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Microfluidic-based fluorometric methylation assay for functional regulation of 

methyltransferase activity compatible with high-throuhgput screening of chemical 

and biological libraries. 
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DNA methylation is an epigenetic modification essential for normal development and maintenance 

of somatic biological functions. DNA methylation provides heritable, long-term chromatin 

regulation and aberrant methylation pattern is associated with complex diseases including cancer. 

Discovering novel therapeutic targets demands development of high-throughput, sensitive and 

inexpensive screening platforms for libraries of chemical or biological matter involved in DNA 

methylation establishment and maintenance. Here, we present a universal, high-throughput, 

microfluidic-based fluorometric assay for studying DNA methylation in-vitro. The enzymatic 

activity of bacterial HPAII DNA methyltransferase and its kinetic properties are measured using the 

assay (Km
DNA

=5.8nM, Km
SAM

=9.8nM and Kcat=0.04 sec
-1

). Using the same platform, we then 

demonstrate a two-step approach for high-throughput in-vitro identification and characterization of 

small molecule inhibitors of methylation. The approach is examined using known non-nucleoside 

inhibitors, SGI-1027 and RG108, for which we measured IC50 of 4.5µM and 87.5nM, respectively. 

The dual role of the microfluidic-based methylation assay both for the quantitative characterization 

of enzymatic activity and high-throughput screening of non-nucleoside inhibitors coupled with 

quantitative characterization of the inhibition potential, highlights the advantages of our system for 

epigenetic studies. 
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1. Introduction 

DNA methylation is an epigenetic modification of DNA carried out by the DNA methyltransferase 

family enzymes (DNMTases), which catalyze the transfer of a methyl group from S-adenosyl 

methionine (SAM) to the cytosine target nucleotide producing methylcytosine (5mC).
1,2

 In 

mammals, the methylation of cytosine nucleotide occurs predominately in the context of symmetric 

5’ cytosine-guanine (CpG) dinucleotides with approximately 70%-90% of all CpGs methylated in 

adult mammal.
3
 DNA methylation is necessary for many fundamental processes, such as gene 

repression, parental imprinting, X-chromosome inactivation, and suppression of repetitive genomic 

elements, thereby making proper DNA methylation pattern essential to normal development and 

maintenance of somatic biological functions.
3–6

 Furthermore, all cancer cells display profound 

disruptions in DNA methylation patterns that include extensive DNA hypomethylation, specifically 

at repetitive DNA elements, as well as region-specific hypermethylation at normally unmethylated 

regions.
7
 The hypomethylation of repetitive elements contributes to genomic instability, while 

hypermethylation of promoters leads to silencing of genes necessary for regulating cell proliferation, 

apoptosis and DNA repair. 

Clearly aberrant methylation patterns lead to complex diseases making proteins involved in 

DNA methylation establishment and maintenance important targets for the design of novel 

therapeutic compounds.
8
 In fact, nucleoside inhibitors of DNMTase activity (DNMTIs) such as 5-

aza-cytidine and 5-aza-2’-deoxycytidine have been approved by FDA for treatment of 

myelodysplastic syndrome. These compounds have a complex mode of action that includes cell 

cycle-dependent incorporation into DNA, covalent trapping of DNMTs and initiation of proteolysis 

and DNA damage repair machinery resulting in reactivation of tumor suppressed genes.
9
 However, 

the nonspecific mechanism of nucleosides incorporation may cause global genomic demethylation 

leading to chromosomal instability.
10,11

 In this relation, non-nucleoside analogues, that directly 

inhibit DNMTase activity, are considered a promising therapeutic target that escapes toxicity 

associated with DNA incorporation.
12,13

 Functional regulation of DNMTase catalytic activity by 
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cellular protein factors could be additional strategy for less-toxic treatment of epigenetic defects. 

However, cellular DNMTase regulation is currently not well understood and the drug targets are 

limited. 

Practically, discovery of novel therapeutic compounds or drug targets requires high 

throughput screens to cover the different chemical and biological combinations. Thus, higher 

experimental capacity and lower material demands are desirable. In this context, recent advances in 

integrated microfluidic technology have demonstrated considerable promise for effective cell 

biology and biomedical research.
14,15

 The field of microfluidics is characterized by manipulation of 

working fluids at the sub-micrometer length scale.
16

 Scaling laws predict that molecular assays 

performed in very small volumes are advantageous in terms of throughput allowing hundredfold 

increase in the number of assays that can be placed on a given area.
17

 Consequently, microfluidic 

platforms provide lower consumption of reagents per reaction leading to substantial cost reduction. 

Additionally, scaling effects result in faster processing and response times coupled with enhanced 

efficiency and sensitivity
18

. Finally, high degree of parallelization and multiplex analysis add 

further advantages to the microfluidic approach for early stages of drug development. 

While there are several known methods specific to DNA methylation dynamics research, 

focusing on gel electrophoresis, isotope-labeled SAM and immune reactions, each method has 

unnecessary drawbacks, including time-consuming treatments, the use of radioactive substances, 

costly antibodies and sequencing services.
19–24

 Although additional non-radioactive and non-

immunological methods have been developed recently, these approaches are still limited in 

sensitivity, generality and/or scope.
25,26

 Here, we have developed an alternative method for studying 

DNA methylation in high throughput. This method is based on a microfluidic platform and coupled 

to fluorometric methylation assay that uses an endonuclease digestion approach for DNA 

methylation analysis. The microfluidic platform offers an advantage of performing thousands of 

methylation reactions in nanoliter reaction volumes on a single device within isolated reaction units. 

The microfluidic-based methylation assay could be subjected to high-throughput screening of large-
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scale chemical/biological libraries for novel DNMTIs or cellular proteins involved in DNA 

methylation regulation.
27

 

 

2. Experimental Section 

Hairpin Design: DNA oligonucleotides were ordered from IDT, Belgium (5-Biotin-

TTGATATGTCCGGCTCTGAGCACAGAGCCGGACATATCA-Cy5-3, Tm=67.8
o
C). 

Microfluidic Chip Design: A double-layer microfluidic device composed of a flow and a 

control layers is designed as described previously.
27,28

 Briefly, the device consists of 64x16 reaction 

units array, in the flow layer, accessed through several input holes and drained into a single output 

(Figure 1a). Micromechanical ‘address‘ valves compartmentalize the microfluidic device to allow 

setting up to 16 separate reaction conditions on a single device within isolated columns. Each 

reaction unit divides into two chambers and controlled by three types of micromechanical valves: 

'neck', 'button', and 'sandwich'. A side chamber that may contain dry spotted material is blocked by 

the 'neck' valve until exposed to reaction components. Trapping and mechanical washing of surface 

bound substrate in the reaction chamber is performed by the 'button' valve. The 'sandwich' valve 

enables each reaction to occur in its own isolated reaction unit. An average unit height is 10μm, and 

the average cell volume per chamber is less than 1nl. 

Microfluidic Device Fabrication: The microfluidic devices were fabricated as described 

previously.
27,28

 In short, the flow and control layers were prepared separately on silicone molds 

casting silicone elastomer polydimethylsiloxane (PDMS, SYLGARD 184, Dow Corning, USA). A 

5:1 ratio of PDMS to curing agent was mixed for the control layer, followed by degassing, baking 

and access holes piercing steps. As for the flow layer, a 20:1 ratio of PDMS to curing agent was 

mixed, spin-coated at 2000 rpm and baked. The flow and control layers were aligned manually and 

the fabrication was completed by a final baking and piercing of the flow channel access holes. 

Finally, the two-layer chip was placed on the epoxy-coated glass slide and baked at 80
o
C for 4 

hours. 
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Surface Chemistry and DNA Immobilization: In order to prevent non-specific adsorption and 

to control for suitable binding orientation, all accessible surface area within the microfluidic device 

was chemically modified.
28

 Biotinylated-BSA (1 μg/μl, Pierce) was flowed for 20 min through the 

device, binding the BSA to the epoxy surface. On top of the biotinylated-BSA, 0.5 μg/μl of 

Stepavidin (Neutravidin, Pierce) was added for 20 min. The ‘button’ valves were then closed and 

biotinylated-BSA was flowed through the chip again, thereby completing the surface chemistry step. 

For DNA immobilization, the ‘button’ valve was opened and biotinylated Cy5-conjugated hairpin-

shaped DNA oligonucleotides (10nM, Integrated DNA Technologies) were flowed through the chip 

for 20 min. The biotinylated oligonucleotides immobilized to the exposed streptavidin, specifically 

at the area under the ‘button’ creating a DNA array that serves a substrate for methylation reaction. 

Hepes (50 mM) was used for washing un-reacted substrate between each surface chemistry step. In 

order to ensure the homogeneity of binding, fluorescence intensity of Cy5 was measured with a 

microarray scanner (LS reloaded, Tecan) using 633 nm laser and 670 nm filter. Throughout the 

experiments, DNA probes of different methylation states/concentrations were used. The different 

DNA variants were flowed one by one into separate columns within the microfluidic chip, 

preventing reagents from mixing. Experiment images were analyzed with GenePix7.0 (Molecular 

Devices). 

Dynamic Range Evaluation: 10 µl of endonuclease reaction mix consisting of FastDigest 

HPAII endonuclease (1 unit, New England BioLabs) and HPAII 1x FastDigest buffer was prepared 

and flowed through the microfluidic device for 10 minutes. Then, the ‘button’ valve was opened to 

expose the immobilized DNA substrate to the enzyme and the reaction was incubated at 37
o
C for 30 

minutes. The unbound products of endonuclease activity were washed away with Hepes (50 mM) 

and the fluorescence intensity of Cy5 was measured as described earlier. 

Polyacrylamide 10% Gel Electrophoresis: Methylation reaction products were examined by 

denaturing (urea) polyacrilamide 10% gel electrophoresis (Urea-PAGE) using standard protocols. 
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Methylation Activity of Bacterial DNMTase: For the methylation reaction, 10 µl of reaction 

mix containing HPAII DNMTase (2 units, New England BioLabs), SAM (80 µM) and 1x HPAII 

reaction buffer was prepared and the solution was loaded onto the microfluidic device for 5 minutes. 

After the introduction was complete, the ‘sandwich’ valves were closed to prevent any 

contamination between chambers, and the ‘button’ valves were opened exposing the immobilized 

DNA substrate to the enzymatic reaction. The microfluidic device was then incubated at 37
o
C for 2 

hours. Next, the device was washed with Hepes (50 mM) for 5 minutes, followed by loading the 

endonuclease reaction mix onto the microfluidic device and incubation (as described above). 

Finally, the cleaved DNA products were washed away and the fluorescence intensity of Cy5 was 

measured as described above. Throughout the experiments, DNA probes of different methylation 

states were used, representing positive and negative controls of the methylation assay. As 

mentioned previously, the methylation reaction and both controls were flowed one by one into 

separated columns within the microfluidic chip, preventing reagents from mixing. 

HPAII DNMTase Kinetic Properties Evaluation: For the dose-dependency assay, the 

unmethylated DNA probe was exposed to varied concentrations of HPAII DNMTase (0 - 2 units) 

followed by endonuclease cleavage. The Km values were determined by a kinetic analysis of the 

substrate-dependent product formation plots fitted by the Michaelis-Menten equation 

(V=Vmax(S)/Km+(S)). For Km
DNA

 calculations, the DNA probe concentrated between 0 to 1µM 

was used, at constant concentration of SAM (80µM). For Km
SAM

 calculations, SAM concentrated 

between 0 to 80 µM was used, at constant DNA probe concentration. For the initial velocity 

calculation, the methylation reaction was performed with 0.25, 0.5, 0, 1, and 2 units of HPAII 

DNMTase for 5 minutes through four independent experiments. The product fluorescent signal 

values were plotted against incubation time and the initial velocity was estimated from the slope of 

linear regression. The initial rates were linear with protein concentrations, and the Kcat was 

determined from the slope of the linear regression. Actual HPAII concentration was determined by 

its absorbance at 280nM using theoretical extinction coefficient and Bradford Protein Assay. 
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Small Molecules Spotting: For the inhibition array spotting, SGI-1027 and RG108 were 

purchased from Selleckchem and prepared in final concentrations of 1mM and 100µM, respectively. 

Each sample solution contained 0.125% of polyethylene glycol (CELL Associated) and 12.5 mg/ml 

D-Trehalose (Sigma) to prevent irreversible binding as well as for visualization during alignment. 

Adenosine triphosphate (ATP) and nicotinamide (NAM) were prepared in a similar way (at 10mM 

and 5mM, respectively) and used as negative controls of inhibition reactions. All samples were 

spotted onto epoxy-coated glass slides (CEL Associates) with a MicroGrid 610 microarrayer (Bio 

Robotics) using SMT-S75 silicone pins (Parallel Synthesis, USA). Each printed block contained 4 

columns and 16 rows with a pitch of 281.25 µm by 562.5 µm, respectively. Finally, the microfluidic 

device was manually aligned to the spotted microarray, while ensuring the isolation of each spot 

within the side chamber of its own reaction unit, and bonded overnight on a heated plate at 80°C. 

High-Throughput on-chip DNMTase Inhibition Assay: For the inhibition assay, a 

microfluidic device with aligned microarray was used. Following the surface chemistry and DNA 

immobilization phases, the 'button' valves were closed and the side chambers were flooded with 

10µM of methylation reaction mix (2 units of HPAII DNMTase, 1.6 µM SAM and 2x HPAII 

reaction buffer). Then, the microfluidic chip was incubated for 30 min at room temperature 

allowing the spotted molecules to solubilize and react with the methylation reaction components. 

Next, the 'button' valves were opened, exposing the immobilized DNA substrate to the methylation 

reaction. The chip was, then, incubated for 2 hour at 37
o
C. Finally, the DNA was digested with 

HPAII endonuclease and the fluorescence intensity of Cy5 was measured (as described above). For 

qualitative inhibition calculations, each end data set (T30) was normalized to the initial fluorescence 

signal (T0) within the correspondent blocks. Inhibition threshold was determined as two standard 

deviations below the averaged ‘unspotted’ ratio and the inhibition potential was estimated as a 

relative decay below the cutoff point.  
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IC50 calculations: The independent dose-dependence experiments were performed using 

concentration range of 1.56µM – 100µM for SGI-1027 and 6.4nM - 100µM for RG108. Each 

reaction with its corresponding inhibitor concentration was introduced into separated column within 

the microfluidic chip, preventing different concentrations from mixing. As described above, the 

methylation reaction components and the inhibitor were incubated together for 30 minutes, 

followed by exposing the DNA substrate to the methylation reaction. At the end, the DNA was 

digested with HPAII endonuclease and the fluorescence intensity of Cy5 was measured (as 

described earlier). IC50 was estimated by fitting data to three-parametric logistic curve using the 

formula Y=a+(b-a)/(1+10^(X-c)) (a, b and c represent minimum signal, maximum signal and 

logEC50, respectively) (BioDataFit, Chang BioScience).  

2. Results 

2.1 On-chip Methylation Assay Design 

The methylation assay we designed relies on a principle of methylation-dependent 

endonuclease digestion of DNA. The substrate DNA probe constructed of hairpin-shaped DNA 

oligonucleotides contains a single CpG methylation site within the recognition sequence of 

methylation-sensitive HPAII endonuclease (C↓CGG), a 5’-conjugated biotin moiety and 3’-

conjugated Cy5 dye serving as a reporter of internal cytosine methylation status (Figure 1b). An 

initial high Cy5 signal is achieved by immobilizing DNA probes on the microfluidic device surface 

through biotin-avidin interactions. A methylation event should protect the DNA from cleavage, thus 

the fluorescence signal will remain high. If no methylation occurs, the unmethylated recognition 

site will be cleaved leading to the Cy5 reporter washout and fluorescent signal decrease within the 

corresponding chambers. A methylated version of the same DNA probe was used as a positive 

control of methylation event. 
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a) 

 

 

 

 

b) 

 

 

 

 

 

 

Figure 1. a) A photo and a schematic representation of the microfluidic device consisting of flow (black) and 

control (white) layers. The most right panel demonstrates a single reaction unit composed of two chambers 

and controlled by three types of micromechanical valves: 'neck', 'button', and 'sandwich'. Average cell height 

is 10µm, and average cell volume per unit cell is less than 1nl. b) A schematic representation of the 

microfluidic-based methylation assay using biotinylated hairpin-shaped DNA probe substrate. The DNA 

probe is immobilized to the surface through biotin-avidin interactions. Only in case of methylation event, the 

recognition site becomes resistant to HPAII activity. Otherwise, the unprotected DNA probe is digested and 

the unbound Cy5-containing DNA piece is washed out leading to overall fluorescent signal decrease. 

 

2.2 Dynamic Range Evaluation 

First, we evaluated the maximum dynamic range created following the on-chip endonuclease 

cleavage of methylated (protected) and unmethylated (unprotected) DNA probes. Greater range will 

result in higher sensitivity and reduced false-negative rate. The results showed more than 15-fold 

difference between the Cy5 signals of the two DNA probes (Figure 2a). Throughout several 

independent experiments, we observed constant, up to 20% signal reduction of endonuclease-

resistant methylated DNA probe. This could either be attributed to bleaching, dissociation of DNA 

hairpins from the surface or a result of partial digestion. Denaturing Urea-PAGE separation 

confirmed the complete protection of methylated DNA (Figure 2b). Based on this, we assume that 
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the signal reduction originates from bleaching effect or dissociation of surface-bound DNA probes 

over incubation time. This decay does not affect the dynamic range significantly. 

a)       b) 

 

 

 

 
 

 

Figure 2. The sensitivity of the on-chip methylation assay was 

estimated by measuring the dynamic range created between the 

maximum and the minimum Cy5 signals following the endonuclease 

digestion of methylated (5mC+) and unmethylated (5mC-) DNA 

probes. a) Graphical presentation (upper panel) and on-chip 

visualization (lower panel) of the resulted Cy5 intensity values (± 

S.D., n=80). b) Urea-PAGE separation of endonuclease activity 

products. As expected, restriction enzyme completely cleaved 

unmethylated DNA probe leaving the methylated version intact. 

 

2.3 Methylation Activity of Bacterial DNMTase 

Next, we tested the methylation potential of the bacterial HPAII DNMTase (H. parainfluenzae). We 

have chosen this specific enzyme since it recognizes and methylates an internal cytosine within 

CCGG recognition sequences thus protecting the DNA from being accessible for digestion by 

methylation-sensitive HPAII endonuclease. According to the methylation assay design, we assumed 

that positive methylation event will protect the DNA probe from endonuclease cleavage and, thus, 

the initial fluorophore signal will be retained following the exposure to endonuclease. In agreement 

with this expectation, the addition of DNMTase to unmethylated DNA probe resulted in about 97% 

stability of the initial fluorescence signal (Figure 3a). The complete protection of the DNA was 

confirmed by denaturing Urea-PAGE separation. Based on these results, we concluded that the on-

chip methylation reaction resulted in a digestion-protected DNA hairpin induced by HPAII 

DNMTase. We further tested the dependency of methylation product on varied concentrations of 

HPAII DNMTase. As shown in Figure 3b, the fitted curve formed a typical mode of saturable 

enzyme-catalyzed reaction, characterized by a nonlinear relationship between the response and the 
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amount of the enzyme. This outcome confirms the methylation activity of bacterial DNMTase 

achieved within microfluidic-based platform. 

a)         b) 

 

 

 

 

 

Figure 3. a) Cy5 intensity values were measured before (I0) and 

after (I30) the endonuclease cleavage of DNA probes. For each 

reaction set, the data were normalized to the initial fluorescence 

signal and the represented ratio describes the net of CpG sites 

remained un-cleaved (± S.D., n=80). The methylation reaction 

efficiency was calculated as a percent of methylated CpG sites 

comparing to positive (5mC+) and negative (5mC-) controls of 

methylation. On the bottom, the corresponding experiment in 

SDS-PAGE demonstrates the separation of DNA fragments 

following the endonuclease cleavage. b) Varying concentrations 

of HPAII DNMTase were incubated with unmethylated DNA 

probe and the resulted dose-response curve was fitted by non-

linear regression of the Michaelis-Menten equation. 

 

Further, we evaluated the steady-state and the kinetic properties of HPAII DNMTase, 

demonstrating the quantitative nature of the microfluidic platform. The steady-state Michaelis–

Menten constant, Km, was evaluated for each of the substrates, DNA and SAM. As expected of 

multi-substrate reactions, the remaining fluorescence signal (representing the methylation product, 

5mC) exhibited statistical dependence on both substrate concentrations with a Km values of 5.8 nM 

and 9.8 nM for DNA  and SAM, respectively (Figure 4a and b). In order to evaluate the catalytic 

constant (Kcat), the initial velocity of methylation reaction was estimated through four independent 

experiments using various concentrations of the enzyme (Figure 4c). The initial rates were linear 

with enzyme concentration, and a Kcat of 0.04 sec
   1 

was determined from the slope of the linear 

regression (Figure 4d).  

 

 

Page 12 of 19Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

http://www.google.co.il/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&ved=0CCoQFjAB&url=http%3A%2F%2Fwww.kokbiolab.com%2Flib%2Fexe%2Ffetch.php%3Fmedia%3Dfnkok%3Alec8-multi_substrate_allosteric.ppt&ei=7nyGUKftFoPX0QWN8YCABQ&usg=AFQjCNEUegUz8jC_sTKe3Cu6Ibaw_KWgnA&sig2=ESIw1Cb0EEm-ot2eDq718w


  

12 

 

a)                  c) 

 

 

 

 

b)                          d) 

 

 

 

 

 

Figure 4. a,b) For Km
DNA

 and Km
SAM

 constants, the reactions were incubated in the presence of various 

concentrations of DNA or SAM and the data were fitted by non-linear regression to the Michaelis-Menten 

equation (± S. D., n=80). c) For Kcat determination, the initial velocity of the reaction was measured after 5 

min for various DNMTase concentrations in four independent experiments. d) Initial rates were plotted 

against enzyme concentrations, and the Kcat was determined from the slope of the linear regression.  

 

2.4 High-Throughput On-chip Inhibition Screen 

In light of increasing interest in discovery of novel non-nucleoside inhibitors of DNMTases, 

we tested the compatibility of the microfluidic-based methylation assay with high throughput 

screening of chemical compound libraries for discovering non-nucleoside DNMTIs. As a proof of 

concept, we tested the ability of the microfluidic platform to screen inhibition of the bacterial HPAII 

DNMTase in high throughput. For this purpose, we created a microarray of chemical molecules 

emulating large-scale chemical compounds libraries used for inhibition screens. The array contained 

two known non-nucleoside inhibitors: a SAM-competitive quinoline-based compound SGI-1027 

and RG108 that blocks the active site of DNMTase and renders the enzyme inactive. 
29,30

. In 

addition, two molecules, ATP and nicotinamide (NAM), that do not have intrinsic inhibition 

potential were included in the array demonstrating the presence of chemical molecules whose 

impact on the methylation activity is not expected. The microarray was spotted on the glass slide 
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creating blocks of multiple repeats (n=64) that then was aligned to the microfluidic device while 

each spot is isolated within individual reaction chamber (Figure 5a). The microfluidic device can 

contain a maximal array of 16 row on 64 columns. The unspotted reaction chambers, that consisted 

the largest block, define regions of uninhibited methylation environment and were used as negative 

control of inhibition. The number of unspotted chambers emphasizes the potential of the 

microfluidic platform to contain large-scale chemical libraries. Moreover, larger capacities devices 

(64x64) with similar design and functionality are already available.
31

  

On average, about 45% and 15% inhibition of HPAII DNMTase activity was observed for 

SGI-1027 and RG108, respectively, and no reduction was observed for any of the other molecules 

that served as negative controls (Figure 5b). The limited activity of RG108 was expected and could 

be further improved by using RG108-procainamide conjugates that showed much higher activity 

but were not commercially available at the time of the experiment.
32

 These results demonstrate the 

ability of the microfluidic-based methylation assay to detect inhibition of DNMTase activity and 

emphasize the great potential of the microfluidic platform to screen thousands of chemical 

molecules for novel non-nucleoside DNMTIs. 

2.5 Quantitative Measurements of the On-chip Inhibition 

Following the high throughput inhibition screen, we quantified the half 

maximal  inhibitory concentration (IC50) of both DNMTIs using the same microfluidic platform. 

Values similar to what is described in the literature will demonstrate the quantitative nature of the 

inhibition assay within the microfluidic platform allowing proper quantitative assessment of the 

inhibition effect. For IC50 calculations, each candidate was examined separately using series of 

dose-response experiments. We used a dilution of 8 concentrations for each molecule and the 

number of each concentration repeats corresponds the number of reaction chambers within the 

single column (Figure 5c). According to expectations, the inhibition levels exhibited statistical 

dependence on inhibitor concentrations with IC50 values of 4.5µM for and 87.5nM for SGI-1027 

and RG107, respectively (Figures 5d).  
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a)              c) 

 

 

b)             d) 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. a) Illustration of the spotted and aligned DNMTI array that contains molecules without intrinsic 

inhibition potential (ATP and NAM) and two known non-nucleoside inhibitors (SGI-1027 and RG108). Each 

spotted block consists of 4 columns and 16 rows. b) Following the incubation of unmethylated DNA probe 

with DNMTase in presence of spotted DNMTIs, Cy5 intensity values were measured before (I0) and after 

(I30) of endonuclease cleavage. Each data set was normalized to the initial fluorescence signal within the 

corresponding block and the resulting ratio describes the net CpG sites remained un-cleaved (± S.D., n=64). 

The red line represents the inhibitory threshold determined as two standard deviations below the averaged 

‘unspotted’ ratio. On-chip visualization of the corresponding remaining Cy5 signal is placed on the bottom 

of each column. c) Schematic representation of DNMTI dilution concentrations separated within isolated 

columns to prevent mixing. A dilution of 8 concentrations was used for each molecule in 128 repeats (as the 

number of reaction units within the pair of adjacent columns). d) Graphical representation of the 

concentration-dependent inhibition by SGI-1027 (top) and RG107 (bottom) used for IC50 calculations. 

 

3. Discussion 

In mammals, DNA methylation provides heritable, long-term chromatin regulation and 

aberrant methylation patterns have been associated with imprinting-related diseases, auto-immune, 

mental disorders and cancer.
7,33,34

 The current epigenetic treatment is based on reactivation of 

tumor-suppressing genes by non-specific, cell-cycle dependent inhibition of DNMTase activity. The 

mode of action for such drugs is associated with global DNA demethylation leading to genomic 
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instability.  Consequently, there is a continuous research in the field of non-nucleoside DNMTIs, 

which may reduce the adverse effects associated with current nucleoside-based epigenetic therapies. 

Another model of epigenetic therapy suggests that DNMTase substrate specificity, sequence 

targeting, and/or regulated enzymatic activity is disrupted in tumor cells due to aberrant protein-

protein interactions with DNMTase-associated proteins or protein complexes in which DNMTases 

reside.
35

 Therefore, identifying those interactions and characterizing their impact on DNA 

methylation may complete the picture of DNA methylation pattern establishment and maintenance 

and shed light on the nature of the methylation defect in tumor cells, and other deseases. In both 

cases there is a need in development of sensitive high-throughput platforms for screening larger and 

more diverse libraries of chemical/biological matter to discover additional candidates able in direct 

regulation of DNMTase activity. 

We developed a simple, fluorometric, microfluidic-based assay of DNMTase activity that 

uses an approach of methylation-sensitive endonuclease digestion of DNA substrate probes. 

Coupling this assay to the microfluidic platform allows for simultaneous experimentation of 

thousands of methylation reactions on a single device within isolated chambers. The DNA probe 

immobilization through biotin concentrates the fluorescence signal and enhances the sensitivity, 

resulting in a wide dynamic range observed. Moreover, it reduces the amount of DNA substrate 

required, leading to significant cost reduction. We estimate that under a femto mole of DNA probes 

are immobilized to the surface of each reaction chamber. 

We quantitatively reproduced the methylation activity of HPAII DNMTase by measuring 

the steady-state and the kinetic properties of the enzyme and observed approximately 97% 

methylation of all methylation sites available. The values measured were found in a close 

agreement with those previously published for MSP1, a known isochizomer (Table 1).
36

  We then 

tested the ability of the microfluidic platform to screen direct inhibition of bacterial DNMTase in 

high throughput by coupling the methylation assay with an array of selected chemical compounds. 

We reproduced the inhibition potential of two known non-nucleoside DNMTIs, SGI-1027 and 
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RG108, from the spotted microarray while no inhibition was observed for any other of the spotted 

molecules that do not have intrinsic inhibition potential. These results show, as a proof of concept, 

the compatibility of the microfluidic-based methylation assay with high throughput qualitative 

screening of chemical compound libraries for novel non-nucleoside DNMTIs. Similar design and 

functionality microfluidic devices with larger capacities (64x64) allowing for screening thousands 

of molecules are already available and can be used to screen large-scale libraries of chemical 

compounds.
31

 We followed the qualitative inhibition screen by calculating the IC50 of both DNMTIs 

and found all values in close similarity to the manufacturer declared data (Table 2). The 

microfluidic platform allows coupling the high-throughput screening of chemical libraries with 

quantitative assessment of inhibition potential. This two-step approach emphasizes a great potential 

of the microfluidics in performing a complete process of novel non-nucleoside DNMTIs 

identification and characterization in-vitro using a single platform. 

We believe this platform can be further used for studying functional regulation of human 

DNMT family members by cellular proteins in vitro. In this relation, the microfluidic platform 

offers a great advantage of effective, high-throughput synthesis of large-scale protein libraries from 

an array of spotted DNA templates using cell-free transcription-translation system.
27,28

 Following 

the expression, each of the thousands of proteins in the array will be simultaneously subjected to the 

in-situ DNMTase-induced methylation reaction within the isolated reaction units. The regulation 

potential of each protein on DNMT methylation activity will be characterized by comparing to 

reference reactions with no added proteins. Moreover, the microfluidic platform could be optimized 

to study other aspects of DNA methylation dynamics. For example, an oxidation-dependent active 

DNA demethylation has become a subject of intensive research in a last few years.
37–39

 By replacing 

the cytosine with 5-hydroxymethylcytosine residue, this assay could be applied for studying the 

regulation of TET family proteins by endogenous protein factors.  

In conclusion, we developed universal, sensitive, non-radioactive assay that can be used for 

a broad range of DNA methylation dynamic analysis in-vitro. Coupling this assay to a high-

Page 17 of 19 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



  

17 

 

throughput microfluidic platform may open new horizons for epigenetic research and even lead to 

novel therapies to reverse aberrant methylation patterns in tumor cells, and other diseases. 

Table 1. The measured kinetic parameters of HPAII are comparable to the published parameters for 

its isochizomer MSPI. Simultaneously  

 
Km

DNA
 (nM) Km

SAM
 (nM) Kcat (sec

-1
) 

HPAII 5.8 9.8 0.04 

MSPI 4.4-7.69 12.7-16.32 0.056 

Table 2. The measured IC50 of known DNMTIs are comparable with the literature. 

 
Methylation Assay Manufacture Data 

SGI-1027 (µM) 4.5 6-8 

RG108 (nM) 87.5 115 
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