOIETIC NEOPLASMS

Fig. 2. ER methylation in cells derived from
patients with ALL before and after treatment.
Shown are Southern blots of DNA derived from the
bone marrow of five patients (Aâ€”E)at diagnosis and
after therapy (chemotherapy or BMT). The clinical
response to therapy is indicated underneath the ap
propnate lanes. Chemo., chemotherapy; NR, no
response.

NR CR CR CR CR CRCR

returned in one patient who relapsed following therapy (patient C). In
the second pattern (seen in two patients), ER methylation was present
at diagnosis but was also detectable in bone marrow samples postche
motherapy and/or BMT that had been labeled as CR by clinical
criteria (patients D and E). Both patients relapsed within six months
of this CR, and ER methylation was similarly present at relapse.
Detection of ER methylation during a clinical CR was also seen in
four patients with blast crisis CML, who achieved a clinical remission
following intensive chemotherapy but subsequently relapsed (data not
shown). Thus, ER methylation appears to track well with disease
activity in these cases, and its persistence in the face of morphological
remission may represent persistent but morphologically differentiated
leukemia, as is well described in chronic phase CML and some cases
of acute leukemia (38).

ER Methylation in Rodent Leukemias. Molecular events that are
important in the pathogenesis of neoplasia are often conserved be

tween human and nonhuman tumors. To determine whether this is the
case for ER methylation in leukemias, we studied the methylation
state of the ER CpG island in three murine leukemia cell lines. Both

rat and mouse ER genes are very similar to the human gene, and both
have CpG islands in their 5' regions. The rat CpG island has two
closely spaced Not! sites, and the mouse CpG island has two Not! sites
separated by an intron. As shown in Fig. 3, both rat and mouse
leukemia cell lines studied had near complete methylation of both
Not! sites, suggesting extensive methylation of the ER CpG island in
these cells. These data demonstrate that ER methylation is a conserved
molecular alteration between murine and human leukemia.

ER Expression in Human Leukemia Cell Lines. To determine
whether methylation of the ER CpG island is accompanied by re
pressed transcription of this gene in human leukemia, we measured
ER mRNA levels by RT-PCR using primers located in the last two
exons of the ER gene. The ER gene was highly expressed in four
samples of bone marrow obtained from healthy donors (Fig. 4). By
contrast, of eight leukemic cell lines examined, seven had totally
absent ER expression, and one (KGla) had relatively low levels of
mRNA detected (Fig. 4). All RNA samples used gave abundant
signals when amplified using primers specific for actin, ruling out
RNA degradation as a cause for the absent signal. These data suggest
that methylation of the ER CpG island is associated with repressed
transcription in these cell lines.

Discussion

Our data indicate that the ER gene CpG island is essentially
unmethylated in normal hematopoietic cells and does not exhibit the
age-related methylation seen in colorectal epithelial cells (25). Be

cause bone marrow aspirates yield a highly heterogeneous population

of cells, we cannot rule out some age-related methylation in a small
subpopulation of these cells that would be diluted out by the rest of the
bone marrow. Nevertheless, the fact that CD34+ cells have no more
methylation than CD34â€” cells suggests that hematopoietic precursor
cells are generally unmethylated at the ER gene locus. The cause of
this tissue-specific difference in ER gene methylation with age is
unclear but could relate to a higher ER gene expression in hemato
poietic cells, which might slow the process of age-related methylation.
Alternatively, loss of ER gene expression could confer a more pro
nounced growth advantage to colorectal cells than to bone marrow
derived cells, thus promoting the methylation process in the colon.

In marked contrast to normal hematopoietic cells, nearly all acute
leukemias and one-half of chronic leukemias and lymphomas show
extensive methylation of the ER CpG island. This methylation is also
present in murine leukemias and is associated with repressed ER tran
scription. Our data is consistent with previous reports showing a lack of
ER gene expression in leukemias (39, 40). The high incidence of this
finding and its conservation among species suggest that methylation of
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Fig. 3. ER methylation in rat and mouse leukemia (L). Left panel, a Southern blot of

rat bone marrow (Normal) and a leukemic cell line (0803; L) DNA digested either with
the flanking enzyme EcoRI alone (E), or EcoRl and Not! (E/N). Right panel, a similar
Southern blot done using mouse bone marrow and two leukemic cell lines (p388 and Ml,
respectively; L). In all cases, the leukemia lanes show bands similar in size to the flanking
enzyme (EcoRI), indicating methylation of the ER CpG island Not! sites.

975

A B C D E
.@ .ll .@ .@ .@

@d @d@ d@ @d@ @d

.@ ,@ .@ ,@ .@ .0 s .@ ,@@@ .@ .0@

@L) @c)@ c)@@@

3.1+@@ @:,.@ @.@ @pp *@@@NVW

1.9* .@. 4@*@@ .@. â€¢w @.@ j,'-.,@ â€¢PF@@

1.2.Ã¸@i@ @. @.1@@@ .@ *@@@@

Normal L L

E E/NE/NE/N

iS@.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/56/5/973/2952209/cr0560050973.pdf by guest on 04 February 2023



â€˜@ â€” @f) C@@

ER METHYLATION IN HEMATOPOLETIC NEOPLASMS

Fig. 4. ER and actin expression in normal bone
marrow and leukemic cell lines. Shown are
ethidium bromide-stained gels of RT-PCR prod
ucts. The sizes of the bands shown are 470 bp for
ER and 400 bp for actin. ZR75 is an ER-positive
breast cancer cell line (positive control), and RKO
is an ER-negative colon cancer cell line (negative
control).

ER
(470 bp)

the ER CpG island may be one of the early and essential steps in the
pathogenesis of hematopoietic neoplasia. Indeed, the ER gene has been
shown to be a growth and/or metastasis suppressor in multiple cell types
(17, 19, 41), and the negative effect of estrogen on hematopoiesis (1, 5)
suggests that this may also be the case in leukemias.

The very high incidence of this tumor-specific molecular marker in
acute leukemias suggests that it might be a clinically useful marker of
disease. Although karyotyping can provide some information about
the persistence of disease in leukemias, the technique is cumbersome,
expensive, and sometimes insensitive. Immunoglobulin or T-cell re
ceptor gene rearrangements can provide useful information in ALL,
but no such test is available for AML, and ER methylation could prove
a useful complement to immunoglobulin gene rearrangements in
detecting residual and/or persistent disease in ALL. In addition, be
cause some differentiated leukemic cells also appear hypermethylated
(Fig. 2, patients D and E), ER methylation has the potential to detect
differentiated clonal disease that persists in some patients following
therapy and is morphologically indistinguishable from a true complete
remission (38).

We and others have previously reported a high incidence of CpG
island methylation in leukemias involving another gene on chromo
some 1lp, calcitonin (42â€”44).Together with the present data, these
findings suggest that leukemia progression is associated with a high
incidence of hypermethylation at several chromosomal loci that con
tamputativetumorsuppressorgenes.Thishighprevalenceofhyper
methylation points to the possibility of using demethylating agents in
the treatment of leukemia. Several such demethylating agents are
currently in early phases of clinical trials in hematopoietic malignan
cies, and studying changes in the methylation status of specific genes
such as the ER gene may provide a useful measure of the effectiveness
of demethylation in these patients.

In summary, we present evidence for a very high frequency of ER
CpG island methylation in human leukemias. This molecular alter
ation points to a potentially important role for loss of ER function in
the pathogenesis of human leukemias. In addition, it could provide a
simple and reliable clinical marker of disease status in patients with
hematopoietic neoplasms.
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