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Cellular bias on the microscale: probing the eﬀects of
digital microfluidic actuation on mammalian cell
health, fitness and phenotype†
Sam H. Au,ab Ryan Fobel,ab Salil P. Desai,c Joel Voldmanc and Aaron R. Wheeler*abd
The potential benefits of using new technologies such as microfluidics for life science applications are
exciting, but it is critical to understand and document potential biases imposed by these technologies
on the observed results. Here, we report the first study of genome-level eﬀects on cells manipulated by
digital microfluidics. These eﬀects were evaluated using a broad suite of tools: cell-based stress sensors
for heat shock activation, single-cell COMET assays to probe changes in DNA integrity, and DNA
microarrays and qPCR to evaluate changes in genetic expression. The results lead to two key
observations. First, most DMF operating conditions tested, including those that are commonly used in
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the literature, result in negligible cell-stress or genome-level eﬀects. Second, for DMF devices operated
at high driving frequency (18 kHz) and with large driving electrodes (10 mm  10 mm), there are
significant damage to DNA integrity and diﬀerential genomic regulation. We hypothesize that these
eﬀects are caused by droplet heating. We recommend that for DMF applications involving mammalian
cells that driving frequencies be kept low (r10 kHz) and electrode sizes be kept small (r5 mm) to
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avoid detrimental eﬀects.

Insight, innovation, integration
Microfluidics and related new techniques oﬀer exciting new possibilities for life science research. But what underlying biases do these techniques inject into
the observed results? It is critical to ask this question, and we have applied it here for the first time to the promising new technique of digital microfluidics.
A diverse group of tests for bias was used, including cell-sensors for stress response, single-cell COMET assays for DNA integrity, and microarrays and qPCR for
gene expression. These tests were applied to cells exposed to a wide range of operating conditions to determine which should be used and which should be
avoided for future experiments. We propose that the suite of tests used here represents a useful measuring stick for probing the eﬀects of any new technology
that is applied to applications involving cells.

Introduction
Microfluidic approaches are growing in popularity. The ‘‘organ-ona-chip’’ concept has attracted attention as a potentially disruptive
new tool for drug discovery and screening.1–5 But as interest in
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these techniques grows, so too does the need to better understand the effects that microfluidic culture conditions have on
cell phenotype, fitness, and health. For example, microchannelbased cell culture is known to cause significant changes in
glucose consumption, proliferation, and stress levels.6 Likewise, exposure to polydimethylsiloxane (PDMS), a common
material used to form microchannels, has been found to alter
gene expression.7 Thus, we posit that while the potential
benefits of using new technologies (such as microfluidics) for
life science applications are exciting, it is critical that we
understand and document the potential biases imposed by
these technologies on the observed results.
The topic of how the microenvironment in microfluidic
systems alters cell fitness is of particular interest for digital
microfluidics (DMF), a fluid-handling technique in which droplets
are manipulated on an open surface by applying electrical
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We propose that the results described here will serve as a useful
guide for the rapidly growing number of research groups that
are adopting digital microfluidics as a tool for applications
involving cells. Moreover, we propose that the suite of
tests described here (cell stress sensors, COMET assays, and
microarrays/qPCR) represents a useful measuring stick for
probing the effects of any new technology that is applied to
applications involving cells.

Results and discussion
Preliminary experiments and cell-based stress sensors

Fig. 1 Digital microfluidics, adapted from Choi et al.8 with permission from the
publisher. (A) Picture of a digital microfluidic device (not used in this study)
illustrating the basic droplet operations of mixing, splitting, merging and dispensing. (B) Side-view schematic of DMF device with circuit-model overlay.

potentials to an array of electrodes embedded under an
insulator.8 A typical DMF device is shown in Fig. 1, which
highlights the capacity to dispense, mix, merge, and split
discrete droplets. These operations are attractive for cell-based
applications, and DMF has recently become popular for handling9–15
and culturing16–19 mammalian cell lines, micro-organisms,20,21
primary mammalian cells,22 and 3D cell constructs.23
Unfortunately, the scientific literature contains little information about the eﬀects of digital microfluidic droplet actuation on
cell health. Barbulovic-Nad et al.16,17 reported that mammalian
cells exposed to one set of DMF operating conditions had similar
viabilities and proliferation rates when compared to control
(non-actuated cells), and Au et al.20 reported similar results for
bacteria, algae, and yeast. However viability and proliferation are
crude measures of cell fitness which may ignore the vast range of
subtle eﬀects that may be caused by DMF actuation – stress
responses, DNA damage, differential DNA expression, etc. It is
important to catalogue these potential effects, particularly if
DMF becomes useful for screening for cell phenotype differences
in the pharmaceutical industry.19 Moreover, it would be useful to
evaluate the potential effects of DMF droplet manipulation over
a wide range of operating conditions to determine which should
be used and which should be avoided.
Here, we report the first genome-level study of the eﬀects of
DMF actuation on cells. In this work, we evaluated three
indicators of cell fitness: heat shock stress response,24,25 DNA
damage,26,27 and changes in genetic transcription levels.28–30
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In preliminary experiments, Ba/F3 pro-B murine cells that had
been stably transfected to express green fluorescent protein
(GFP) under the transcriptional control of heat shock element
(HSE) promoter31,32 were used as cell-based sensors to probe
for stressful stimuli. GFP-HSE cell sensors were exposed to a
range of DMF operating conditions, including driving potentials of 200–650 Vpp and frequencies of 1–18 kHz applied to
droplets actuated continuously for five minutes on devices with
2  2 mm driving electrodes. Stress responses (reported by the
expression of GFP) were evaluated by flow cytometry (Fig. 2). As
shown, the stress response of cells actuated by digital microfluidics across all of the conditions (Fig. 2B–F) was similar to
untreated control cells (Fig. 2A) (mean fluorescent intensities of
1.0 or less). In contrast, cells exposed to chemical or heat shock
controls were observed to have increased expression of GFP
relative to untreated controls (Fig. 2G and H). This is a useful
finding, as heat shock proteins (many of which are under
transcriptional control of HSE) are known to be upregulated
under many different types of stress,24,25 and it appears that
DMF operation in the conditions described above does not
trigger this pathway. There may be other cell responses that
might not be captured by these experiments, which led us to
select a sub-set of operating conditions for further experiments.
Specifically, a protocol was developed in which one driving
potential (400 Vpp) and three different driving frequencies
(1, 10, and 18 kHz), were applied to droplets containing cells
that were continuously actuated for 15 minutes. To enable the
use of microarray analysis (which requires relatively large
numbers of cells), we tested the effects of devices with larger
actuation electrodes (up to 10 mm  10 mm, useful for actuating
70 mL droplets) than those used in the preliminary experiments.
These conditions were tested on non-transfected wild-type Ba/F3
cells and were used for all experiments described below.
Interestingly, as described in the ESI,† some of the DMF
operating conditions used in these experiments resulted in
increased droplet temperatures. This observation was unexpected
(and is the first report of this phenomenon), but it added to our
motivation to evaluate the eﬀects of DMF actuation on the cells in
a series of assays for DNA damage and expression.
DNA integrity
To evaluate the eﬀects of DMF actuation on DNA damage, we
conducted COMET assays, an established method of evaluating
the extent of DNA damage33 by subjecting individual cells fixed
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Fig. 2 Flow cytometry histograms of GFP-HSE Ba/F3 cells (GFP transcription under transcriptional control of heat shock element promoter). Cells were (A) untreated
for 5 min, manipulated continuously by DMF on devices with 2  2 mm electrodes for 5 min at: (B) 200 Vpp and 10 kHz, (C) 400 Vpp and 1 kHz, (D) 400 Vpp and 18 kHz,
(E) 625 Vpp and 1 kHz, or (F) 650 Vpp and 15 kHz, or (G) heat-shock treated at 42 1C for 5 min, or (H) exposed to sodium arsenite at 200 mg mL 1 for 5 min.

within a hydrogel to electrophoresis. Intact (undamaged) DNA
remains immobilized in the fixed cells, while fragmented
(damaged) DNA electrophoreses out of the cells, forming a
characteristic ‘‘comet-like’’ pattern. As shown in Fig. 3, DNA
damage was observed for cells actuated by DMF at 18 kHz (Fig. 3C),

1016

Integr. Biol., 2013, 5, 1014--1025

but not at 1 kHz (Fig. 3B). Heat-shock controls at 42 1C, 47 1C
and 52 1C also showed significant fragmentation (Fig. 3D–F).
Quantification by percent DNA found in the tails and the Olive
moment (the product of the length and the fraction of DNA in
each tail) indicate that the DNA damage observed for cells
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Fig. 3 Quantification of DNA integrity. Representative photomicrographs of cells assayed for DNA damage using the single cell gel electrophoresis COMET assay for
(A) untreated controls, DMF-treated for 15 min at 400 Vpp on devices with 10  10 mm electrodes at frequencies of (B) 1 kHz or (C) 18 kHz, or heat-shock treated at
(D) 42 1C, (E) 47 1C or (F) 52 1C. Scale bars represent 50 mm. (G) Percent fragmented DNA (solid red bars) and Olive moment (striped blue bars) were quantified by
CometScoret. Error bars represent one standard deviation (n = 3).

actuated at 18 kHz or in any of the three heat-shock controls
was significantly higher than that observed for the untreated
controls ( p o 0.01) while cells actuated on DMF at 1 kHz and
untreated controls were not significantly different (Fig. 3G).
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Since cells were assayed immediately after DMF actuation, it is
unlikely that the observed DNA damage was a result of apoptotic
fragmentation. Heat shock, on the other hand, has been
reported to be a cause of double stranded DNA breaks,27
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Fig. 4 Microarray heat map. Each gene shown has a Z2-fold diﬀerence determined by an ANOVA using the FDR Benjamini and Hochberg multiple testing correction
( p o 0.05). Cells were either untreated (n = 6), manipulated by DMF for 15 min at 400 Vpp on devices with 10  10 mm electrodes at 18 kHz or 1 kHz (n = 3 ea.), or
heat-shock treated at 42 1C, 47 1C or 52 1C (n = 3 ea.). Hierarchies were generated with a Pearson centered correlation tree building algorithm as a distance metric with
average linkage rules. Green shaded cells and red shaded cells represent log fold-change down-regulated or up-regulated expression versus the mean, respectively.

potentially through protein damage34 or the bystander effect, in
which dying cells release factors lethal to neighbouring cells.35
Since droplets actuated on DMF devices with 10 mm  10 mm
electrodes at 18 kHz were (unintentionally) heated (Fig. S1 in
the ESI†), the observed DNA fragmentation for the 18 kHz case
may be a result of droplet heating.
In summary, the data in Fig. 3 suggest that the DNA integrity
of cells exposed to DMF manipulation at 400 Vpp on devices
with 10  10 mm electrodes was strongly frequency dependent,
with DNA fragmentation ranging from negligible at 1 kHz, to
significant at 18 kHz.
Gene expression – microarrays
To evaluate if DMF actuation causes changes in DNA expression,
oligonucleotide microarrays were conducted; the complete data
set is publically available at the Gene Expression Omnibus (GEO
Accession number: GSE43507). Diﬀerentially expressed genes
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were identified using an ANOVA with false discovery rate (FDR)
q-value cut-oﬀ of 0.05. Using a 2-fold change threshold, 196 unique
genes were diﬀerentially expressed among the various conditions,
and a heat map of these genes is shown in Fig. 4. The numbers of
diﬀerentially expressed genes observed for cells exposed to the
diﬀerent conditions relative to control cells were 3, 85, 65, 48,
and 82, for DMF/1 kHz, DMF/18 kHz, 42 1C control, 47 1C
control, and 52 1C control, respectively.
Fig. 4 suggests that there were few eﬀects on gene expression
caused by DMF actuation at 1 kHz. For example, the hierarchical
clustering of conditions (the top axis in Fig. 4) indicates that cells
manipulated by DMF at 1 kHz group with untreated controls,
in contrast to cells manipulated by DMF at 18 kHz, which
group closely with the externally heated controls. The three
genes that were diﬀerentially expressed relative to untreated
controls under actuation by DMF at 1 kHz are ubiquitinconjugating enzyme E2C (Ube2c), destrin (Dstn) and a predicted
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Fig. 5 Microarray expression diﬀerences. Venn diagrams comparing the number of significant probes with Z2-fold (absolute) change relative to untreated controls
common between: (A) cells manipulated on DMF for 15 min at 400 Vpp on devices with 10  10 mm electrodes at 1 kHz or 18 kHz frequencies and heat-shock controls
(42 1C, 47 1C or 52 1C); and (B) heat-shock control cells.

pseudogene (ECG635570). The functions of these genes (Ube2c:
cell division; Dstn: cytoskeletal organization; ECG635570:
unknown) are not related to known forms of cell stress (heat,
oxidation, osmotic pressure, etc.) or apoptosis. And as shown in
the Venn diagrams in Fig. 5A, these three genes were not
diﬀerentially expressed in cells exposed to heat-shock. Finally
the magnitudes of the diﬀerential expression for these genes
were modest (+2.3, +2.2 and +2.1 fold changes for Ube2c, Dstn,
and ECG635570); in some analyses, much higher thresholds are
used to identify diﬀerentially expressed genes.36,37
In contrast to actuation at 1 kHz frequencies, the data in
Fig. 4 clearly shows that cells exposed to 18 kHz DMF actuation
at 400 Vpp on devices with 10  10 mm electrodes experience
dramatic changes in gene expression relative to untreated
controls. In fact, the hierarchical clustering of conditions (the
top axis in Fig. 4) suggests that the DMF/18 kHz expression
profile is most closely related to those of the 52 1C and 47 1C
controls. This is consistent with the observations described in
the ESI,† which suggest that the conditions imposed on these
cells (i.e., 70 mL droplets manipulated on 10  10 mm electrodes
with 400 Vpp at 18 kHz for 15 min) are associated with
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temperature increases from ambient to the 47–52 1C range.
The similarity between DMF/18 kHz and the 52 1C and 47 1C
controls is further highlighted in the Venn diagrams in
Fig. 5A—there are 23 and 29 gene expression overlaps with
the 52 1C and 47 1C controls, respectively. These numbers are
large relative to the gene expression overlaps between the three
temperature controls themselves (Fig. 5B). Thus, we hypothesize that electrically driven heating is one of the sources
of the differential expression observed for the cells actuated at
400 Vpp and 18 kHz for 15 min.
Many of the 85 genes that are diﬀerentially expressed for
cells actuated at 18 kHz are known to be related to stress and/or
apoptosis – these genes are listed in Table 1. The magnitudes of
the differential expression of many of these genes are large – for
example Fos, Egr2, and Dusp1 are expressed at 30.5, 7.6,
and 7.5-fold relative to untreated controls, respectively (note
that the corresponding fold changes for cells exposed to DMF
actuation at 1 kHz are near unity). Eight of the genes in Table 1
are involved in MAPK signaling pathways, which are known to
be activated by heat, oxidation, osmotic pressure, DNA damage
and ischemic stresses.38 Specifically (from Table 1), Fos,39,40
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Table 1 Sub-set of diﬀerentially expressed genes for DMF/18 kHz operation on devices with 10  10 mm electrodes (with a Z2 absolute fold change relative to
untreated controls) that are related to stress and/or apoptosis. Putative functions designated by AmiGO gene ontology database and Information Hyperlinked Over
Proteins (iHOP)60

Egr2,41 Dusp1,42–45 Osm,46 Mcm7,47 Dusp2,48 Ier3,49 and Zfp3650
are all components of or interact with the MAPK pathway.
Interestingly, seven of these eight genes are down-regulated
for DMF/18 kHz actuation rather than up-regulated, which
is the expected response. Note that heat shocked control cells
also showed down-regulation of these stress genes as well
(Table 1), suggesting that this phenomenon is a result of the
cells’ inherent heat shock response and not simply an artifact
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of DMF manipulation. However, this phenomenon merits
future study.
In summary, it is evident that for actuation for 15 minutes at
400 Vpp on devices with 10  10 mm electrodes, the frequency
of the applied electric field plays a pivotal role in the magnitude
and nature of cell responses to actuation. Low frequency
(1 kHz) operation led to the up-regulation of only 3 probes
(with modest magnitudes), none of which are involved in cell
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stress or death; while high frequency (18 kHz) operation led to
the significant modulation of 85 probes, many of which are
implicated in stress or death responses.
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Gene expression – qPCR
qPCR of dual specificity phosphatase 1 (Dusp1) was chosen as an
orthogonal test because it exhibited strong diﬀerential expression from microarray results (described above), and because it
is known to be a gene that responds rapidly to heat stress.42,51,52
In addition, Dusp1 is a key element regulating the MAPK
pathway,42–45 which (as described above) appears to be a vital
component of the cellular responses observed in the microarray
data. B2m and Gapdh were chosen as reference genes for these
experiments because they demonstrated high stability across the
different conditions in preliminary qPCR validation experiments
(stability values less than 0.03 as determined by NormFinder
software).53
In qPCR experiments, cells were treated on DMF devices
with 5  5 mm electrodes (in addition to 10 mm  10 mm), and
with 10 kHz driving frequency (in addition to 18 kHz and
1 kHz). As shown in Table 2, of all the DMF conditions, only
cells actuated at the highest frequency (18 kHz) and on the largest
(10 mm  10 mm) electrodes led to a statistically significant
( p o 0.05) modulation of Dusp1 expression while cells actuated
on smaller electrodes (5 mm  5 mm) at the same high frequency
and cells actuated at lower frequencies (10 kHz and 1 kHz) on
large electrodes did not have a statistically significant diﬀerence
relative to untreated controls. This finding is consistent with the
observations of droplet temperature described in the ESI.† In
addition, the qPCR data is consistent with the microarray data in
that Dusp1 expression was down-regulated by treatment at 47 1C
and 52 1C, but not at 42 1C or with any of the other DMF
operating conditions. This finding reinforces the discovery that
significant stress responses are only observed for large electrodes
and high actuation frequencies (i.e., those conditions that are
associated with large temperature changes).
In summary, the qPCR data agrees with the microarray
results – the transcription levels of a model stress gene for
cells exposed to DMF operation at 400 Vpp for 15 min have
strong frequency dependence. This is consistent with previous

Table 2 Microarray and PCR fold changes (relative to untreated controls) of dual
specificity phosphatase 1 (Dusp1) for cells treated by DMF manipulation at
diﬀerent frequencies and electrode sizes or without manipulation at various
temperatures (n = 3). Conditions with Dusp1 PCR fold-changes significantly
diﬀerent (p o 0.05) than untreated controls are italicized

Condition

Dusp1 microarray
fold change

10 mm 18 kHz
5 mm 18 kHz
10 mm 10 kHz
5 mm 10 kHz
10 mm 1 kHz
5 mm 1 kHz
52 1C control
47 1C control
42 1C control

7.5
—
—
—
1.1
—
6.9
6.3
1.0
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Dusp 1 PCR
fold change
3.5
1.4
1.0
1.4
1.3
1.0
5.4
2.3
1.0
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PCR p-value
o0.01
>0.05
>0.05
>0.05
>0.05
>0.05
o0.025
o0.01
>0.05

observations of frequency-dependent cell stress and death for
cells manipulated on dielectrophoresis (DEP) systems.32,54,55
This is notable and interesting, given that DEP systems, which
typically include modest or no electrical insulation and much
higher (BMHz) frequencies, are quite different than the DMF
system described here. Furthermore, the qPCR results (supported by the cell-based stress sensor results) indicate a strong
dependence on electrode size – smaller DMF driving electrodes
result in negligible changes in DNA expression over a range of
different operating conditions. This is consistent with the
hypothesis that the changes observed in cell fitness (both in
transcription profiles and in DNA integrity) are caused by
droplet heating. Similar hypotheses have been proposed for
DEP-driven effects.56

Conclusion
The goal of this study was to determine if the manipulation of
mammalian cells by digital microfluidics causes measurable
genomic eﬀects. In an attempt to discover the boundaries of
such (putative) eﬀects, a range of diﬀerent DMF operating
conditions were evaluated, including driving voltage and frequency, electrode size, and actuation time. The results indicate
that cells manipulated by DMF under such conditions exhibit a
broad range of responses, ranging from negligible to significant. In particular, for cells actuated on small electrodes
(5 mm  5 mm or less), negligible detrimental eﬀects were
observed for all operating conditions tested. In contrast, for
cells actuated on large electrodes (10  10 mm), DNA damage
and protein expression changes in stress-related genes were
observed for high-frequency (18 kHz) DMF operation, but not
for low-frequency operation (10 or 1 kHz). The genomic expression pattern for cells exposed to high-frequency operation/large
electrodes showed similarity to heat shocked cells, which was
consistent with observations that DMF operation under these
conditions causes droplet heating. Future study is merited for
alternate conditions and diﬀerent cell types, but the results
described here suggest that DMF experiments involving cells
are best suited for operation at low frequencies on devices with
small electrodes to avoid excessive droplet heating, DNA
damage and/or changes in gene expression.

Methods and materials
Reagents
Unless specified otherwise, reagents were purchased from
Sigma-Aldrich (Oakville, ON). Parylene-C dimer was obtained
from Specialty Coating Systems (Indianapolis, IN). Teflon-AF
was from DuPont (Wilmington, DE), and A-174 silane was from
GE Silicones (Albany, NY).
Device fabrication and operation
Digital microfluidic devices were fabricated in the University of
Toronto Emerging Communications Technology Institute (ECTI).
Bottom plates bearing square electrodes arranged in 2  2 arrays
of 10  10, 5  5, 2.5  2.5, or 2  2 mm wide chromium

Integr. Biol., 2013, 5, 1014--1025
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electrodes (used as bottom plates of DMF devices) were formed
by photolithography and coated with a Parylene-C insulating
layer (6.9 mm) and Teflon-AF hydrophobic layer (235 nm) as
described previously.16,20 Unpatterned top plates were formed
by spin-coating indium tin oxide (ITO) coated glass substrates
(Delta Technologies, Stillwater, MN) with Teflon-AF (235 nm, as
above) and were assembled with bottom plates by adherent
spacers formed from four pieces of double-sided tape (total
spacer thicknesses 280 mm). To drive droplets or expose cells to
potentials, square AC potentials were applied to actuation
electrodes on the bottom plate relative to the counter-electrode
on the top-plate in a circular pattern using a custom high voltage
switching system (Astinco, Inc., Markham, ON, Canada).
Cell culture and stress conditioning
WeHi-3B cells (ATCC, Manassas, VA) were grown for 3–4 days at
37 1C and 5% CO2 in IMDM media supplemented with 10%
fetal bovine serum (Life Technologies, Inc., Burlington, ON,
Canada), 2 mM L-glutamine (Life Technologies, Inc.), 100 IU mL 1
penicillin, and 100 mg mL 1 streptomycin. After reaching confluency, spent media was exchanged for fresh media, and
thereafter, the media was exchanged every day for three days.
Each aliquot of spent media was centrifuged (300g, 5 min), the
supernatant filtered through a 0.2 mm syringe filter (PALL
Canada Ltd., Saint-Laurent, QC), and the filtrate frozen at
20 1C until use. Wild-type Ba/F3 pro-B murine suspension
cells (ATCC) were cultured in complete growth media consisting of RPMI-1640 supplemented with 10% fetal bovine serum
(Life Technologies, Inc.), 10% WeHi-conditioned media (as
above), 100 IU mL 1 penicillin, 100 mg mL 1 streptomycin,
and 0.06% (wt/v) pluronic F88 at 37 1C and 5% CO2. Stably
transformed GFP-HSE Ba/F3 cells31,32 were treated similarly
with the exception of the addition of 500 mg mL 1 G418
geneticin (Life Technologies) to the complete media to maintain selective pressure. Wild-type or GFP-HSE Ba/F3 cells in
early log-phase growth were centrifuged (300g, 5 min), the
supernatant was removed, and the pellet was resuspended in
complete growth media at 2  106 cells per mL. In DMF
experiments, 70 mL, 18 mL or 5 mL aliquots of the wild-type or
GFP-HSE Ba/F3 cell suspension were loaded onto devices and
actuated continuously in a circular pattern over 4 electrodes
(at approximately 3.33 mm s 1) under conditions of varying
driving potential (200, 400, 625, or 650 Vpp), driving frequency
(1, 10, or 18 kHz), actuation time (5 or 15 min), and electrode
size (2  2, 2.5  2.5, 5  5, or 10  10 mm). Untreated control
cells were handled identically by loading aliquots onto devices,
but without applying driving voltages (i.e., the droplets
remained stationary). Heat shock controls were carried out on
20 or 70 mL aliquots of cell suspension which were loaded onto
non-active devices (as above) and heated on a PMC digital hot
plate (Thermo Fisher Scientific, Waltham, MA) such that
droplets were maintained at 42 1C, 47 1C or 52 1C for 5 or
15 minutes. Droplet temperature was measured with a thermocouple as described in the ESI,† to control the actual temperature to within 1 1C of set-point. Sodium arsenite controls were
carried out on 100 mL aliquots of cell suspension supplemented
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with sodium arsenite and incubated for 5 minutes. Several
replicates of cells exposed to each condition (DMF actuated,
non-actuated control, heat-shock control, arsenite control) were
generated for protein expression/flow cytometry, COMET assays,
oligonucleotide microarrays, and qRT-PCR assays, as described
below.
Cell-based stress screening/flow cytometry
Aliquots of untreated, DMF-treated, heat-treated, and arsenitetreated GFP-HSE Ba/F3 cells were diluted with 9.9 mL phosphate buﬀered saline (PBS), centrifuged (300g, 5 min) and the
supernatant removed. Each aliquot was then resuspended in
1 mL of fresh media (with G418 geneticin), transferred into a
well of a 24 well plate, and incubated for 24 hours at 37 1C/5%
CO2. Cells were then collected, centrifuged (300g, 5 min), the
supernatant removed and resuspended into 2.5 mL PBS. GFP
expression was determined using an Epics XL flow cytometer
(Beckman Coulter Canada, Mississauga, ON, Canada) and analyzed
using Expo32 Software (Beckman Coulter). The cells were sampled
at a rate of B100 events per s, excited using a 488 nm laser, with
the fluorescent signature detected through a 530/30 nm filter until
5000–20 000 cells were detected per condition. Histograms of
fluorescent intensity were plotted on a logarithmic scale.
Single cell gel electrophoresis COMET assays
Assays were conducted using a Comet Assay Kit (Trevigen, Inc.,
Gaithersburg, MD) according to the manufacturer’s protocols.
Briefly, in each assay, a suspension of wild-type Ba/F3 cells was
diluted to 3  105 cells per mL in ice-cold PBS (Mg2+/Ca2+ free)
immediately after stress or control treatment (as above). This
suspension was combined with agarose solution, spread on a
microscope slide and allowed to gel. Slides were then immersed
and incubated in prechilled lysis solution (45 min) and subsequently alkaline unwinding solution (45 min). The slides’
contents were then electrophoresed in a horizontal gel electrophoresis system (VWR International, LLC, Radnor, PA) at
0.7 V cm 1 in a 4 1C cold room (60 min) before washing twice
in DI water and once in 70% ethanol. Slides were dried before
adding SYBR green and imaging with a Leica DM2000 microscope (Leica Microsystems, Inc., Concord, ON, Canada). Percent
fragmented DNA in tail and Olive moments were quantified using Cometscoret software (AutoComet, TriTek Corp,
Sumerduck, VA). Each condition was conducted in triplicate
with at least 100 cells counted per sample.
Microarrays and qRT-PCR
For each oligonucleotide microarray or qPCR experiment,
a suspension of wild-type Ba/F3 cells was diluted into 1 mL
pre-warmed complete growth media in a tissue culture treated
well plate (BD, Franklin Lakes, NJ) immediately after stress or
control treatment (as above). The cells were allowed to recover
for 1 hour at 37 1C, and then RNA was extracted using Arcturus
Picopure RNA Isolation kits (Applied Biosystems, Inc., Foster
City, CA) according to the manufacturer’s guidelines. Purified
RNA was stored at 80 1C and thawed on ice directly before
analysis.
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Microarray studies were conducted at the University Health
Network Microarray Centre (Toronto, ON, Canada). Prior to
hybridization, each sample was evaluated on an Agilent Bioanalyzer (Agilent Technologies Canada, Inc., Mississauga, ON) to
ensure that it met QC thresholds (RNA integrity number >9).57
60–200 ng of total RNA per sample was labeled using an Illumina
TotalPrep-96 RNA Amplification Kit (Life Technologies) according to the manufacturer’s protocol. 1.5 ng of the generated
cRNA was randomized and hybridized onto mouse WG-6 v2.0
BeadChip platforms (Illumina, Inc., San Diego, CA) by incubation at 58 1C for 18 hours. Beadchips were washed and stained
according to the manufacturer’s protocol and scanned using an
iScan array scanner (Illumina). The dataset is publically available at the Gene Expression Omnibus (GEO Accession number:
GSE43507). Data quality was validated prior to normalization
using Illuminas internal quality control metrics as well the
R(v2.10.0) Bioconductor framework with the Lumi package.58
Microarray data analysis was conducted using Genespring
v.11.5.1 (Agilent Technologies). Two batches of microarray data
were normalized using the Empirical Bayes ComBat accommodation of batch eﬀects59 using an R script. Each array batch
contained 3 untreated control biological replicates for crossbatch normalization. Data was normalized using a standard
quantile method followed by a ‘‘per probe’’ median centered
normalization. A total of 45 281 probes were represented on the
mouse array. The data was filtered such that only probes in the
upper 80th percentile of the distribution of intensities were
retained so that probes without signal would not confound
subsequent analysis. The filtered set contained 37 133 probes.
An unsupervised clustering algorithm using a Pearson centered
correlation as a distance metric with average linkage rules was
used to build hierarchical trees. Next, an ANOVA was performed
using the Benjamini–Hochberg false discovery rate with a
multiple testing correction threshold of p o 0.05. Results were
presented in log2 fold change versus untreated controls. Venn
diagrams of significantly expressed probes were created using
Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html). Putative
gene functions were designated from the AmiGO gene ontology
database (http://amigo.geneontology.org) and the Information
Hyperlinked Over Proteins database (http://www.ihop-net.org).60
Each condition was conducted in triplicate (n = 3) except for nonactuated controls which had a total of 6 replicates (n = 6).
For qPCR experiments, total RNA was extracted and purified
as above. Reverse transcription was completed using a Quantitect
Reverse Transcription Kit (Qiagen, Inc., Toronto, ON) according
to the manufacturer’s guidelines. The expression stability of
beta-2-microgobulin (B2m) and glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) were evaluated in pilot qPCR runs.
Primers (Life Technologies, Inc.) were as follows: B2m forward
and reverse primers – TTCTGGTGCTTGTCTCACTGA and
CAGTATGTTCGGCTTCCCATTC; Gapdh forward and reverse
primers – AGGTCGGTGTGAACGGATTTG and TGTAGACCATG
TAGTTGAGGTCA; Dusp1 forward and reverse primers –
GTTGTTGGATTGTCGCTCCTT and TTGGGCACGATATGCTCCAG
respectively. qPCR was conducted on a 7900HT qRT-PCR system
(Applied Biosystems, Inc.) using Quantifast SYBR green PCR
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kits (Qiagen, Inc.). Three biological replicates and at least two
technical replicates were conducted for cells exposed to each
condition. Relative quantification was conducted according to
Pfaffl61 and Rieu and Powers62 with the expression of Dusp1
normalized to both B2m and Gapdh housekeeping genes.
Baselines, windows of linearity (by amplicon group) and Cq
thresholds (by sample group) were detected by LinRegPCR.63
The RNA used in qPCR experiments was from the same pool for
RNA used for microarray experiments, whenever possible. Twotailed student t-tests were conducted to determine p-values.
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