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compartment becomes bound to the bead. Each bead thereby ends 
up with thousands of identical copies of the template within its nano-
compartment—a process similar to that resulting from cloning an 
individual DNA fragment into a plasmid vector to form a bacterial 
colony. After PCR, the beads are collected by breaking the emulsion, 
and their status is individually assessed by incubation with fluorescent 
hybridization probes. In methyl-BEAMing, the status of harvested 
beads is interrogated by fluorescent probes that specifically hybridize 
to bisulfite-converted sequences derived from either methylated or 
unmethylated parental DNA sequences. Flow cytometry then provides 
an accurate enumeration of the original template molecules that are 
methylated or unmethylated within the queried sequence (Fig. 1b).

We first tested methyl-BEAMing on mixtures of DNA derived 
from peripheral blood lymphocytes (unmethylated vimentin) and 
a colorectal cancer cell line (fully methylated vimentin). We found 
that the fraction of beads containing methylated vimentin sequences 
was directly proportional to the fraction of methylated input DNA  
(R2 = 0.99, Supplementary Fig. 2). Moreover, methyl-BEAMing 
could accurately detect methylated vimentin DNA in a mixture that 
contained only a single DNA molecule of methylated vimentin exon 
1 sequences mixed with 1,000 copies of unmethylated vimentin 
exon 1 sequences (that is, detection of 0.1% of methylation target). 
In contrast, in parallel assays, a previously optimized methylation-
specific PCR assay did not detect methylated templates when the frac-
tion of methylated fragments was <6.2% (Supplementary Table 1). 
Methyl-BEAMing thus enabled accurate detection of a single copy of 

methylated vimentin sequences in a mixture and enhanced overall 
technical sensitivity for detecting methylated vimentin exon 1 DNA 
by at least 62-fold relative to methylation-specific PCR.

Cancer biomarkers, particularly circulating molecules, can be 
useful for early detection or monitoring of disease after therapy. 
The ability to detect and count a single molecule of methylated 
DNA suggested that methyl-BEAMing could be applied for such 
purposes. To determine the sensitivity and specificity of methyl-

BEAMing in plasma samples, we evalu-
ated 191 samples, 81 from patients with 
colorectal cancer and 110 from age- and 
sex-matched controls. The total amount of 
DNA in the plasma was somewhat higher 
in patients with cancer than in the cancer-
free controls, as expected2 (Supplementary  
Fig. 3). The average fraction of methyl-
ated vimentin fragments was very low 
in the healthy controls (mean value of 
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Figure 2  Methyl-BEAMing to detect methylation of the vimentin gene 
using plasma from colorectal cancer patients. (a) The number of 
methylated vimentin fragments in 2 ml plasma from healthy, age and 
sex-matched control patients. (b) The number of methylated vimentin 
fragments in 2 ml plasma from colorectal cancer patients of various 
stages. (c) ROC curves based on the number of methylated vimentin 
fragments for the indicated classes of samples. AUC, area under the 
curve. (d) ROC curves based on CEA level for the indicated classes of 
samples. The dotted lines in a,b and c represent one methylated fragment 
per 2 ml plasma DNA. The dotted line in d represents 5 ng/ml CEA level.

Figure 3  Methyl-BEAMing to detect methylation 
of the vimentin gene using fecal DNA from 
colorectal tumor patients. (a) The percentage 
of methylated vimentin fragments in 4 g feces 
from healthy, age and sex-matched control 
patients. (b) The percentage of methylated 
vimentin fragments in 4 g feces from patients 
with colorectal adenomas. (c) The fraction of 
methylated vimentin fragments in 4 g feces 
from patients with colorectal carcinomas (red, 
Duke’s A or B; blue, Duke’s C or D). The dotted 
line represents 2% methylated fragments.  
(d) ROC curves based on the fraction of 
methylated vimentin fragments for the  
indicated classes of samples.
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