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With unprecedented development in technology, epigenetics is recognized as a substantial and flexible regulatory
pathway for phenotyping. Cytosine methylation and its subsequent oxidization have attracted significant attention
due to their direct impact on gene regulation, in association with methyl-CpG-binding domain proteins (MBDs) and
transcription related factors. In this study we record the dynamics of DNA demethylation using the recombinant MBD3-
GFP protein in living cells under hypoxia and Decitabine treatment using Fluorescence Correlation Spectroscopy
(FCS) by monitoring the diffusion dynamics of MBD3. Our study shows a DNA-replication-independent decrease of
5-methylcytosine (5mC)/5-hydroxymethylcytosine (5hmC) under hypoxia vs. a dependent decrease under Decitabine
treatment. Further, we define a significantly faster diffusion of MBD3 in the nucleus as a precursory event for active
demethylation rather than the Decitabine induced passive demethylation. By monitoring the diffusion of bound and
unbound MBD3 in the nucleus we were able to identify and characterize hypoxia-sensitive cells from insensitive/tolerant
cells, as well as the respective contribution to active demethylation in a time-dependent manner. Last, we quantitatively
describe the concurrent decreasing trend in all of the three oxidized products of 5mC, which points to the potential
involvement of ten-eleven-translocation proteins (TETs) in hypoxia induced active demethylation. Overall, for the first
time we correlate the dynamic process of DNA demethylation with the biophysical properties of the corresponding DNA
binding proteins in live single cells by single molecule spectroscopy.

Introduction

Epigenetic regulation and aberration play pivotal roles in a con-
siderable number of physiological and pathological processes.!
Of the previously elucidated epigenetic mechanisms, DNA mod-
ification is one of the most comprehensively investigated, due to
its direct effect in bridging the relationship between genotype
and phenotype.? Cytosine derivatives, especially those located
in the CpG islands (CGIs) of promoters, exert the main switch-
ing function to turn on/off the downstream transcription.’ The
5th carbon position of cytosine can be enzymatically methyl-
ated by DNA methyltransferases (DNMTs) with S-adenosyl
methionine (SAM) as the methyl-donor.“® Once methylated,
the originally active chromatin site will become compacted and
inaccessible to the transcription initiation complex. However,
the epigenetically silenced CGls are subject to reactivation by
demethylation.

In mammalian cells, the methylated cytosine (5mC) is

further oxidized to hydroxy- (5hmC), formyl- (5fC), and
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carboxyl- (5caC) derivatives by ten-eleven-translocation proteins
(TETs), and the final 5fC/5caC could be excised and replenished
by thymine-DNA glycosylase (TDG).”” This unidirectional
cytosine conversion chain should be under rigorous control to
maintain normal embryogenesis, development and differentia-
tion in the right order (Fig. 1A). In most cases, our knowledge of
epigenetic regulation primarily comes from ensemble biochemi-
cal approaches, either through quantification of specific makers or
genomic mapping by DNA-sequencing technologies.'”!* Studies
elucidating the sequence of events governing the intermediate
epigenetic process are sparse. Advanced fluorescence microscopy
and spectroscopy have the ability to provide exquisite real-time
account of events in the nucleus of live single cells down to single
molecule resolution." In this effort, we use the recombinant
green fluorescent protein tagged methyl-CpG-binding domain
protein 3 (MBD3-GFP) and fluorescence correlation spectros-
copy (FCS) to quantitatively describe the biophysical relationship
between the diffusion dynamics of MBD3 and DNA demethyl-
ation patterns in live single cells.
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excision repair (BER) are serially catalyzed by DNMTs, TETs and TDG enzyme

MBD3. The incorporation of Decitabine molecule depends on DNA replicati

Figure 1. Cytosine derivatives and demethylation patterns. (A) The entire cytosine conversion cycle comprising of 5mC/5hmC/5fC/5caC, and final base

(deaminating 5hmC to 5hmU and then through BER by TDG/SMUG), TETs mediated oxidation is the only biochemically confirmed in mammalian cells
by in vivo experiments. (B) Passive demethylation (induced by Decitabine) and active demethylation (induced by hypoxia) with the involvement of

of cytosine modifications, since its 5th nitrogen is not an accessible DNMTs substrate. On the other hand, the local physical and chemical environ-
ment (e.g., pH, ion concentration, ROS molecule etc.) or protein-DNA conformation, under hypoxic stress, would experience considerable changes
to weaken the binding affinity between MBD3 and DNA, or even cause MBD3 detachment. The decrease in steric hindrance between MBD3 and the
binding site could facilitate the involvement of TETs in further demethylation, which is DNA replication independent.

s. Although other dehydroxymethylation pathways have been proposed

on and the incorporation of this analog accelerates the passive dilution

Global DNA hypomethylation is one representative epigenetic
anomaly in cancer, and the consequent genome instability acts as
a key contributor to tumor progression and metastasis.?** Yet,
still unclear is the triggering mechanism of cancerous demethyl-
ation, which has been a stumbling block to an in-depth elucida-
tion of the malignant behavior and better medical management.
Interestingly, loss of ShmC has also been recognized as an epigen-
etic hallmark of some cancers.”>*” As the direct product of 5mC
oxidization by the TETs, ShmC, constitutes only approximately
1% of 5mC and is in the midst of the demethylation pathway,?
it has been postulated that it is highly possible that cancer hypo-
methylation could be accompanied by hypohydroxymethylation
or even further cytosine oxidization by the TETs. Theoretically,
DNA demethylation can be categorized as a passive or active pro-
cess (Fig. 1B). For passive demethylation, the reduction of 5mC
is achieved through DNA replication dependent dilution, such as
hemimethylation induced by Decitabine, which is an incorpora-
ble cytosine analog but cannot be modified at its 5th nitrogen.?%
For active demethylation to proceed, the pre-existing 5mC would
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be excessively erased by the TETs catalyzed conversion, probably
until the completion of base excision repair (BER) after the for-
mation of 5fC/5caC. Methods available to date cannot easily
and simultaneously quantify 5hmC/5fC/5caC in cancer cells,
hence detailed investigation of the demethylation process has not
been extensive.”® In addition to developing single molecule tools
for exploring the dynamics of MBD3, we also have developed
ELISA-based methods to quantify the various epigenetic markers
at alimit-of-detection (LOD) not possible using the current com-
mercialized kits (Fig. S3).

A hypoxic microenvironment is typical of most solid can-
cers.***¢ To some extent, low oxygen tension is critical for can-
cer stem cell maintenance and therefore responsible for fatal
tumor progression and reoccurrence.’”* A past study has shown
that culturing of mouse and human fibroblasts under hypoxia
can improve the reprogramming efficiency of the induced plu-
ripotent stem cell (iPS).** It has also been reported that stem
cells possess low level of global methylation compared with ter-
minally differentiated cells.***' Experiments have shown that
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hypoxia can evoke a demethylation response in some cancer
cells/tissues.*>* In other words, hypoxia is highly related to
hypomethylation and may necessarily be active in maintain-
ing low levels of DNA modifications required for stemness or
tumorigenesis.

MBD3 has been recognized as one of the few known pro-
teins capable of binding to the genomic sites of ShmC and has a
negative correlation to the recruitment of RNA polymerase-I1.#
However, latest research utilizing quantitative mass-spectrome-
try-based proteomics did not support such specific interaction
between MBD3 and 5ShmC, but observed a more specific bind-
ing between the recombinant MBD3 protein and 5mC in vitro.*
While the exact in vivo distribution and function of MBD3
are still elusive and require further studies, it is still rational to
hypothesize that the spatial positioning of MBD3 would prevent
the oxidation of either 5mC or 5ShmC due to a possible steric hin-
drance. For active demethylation to progress, the MBD3 “cap”
has to be removed so that the methylated site can be exposed,
while the already bound MBD3 will not experience any detach-
ment during passive demethylation. Biophysically, MBD3 pro-
teins can be construed to have distinct diffusion properties in
terms of mobility based on whether it is found in the bound or
unbound state. Thus, precise determination of the diffusion
properties of MBD3 would facilitate the differentiation of active
from passive demethylation, and extend the diagnosis window to
report on the initiation of a condition or abnormality by monitor-
ing MBD3 diffusion even before an active demethylation event.

However, limited tools exist to capture in real-time the mobil-
ity of the targeted cellular or specific nuclear components. Due
to the significant progress in microscopy and spectroscopy, single
molecule tools have been shown to detect epigenetic modifica-
tions in single cells.* We will advance these methods to quanti-
tatively describe the movement of selectively labeled molecules in
live single cell nucleus. The confocal alignment of FCS allows the
recording of FCS data in a volume <1 femtoliter at laser power
as low as 1 uW within minutes at physiological conditions not
accessible by other methods.**" GFP fused to targets of interest
in cells has become the norm to examine intracellular interac-
tions of the target with other components.®>* To obtain quantita-
tive single molecule diffusion measurements by FCS monitoring,
low levels of fluorescent targets in live cells is a prerequisite (opti-
mal measurement range is from 100 pM to 200 nM) because
a high concentration of fluorescing molecules in the detection
volume will not produce useful diffusion information due to the
averaging out of fluorescence fluctuations.”® Our study will be the
first to show the diffusion dynamics of DNA demethylation asso-
ciated with MBD3 at single molecule precision. Further, com-
pared with other MBDs such as MeCP2 and MBDI etc., it has
been reported that MBD3 possesses the lowest binding affinity
with cytosine derivatives, and hence a likely candidate to be easily
detached from the DNA binding site. The single molecule reso-
lution of FCS and the sensitivity of MBD3 make it an ideal can-
didate for monitoring the diffusion dynamics and exploring its
association with demethylation events. With low transfection of
the pGFP-MBD3 plasmid DNA we were able to obtain 100-150
nM (average 120 nM) of expression of functional pGFP-MBD3
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and characterize its diffusion within the confocal volume using
appropriate diffusion models.'""

In our study, active or passive demethylation was induced in
Hela cells by the respective hypoxia or Decitabine treatment and
the demethylation products were biochemically confirmed by a
modified ELISA immunoassay approach. Further, live cell FCS
experiments were conducted to correlate the hypoxia induced
active demethylation with the labile diffusion states of MBD3
protein. The methodology presented in this report provides a
unique strategy to unravel the transitional biological events and
to expand our understanding of epigenetic processes through live
single cell studies.

Results

Experimentally induced hypomethylation and hypohydroxy-
methylation. Optimized colorimetric ELISA was developed to
quantify 5SmC and 5hmC after 3 WM Decitabine treatment or
hypoxia induced by 1 mM sodium hydroxysulfite (Fig. 2A).
Time points of 1 d and 8 h, were respectively selected to extract
DNA from cells exposed to these two conditions. Theoretically,
Decitabine demands a time equivalent of at least one cell cycle
(16 h for Hela cells) to take effect since DNA replication is
required for this analog incorporation, while exposure to a
hypoxic microenvironment has the ability to rapidly decrease the
5mC and 5hmC contents independent of cell proliferation. The
two treatments had a similar effect on the reduction of 5ShmC,
although treatment with Decitabine resulted in a greater loss of
5mC within the selected durations.

Immunofluorescence staining of 5mC and 5hmC were used
to further confirm the observation from ELISA (Fig. 2B). To
ensure comparable fluorescence intensity, the power from pulsed
diode laser was precisely controlled via a Sepia PDL 808 driver
whose resolution can reach sub-uW level. Collected images were
further visualized by Image] 3D plugin. Representative images
show drastic loss of 5mC and significant decrease of ShmC under
both treatments. Within control groups, the levels of 5mC and
5hmC were consistent with respect to the time lapse (control I for
1 d and control II for 8 h). While under hypoxic stress, the cel-
lular content of 5mC and 5ShmC showed considerable variability
in terms of intensity profile, especially for 5mC (Fig. S4B).

Diffusion kinetics of MBD3-GFP and its role in active and
passive demethylation. Since FCS observation has restricted con-
centration requirement (maximum of around 400 nM), optimi-
zation for the amount of plasmid DNA was necessary to achieve
successful transfection efficiency. For the 12-well culture plate
as low as 100 ng of DNA per well provided a satisfactory expres-
sion (Fig. 3A). The basic diffusion characteristics of MBD3 in
the nucleus and in the cytoplasm were then obtained. Distinct
diffusion times: 14.49 + 0.40 ms (slower diffusion of mobility)
in the nucleus and 3.10 + 0.27 ms (relatively faster diffusion of
mobility) in the cytoplasm (Fig. 3C) were noted. The signifi-
cantly slower diffusion (characterized by the longer diffusion
time) in the nucleus, as expected, can be attributed to the specific
binding characteristics between MBD3 and the genomic sub-
strate, implying that the transfected MBD3-GFP was functional.
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Figure 2. Reductions of 5mC and 5hmC induced under different condi-
tions. (A) Improved ELISA-based immunoassay quantified the genomic
contents of 5mC and 5hmC. Significant decrease in both the cytosine
derivatives can be noted within the Decitabine and Hypoxia treated
groups. Each data column was averaged from triplicate measurements
and the experiments were replicated another two times (data not
shown). (B) Immunofluorescence staining of 5mC and 5hmC further
confirmed the demethylation effect in 4% paraformaldehyde fixed cells.
ImageJ 3D plugin was used to visualize the signal intensity in arbitrary
units based on the 8-bit intensity scale (0-255). Image scale bar: 10 pm.
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Interestingly the raw autocorrelation function (ACF) could be
well fitted by a single-component 3D diffusion model after
24 h of transfection (Fig. 3B, left panel) or an anomalous dif-
fusion model with “a”-value greater than 0.8 (Fig. S2C). The
unique and pure diffusion component in the nucleus suggests
that this group of MBD3 was not redundant and could bind to
DNA at a steady-state without complex interactions, which com-
plements the final FCS interpretation; otherwise, the unbound
protein and crowded environment might necessitate a multi-com-
ponent or anomalous diffusion fitting using more complex math-
ematical models, although in the initial 16 h of transfection two
components that characterize MBD3 diffusion as free and bound
(Fig. S2B) were observed. Next, the diffusion dynamics was
monitored under Decitabine and hypoxia treatment. Consistent
with the hypothesis, the diffusion time of MBD3 was the same
(13.43 + 0.57 ms) after treatment with Decitabine since it had no
effect on the already bound MBD3. However, in hypoxic cells,
where ongoing active demethylation requires the detachment of
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MBD3, a remarkably faster diffusion time of 9.89 + 0.54 ms was
noted. MEMEFCS fitting further confirmed the single-compo-
nent diffusion fitting differences (Fig. 3B, right panel).

Together, the set of designed experiments enabled us to sug-
gest 2 MBD3-based DNA demethylation surveillance platform
in living cells. By comparing the dynamic properties under dif-
ferent scenarios, we were able to verify the attached and detached
state of MBD?3 in relation to cytosine derivatives. FCS can thus
prove to be a highly sensitive tool and instrumental in the acqui-
sition of highly resolved information to distinguish active from
passive demethylation.

Time-course change of MBD3 diffusion time under active
demethylation. Following the assessment of active demethyl-
ation by monitoring the diffusion of MBD3 by FCS, further
detailed experiments were performed to clarify this observa-
tion. In the subsequent experiments, FCS data were separately
obtained from cells under hypoxia at the 4th, 8th, 16th, and 24th
hour. Surprisingly, in the first 4 h a heterogeneous response in
the diffusion time of MBD3 was observed. Two distinct diffus-
ing species were observed: MBD3 in hypoxia-sensitive and in
hypoxia-insensitive cells (Fig. 4A). The diffusion time of MBD3
in hypoxia-insensitive cells was noted to be ~14 ms, while a num-
ber of nuclear measurements displayed a much faster diffusion
time of 2.95 + 0.36 ms, which is nearly the same as the diffusion
of MBD3 in the cytoplasm, noting that the nucleoplasm shares
a similar hydrodynamic viscosity with cytoplasm.’® From this,
we deduce that MBD3 thoroughly dissociated from the DNA
binding sites in hypoxia-sensitive cells. Visualization of these
hypoxia-sensitive cells revealed a cellular morphology akin to
cells undergoing apoptosis or necrosis. Propidium iodide (PI)
uptake experiments after 4 h of hypoxia (Fig. S4) confirmed
that about one-third of cells were stained by PI and these cells
exhibited a morphology characteristic of cells where the MBD3
diffusion was observed as the free-form (i.e., unbound). Taken
together, we deduce that the active detachment of MBD3 is rep-
resentative of an early demethylation event that could result in
the death of hypoxia-sensitive (demethylation-sensitive) cells
due to acute hypoxia within the first 4-8 h. During the later
period, the measurements of freely diffusing MBD3 as well as
the cells with abnormal morphology significantly decreased
from approximately 30% to 10% (Fig. 4B inset), implying the
eventual elimination of severely damaged cells. However, the
dynamics of MBD3 diffusion in hypoxia resistant cells tended
to increase after approximately 16 h of hypoxia and the diffu-
sion time gradually decreased to 9.80 + 0.75 ms (implying faster
diffusion), consistent with our previous findings (Figs. 3C
and 4B). Although during the 24 h observation window of
hypoxia, MBD3 in hypoxia-insensitive cells did not seem to com-
pletely detach from the DNA binding site compared with the
hypoxia-sensitive cells but exhibited a gradual increase in average
diffusion rate. This is indicative of a subsequent weakening of the
binding affinity and an initiation of the detaching process, which
may facilitate further enzymatic catalysis.

From our observations, it can be inferred that active demeth-
ylation under hypoxia gives rise to different diffusion conditions
based on the cell susceptibility. The hypoxia-sensitive cells can
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dominantly account for an early ensemble
loss of 5SmC/5hmC and the insensitive cells
could contribute to the long-term hypo-
methylation. This conclusion hinted us to
further ask the question: whether active
demethylation terminated at ShmC. Thus,
it was worthwhile to assess the amount of
5fC and 5caC in hypoxic environment
to postulate the potential TET-mediated
active demethylation.

Altering patterns of 5ShmC, 5fC, and
5caC under active demethylation share a
nearly identical trend. To study this, the
three cytosine derivatives (ShmC, 5fC, and
5caC), along with 5mC, were quantified
by a newly developed ELISA approach. A
decrease in 5mC and 5ShmC with hypoxia,
consistent with the prediction of MBD3
diffusion under active demethylation,
was noted. The demethylation peaked
within the first 4 h of hypoxia and may
be attributed to the massive demethyl-
ation of hypoxia-sensitive cells. But this
trend did not last long due to the exces-
sive DNA damage and cell death reflected
by the following slower loss. Moreover,
5fC and 5caC showed a concurrent reduc-
tion pattern with 5ShmC (Fig. 5A). The
stacked curves indirectly hinted that
active demethylation further oxidized
5hmC to 5fC and 5caC, possibly by an
abnormally high activity of the TETs.
Even absolute quantification of 5ShmC is
difficult, the biotin-streptavidin coupled
signal amplification strategy is capable of
detecting as low as ~0.02% of genomic
5hmC in Hela cells and is consistent with
the previously reported data (Fig. 5B),
which indirectly validates our method.
The 8-16 h plateau stage depicting a con-
current change in trend in the levels of
5hmC/5fC/5¢caC implied a transition of
the contribution to the overall demeth-
ylation from sensitive cells to insensitive
cells (fraction of hypo- hydroxy/formyl/
carboxyl methylated DNA from sensitive
cells decreased due to the rapid cell death),
consistent with the MBD3 FCS experi-
ment. Notably, the asynchronous activ-
ity between TETs and TDG should also
contribute to the lagged response in terms
of loss of ShmC/5fC/5caC comparing to

5mC in hypoxia insensitive cells.
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Figure 3. MBD3 tends to detach from DNA substrate and diffuse more freely under active
demethylation, but retains its binding affinity with DNA under passive demethylation as con-
cluded from FCS measurement and mathematical fitting. (A) Transfection of a low amount of
pGFP-MBD3 recombinant protein and representative FCS data collection at different points (red
crosses) from different cellular compartments and treatment conditions. For FCS, data from each
cell was measured 2-3 times and averaged. (B) Distinguishable autocorrelation curves fitted by
single-component diffusion model (left panel) indicated free MBD3 diffusion in the cytoplasm
but restricted diffusion in the nucleus, and faster intranuclear diffusion after hypoxia treatment
rather than Decitabine treatment, all of which were simultaneously analyzed by MEMFCS algo-
rithm fitting (right panel). (C) Summarized statistics of diffusion time. Raw data were collected
from more than 15 cells for each set. Mean value is presented along with the SEM. Statistical
analysis was conducted with the Student t-test by Origin8.5 software package.
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Putative validation of MBD3 detachment as the indicator  the redundant MBD3-GFP (1 pg) to validate the relationship
of demethylation. To validate the credibility of FCS, Hela cells  between the loss of hydroxyl/methylation and bound MBD3.
were treated with Decitabine first and then transfected with A significant positive correlation was noted (Fig. 6A). As an
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Figure 4. Time-course response of MBD3 under hypoxic conditions in sensitive and insensitive cells. (A) The mobility of MBD3 protein could facilitate
recognizing a heterogeneous cellular response to hypoxia (left panel) with distinct change in diffusion patterns (right panel). (B) In the first 8 h of
hypoxia a considerable number of hypoxia-sensitive cells experiencing significant demethylation were noted as reflected by the detachment of MBD3
from the DNA (7, < 5 ms). After 8 to16 h, the proportion of sensitive cells and the corresponding 7, counts decreased from about 30% to 10% (inset
panel). The gradually accelerated mobility of MBD3 in hypoxia-insensitive cells was found to be dominant.

important component of NuRD/Mi-2 chromatin-remodeling
complex,” the exact nature and genomic binding preferences of
MBD3 is still unclear, although several components of NuRD/
Mi-2 could bind to chromatin directly. In most biophysical
analysis using recombinant MBD?3, including ours, the in vivo
binding preferences (probably through the help of MBD2 or
other proteins) to 5mC should not be overlooked. Since the
diffusion statistics reflected by FCS is based on multiple mea-
surements, the overall shift in the average diffusion rate could
partially be attributed to the dissociation, providing an oppor-
tunity to study the dynamics of methylation and demethylation
process in real-time in live cells, not possible with conventional
methods.
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Discussion

Although global DNA hypomethylation has been characterized
as one of the typical epigenetic events that result in an abnormal
condition, such as cancer, increased emphasis was still placed on
the hypermethylation of the promoters of specific tumor sup-
pressor genes.”>*® As the presence of 5ShmC and its role in DNA
demethylation is being clarified, it has been generally found that
the dynamic process of DNA methylation/demethylation inter-
change plays a pivotal role in stem cell renewal, differentiation
and carcinogenesis. This highlights the importance of under-
standing the DNA demethylation process necessitating live single
cell studies.
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Tumor proliferation is often accom-

>

panied by a rapid increase in the number
of cells, demanding an increase in oxygen
and other nutrients supplied by the blood.
Hypoxia acts as a common tumor microen-
vironment and gives rise to cells possessing
stem cell-like properties. In fact, low oxy-
gen concentration has been found to cor-
relate with more aggressive tumor behavior
often resulting in poorer prognosis at least
via the upregulation of hypoxia-inducible
factors (HIFs) and other related oncogenic
proteins through DNA demethylation or
epigenetic regulation.”” Current technolo-
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tions.®® Our work clearly shows that cells
cultured under hypoxic conditions has dis-

demethylation).

Taking advantage of single molecule
fluorescence techniques, for the first time
we lay the groundwork to quantitatively
describe the DNA demethylation events
characterized by the altered diffusion of
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GFP labeled MBD3 protein in real-time.
Our study is also the first to report on the
spatiotemporal landscape of related nuclear
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proteins relevant to epigenetics in single
living cells. Unlike other MBD proteins
which have nM level binding affinity even
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with hemi-methylated CpG, the binding

affinity of MBD3 is at the pM level and
hence is more sensitive to environmen-
tal factors that trigger demethylation via
its binding characteristics from the DNA
binding site. However, the uncertainty is in
the lack of information of the MBD3-DNA
binding site in vivo. For the first time, we

Figure 5. Concurrent decrease in 5fC and 5caC with 5hmC due to hypoxia induced active
demethylation. (A) Stacked quantitative curves of 5mC, 5hmC, 5fC and 5caC; the simultaneous
decrease in 5hmC, 5fC and 5caC is indicative of the TETs mediated active demethylation pathway
(Fig. 1B). (B) Absolute quantities of 5mC and 5hmC calculated from standard curve (Fig. S2B)
indicated two main reduction periods within 24 h: in the first 8 h and from 16 to 24 h. The plateau
period from 8 to 16 h, in terms of 5hmC, 5fC and 5caC changes, represents the gradual transition
of the contribution of ensemble demethylation from sensitive to insensitive cells. Two-sample
t-test was conducted to compare each neighboring time point.

have shown that FCS, because of its exqui-

site sensitivity has the ability to distinguish

between active and passive demethylation based on the diffusion
time of MBD3. Under hypoxic condition, active demethylation is
initially characterized by an intense detachment of MBD3 from
DNA binding sites in hypoxia-sensitive cells, leading to acute
cell apoptosis and necrosis due to extensive loss of DNA meth-
6162 within the first 4-8 h. In hypoxia-insensitive cells
the demethylation process is more relaxed as inferred from the

ylation
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gradual increase in mobility (diffusion) of MBD3. Admittedly,
under high hypoxic stress conditions, active demethylation and
the subsequently triggered death-pathway are among a myriad
of factors that contribute to cell death, in addition to playing a
critical role in tumor progression (Fig. 6B). Previous studies have
shown that depletion of MBD3 can cause engineered mice to die
early during embryogenesis, further signifying the role of MBD3
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Figure 6. (A) The putative validation of the main MBD3-GFP in vivo
binding target by FCS. Upon Decitabine treatment, redundantly ex-
pressed MBD3-GFP showed two diffusing components and the loss of
bound-component was positively correlated with the loss of 5mC and
5hmC. (B) Overview of the influence of hypoxia on DNA methylation
and fate of tumor cell.

in balancing DNA methylation.” To maintain cell function,
both 5mC and 5hmC needs to be regulated at tolerable levels,
partially accomplished by the interaction with MBD3*%4 at the
relevant DNA binding sites. Future work will focus on obtaining
a systematic map of the distribution of MBD proteins by high-
throughput sequencing to determine the effect of MBD proteins
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(e.g., MBD1, MBD2, and MBD3, etc.) on the susceptibility of
DNA demethylation.

If we assume 5mC as the major starting point of active
demethylation, the first oxidized product as understood from
the literature is 5ShmC. Further removal of ShmC could occur
by two possible pathways: either through the direct deami-
nation by AID or APOBEC enzyme to 5hmU (5-hydroxy-
methyluracil) followed by TDG abasic repair; or through the
TETs mediated oxidation pathways (Fig. 1B). Empirically,
our DNA quantification studies support the latter pathway
due to the concurrent reduction of 5ShmC with 5fC and 5caC
(Fig. 5A). However the specific TET protein or uncharacter-
ized enzymes that might be involved in active demethylation
under hypoxia remain unclear. TETs belong to the group of
Fe?*- and o-ketoglutarate-dependent dioxygenases. TET3
plays an important role in early embryogenesis and paternal
genome demethylation; TET2 mutations and dysfunction has
been found to be closely related with hematopoietic malignan-
cies; TET1 has been shown to act mostly on germline DNA
imprint erasure to give rise to ShmC.*>% Identifying the major
candidates that catalyze the oxidization of 5ShmC to other
downstream products (such as 5fC, 5caC, etc.) is critical to fur-
thering our understanding of the sequence of hypomethylation
events during malignant cell transformation. Previously, most
of the cancerous hypomethylation were found in short and long
interspersed nuclear elements (SINEs and LINEs) and other
repeat genomic regions, which were long-thought to be the non-
coding junk DNA.2>¢7! With the release of the Encyclopedia
of DNA Elements (ENCODE) data, nearly 80% of the human
genome were found to be useful and could be assigned specific
biochemical functions necessitating careful interrogation of the
epigenetic state at these regions.”” Considering the fact that the
hypomethylated site varies among different cancers, an emerg-
ing thought is to study DNA demethylation in a locus-specific
manner upon mutagenic stimulation so that targeted therapeu-
tic strategies can be developed depending upon the type and
state of the disease.

Materials and Methods

Cell culture and plasmid transfection. Hela cells were rou-
tinely cultured in DMEM/F-12 medium (Gibco, 11330) with
10% fetal bovine serum (Atlantic Biologicals, S11050) at 37 °C
and a humidified atmosphere containing 5% CO,, 100 IU/ml
penicillin and 100 pg/ml streptomycin (Gibco, 15140). pGFP-
MBD3 plasmid was a gift from Dr Adrian Bird (Edinburgh,
UK).”? The plasmid DNA transfection was conducted by
Lipofectamine®LTX&Plus Reagent kit (Invitrogen, 15338-100)
according to manufacturer’s instruction with minor modifica-
tions. Before transfection, cells were seeded onto sterilized No.1
coverslips (VWR International) and placed in 12-well plate with
2 ml culture medium. After reaching 70-80% confluence the
media was removed and replaced with serum-free DMEM/F-12
medium for another 24 h. Then 100 ng plasmid DNA, 2.5 ul
LTX reagent and 0.1 wl Plus reagent were mixed into 200 wl
Opti-MEM® Reduced-Serum Medium (Gibco, 31985-062)
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for each well (1 pg plasmid DNA per well was used for redun-
dant expression). Transfection lasted for 24 h before further
treatment.

Hypoxia induction and decitabine treatment. For effi-
cient and acute hypoxia induction, 1 mM sodium dithionite
(Na,S,0,, Sigma, 157953) was used to chemically consume
the dissolved oxygen in the culture medium.”*7¢ It is reported
that Na,§ O, can lower pO, to 10 Torr compared with 30 Torr
20O, induced by 100% N,.”” After adding Na,S O,, the pH
of the DMEM/F-12 medium was adjusted to 7.4 and main-
tained by HEPES buffer considering the acidification poten-
tial of Na,§,O,. To sustain long-term hypoxic conditions, the
media containing Na,S O, was changed every 8 h. 5-Aza-2'"-
deoxycytidine (Decitabine, Sigma, A3656) was dissolved in
DMSO as 2 mM stock solution until use. For treatment, the
stock solution was diluted (to 3 WM concentration) using fresh
culture medium.

Biotinylation of antibody. Secondary antibodies (Goat anti-
mouse IgG for 5mC, Mouse anti-Rabbit IgG for ShmC, 5fC and
5caC, Pierce) for ELISA in PBS were labeled with 50-fold molar
excess of succinimidyl-6-[biotinamido]-6-hexanamidohexano-
ate (NHS-LC-LC-biotin, Pierce, 21343) dissolved in DMSO.
The reaction was performed at room temperature for 1 h and the
biotinylated antibody was purified by dialysis and size exclusion
chromatography on Sephadex G-15 gel column (gel volume: 10
ml), concentrated and stored at 4 °C until use.

Conjugation streptavidin with horseradish peroxidase
(HRP). Streptavidin (Prozyme, SA10) and HRP dissolved in
PBS were coupled with succinimidyl 6-(3 [2-pyridyldithio] propi-
onamido) hexanoate (LC-SPDP, Pierce, 21651) and succinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxy-(6-amidocap-
roate) (LC-SMCC, Pierce, 22362) in the ratio 1:50 respectively
at room temperature for 1 h. The LC-SPDP was treated with
dithiothreitol (DTT, final 10 mM) for activation at room tem-
perature for 30 min. Chemically modified proteins were purified
by Sephadex G-15 gel filtration equilibrated in 5 mM EDTA and
then immediately mixed and reacted at room temperature for 2
h. This mixture was stored at 4 °C until use.

DNA extraction and ELISA quantification. The standard
DNA used was: 5-Methylcytosineand 5-Hyodroxymethylcytosine
DNA Standard set (Zymo Research, D5405); 5-Carboxylcytosine
DNA Standard Kit (Active Motif, 55014). DNA from Hela
cells was extracted and purified with DNeasy Blood and Tissue
Kit (Qiagen, 69504), according to manufacturer’s instruction.
Purified DNA (50 ng for 5mC, 200 ng for 5hmC, 5fC and
5caC in 100 pl buffer) was added to the polystyrene microwell
plate followed by mixing with 100 wl of DNA coating solution
(Pierce, 17250) at room temperature for 2 h with gentle agita-
tion. The substrate was then washed with 300 pl of DI water in
the microwell. The process was repeated three times. To block
residual surfaces, the microwell plate was treated with 0.5% (w/v)
casein dissolved in PBS (200 pl) at 37 °C for 1 h. The wash-
ing and reaction steps will be adopted in all subsequent steps.
For primary antibodies, we used: mouse anti-5-methylcytosine
(Eurogentec, BI-MECY-0100), rabbit anti-5-hydroxymethylcy-
tosine (Active Motif, 39791), rabbit anti-5-formylcytosine (Active
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Motif, 61223), rabbit anti-5-carboxylcytosine (Active Motif,
61225). An amount of 0.5 pg/ml of primary antibody diluted in
PBS containing 0.5% casein (100 pl) was added and then 1 pg/
ml of biotinylated secondary antibody (100 l) was reacted with
the primary antibody. To form avidin-biotin complex, 0.5 pg/ml
of streptavidin-HRP conjugate (100 pl) was finally added into
the microwell. For signal generation, colorimetric substrate mix-
ture (50 mM sodium acetate buffer, pH 5.1: 1% (w/v) TMB: 3%
(viv) H,O, = 1000:10:1 as volume ratio) (200 pl) was reacted
and maintained for 15 min at room temperature followed by the
application of 50 pl of 2 M sulfuric acid to stop the reaction. The
optical intensity was measured using the VersamaxTM absor-
bance microplate reader (Molecular Device).

Immunofluorescence. Immunostaining of 5ShmC was done
per the methods in the literature with suitable modification.”®
Generally, cells after different treatments were fixed with 4%
paraformaldehyde for 15 min at 4 °C and washed 3 times with 1x
PBS buffer (Gibco, 10010). Cell membrane was permeabilized
by 0.4% Triton X-100 (Sigma, T8787) for 30 min and washed
with PBS for 15 min. Then cells were treated with 1 M HCI for
30 min at 37 °C and washed three times. Cells were blocked
by PBS containing 5% goat serum and 0.3% Triton X-100 for
1 h. Primary antibody was 1:1000 diluted in PBS containing 1%
BSA and 0.3% Triton X-100 and incubated with cells overnight
at 4 °C. 1:1000 diluted Alexa Fluor®488 F(ab'), fragment of
Goat anti-Rabbit IgG (for 5ShmC, Invitrogen, A-11070) or Alexa
Fluor®546 F(ab"), fragment of Goat anti-Mouse IgG (for 5mC,
Invitrogen, A-11018) was applied for 1 h and the cells were again
washed 3 times prior to imaging.

Confocal
Fluorescence confocal imaging and FCS experiments were per-

fluorescence  imaging  instrumentation.
formed using a scanning confocal time-resolved microscopy
(Microtime 200 from Picoquant GmbH); 465 nm picosec-
ond pulse laser was employed to excite the MBD3-GFP and
Alexa488 fluorophore. The laser beam was delivered to the
sample through an apochromatic 60x, 1.2 N.A. water immer-
sion objective and the emitted fluorescence was collected using
the same objective from which the excitation beam was sepa-
rated by a dual band dichroic (z467/638rpc, Chroma). A 50 pm
pinhole was used to reject the off-focus photons from the exci-
tation volume, and the signal beam was subsequently filtered
by a specific emission filter (500-540 nm, Chroma) before
being detected by a single photon avalanche photodiodes
(SPAD) (SPCM-AQR, PerkinElmer Inc.), as shown in Fig. SI.
Fluorescence signal was measured using the time-correlated
single photon counting (TCSPC) module in the time-tagged
time-resolved (TTTR) mode (Time Harp200, PicoQuant
GmbH). Raw fluorescence images and correlation data were
first analyzed and exported by the SymPhoTime software pack-
age (PcoQuant GmbH).

Data analysis for FCS. Autocorrelation function from fluores-
cence fluctuation measurements describes the similarity between
observations as a function of the time lag (1) between events.”
For fluorescent molecules diffusing through an extremely small
detection volume, the autocorrelation function (normalized by
average fluorescence < F >) can be obtained from:
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<5F(t)><6F(t +‘r)>

(Fo)) 1)
where 8F(2) = F(t) — [ F(t)]. When the molecules diffuse freely in

a 3D space, Equation 1 can be written as:

G(T) =

\ 2
G(r)=%x 1+ | x 1+L2><i
Ty T, @)
Zo

where Wy , w,and z, are lateral and axial radii of the detec-
tion volume, respectively. 7, is diffusion time, which reflects the
average time the fluorescent molecules reside in the confocal vol-
2

Wo
T, =-— . .
D , where D is diffu-

sion coefficient. For live cell FCS data analysis, two mathematical

ume and can be expressed as

models were considered:

1 a\! 1 a _%

G(t)=—x|1+ i X| 14— X i

N T, (1
(3)

This anomalous diffusion model could accurately describe
the mobility of molecules which are in extremely crowded and
complex environment. In Equation 3, a represents the degree of
anomalous behavior (a value of 0.5-0.8 can indicate an anoma-
lous diffusion#?). When the molecules can quickly switch or
co-exist between free and bound states, the two-component fit-
ting model need be used.

-1 - -l )
1 T 1 T 2 T 1 T )2
G(7)=—x| (1-y)x| 1+ X[ 1+—+—| +yX|l+—o | X|l+—+—r
(7) (N) [( ¥) [ T[/)rec) [ Ko ] y [ T ] [ K g ] ](4)

Where y is the fraction of bound molecules. Before data col-
lection, fluorophore with known D (e.g., Rhodamine 123 in
Fig. S1B)%' was used for calibration. For spherical particles, D

can be obtained from the Stokes-Einstein equation as:

p=
3mR - (5)

where £ is the Boltzmann’s constant, 7 is the viscosity and R the
molecular radius or hydrodynamic diameter which is inversely
proportional to D. A 3D Gaussian approximation was used and
3

the effective volume was estimated by: V,; =71'2W0220. Thus a
blue laser gives rise to a confocal volume of 0.6 fl. Additionally,
raw autocorrelation curves were filtered by Fluorescence Lifetime
Correlation Spectroscopy (FLCS) function to remove the back-
ground noise and after-pulsing artifacts.®

Maximum entropy method analysis of FCS data (MEMESC)
is a multi-component fitting model, which simultaneously mini-
mizes x* and maximizes entropy S without a given priori. Thus
the MEMECS output represents a continuous distribution of 7
instead of the preset discrete values. Hence G'(7) can be rewritten

as
a _1
T 1 7 )2
G(r)=[a|1+—| | 1+=x—| dr,
T, 1, ©
S is defined as
S Z 1 p =
. p;1np; i =
i=1 , where Zai (7)

MEMECS is particularly attractive because of its ability to
effectively differentiate the diffusion of different components in
a heterogeneous biological system.®

Propidium iodide uptake experiment. An amount of 1 mg/
ml PI solution (Sigma, P4864) was dissolved in Hank’s Balanced
Salt Solution (Gibco, 14025) to 0.1 mg/ml. After 4 h of hypoxia,
cells were washed with sterilized PBS and then incubated with PI
solution for half an hour. PI was immediately removed and the
cells were rinsed three times before imaging.
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