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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer lacking specific biomarkers that
can be correlated to disease onset, promotion and progression. To assess whether tumor cell
electrophysiology may serve as a marker for PDAC tumorigenicity, we use multi-frequency
impedance cytometry at high throughput (~350 cells/s) to measure the electrical phenotype of
single PDAC tumor cells from xenografts, which are derived from primary pancreatic tumors
versus those from liver metastases of different patients. A novel phase contrast metric based on
variations in the high and low frequency impedance phase responses that is related to
electrophysiology of the cell interior is found to be systematically altered as a function of
tumorigenicity. PDAC cells of higher tumorigenicity exhibited lowered interior conductivity and
enhanced permittivity, which is validated by the dielectrophoresis on the respective cell types.
Using genetic analysis, we suggest the role of dysregulated Na* transport and removal of Ca2*
ions from the cytoplasm on key oncogenic KRAS-driven processes that may be responsible for
lowering of the interior cell conductivity. We envision that impedance cytometry can serve as a
tool to quantify phenotypic heterogeneity for rapidly stratifying tumorigenicity. It can also aid in
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protocols for dielectrophoretic isolation of cells with a particular phenotype for prognostic studies

on patient survival and to tailor therapy selection to specific patients.
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Pancreatic ductal adenocarcinoma (PDAC) is the most common malignant cancer of the
pancreas and is among the leading causes of cancer-related deaths [1]. The disease initially
manifests as an epithelial tumor which arises from the cells lining the ducts of the pancreas,
but most fatalities occur due to metastases [2]. Given that the 5-year survival rate for PDAC
is 8% [3] and disease incidence is predicted to increase by 55% in the next 20 years [4],
PDAC is a growing health concern, especially due to the lack of specific biomarkers which
correlate to the tumorigenicity of PDAC cells [5]. While a significant majority of PDAC
patients (~95%) exhibit KRAS mutations [6] that activate oncogenic proteins [7],
tumorigenicity cannot be assessed solely based on specific mutations. Since the mechanisms
by which different KRAS mutations influence the overall cell structure and consequent
tumor aggressiveness are poorly understood, it is of great interest to explore phenotypic
differences between different PDAC tumor cell types. Using patient-derived PDAC cells of
varying tumorigenicity that are expanded in mice as xenografts, we compare PDAC cells
obtained from metastatic versus primary tumor sites of KRAS mutant genotype, as well as
those from primary tumors of KRAS wild-type genotype, to explore whether subcellular
electrophysiology can be used as the phenotype to differentiate between the respective cell
types. Metastatic PDAC cells exhibit the greatest level of tumorigenicity, while tumorigenic
primary PDAC cells are predominantly of KRAS mutant rather than of KRAS wild-type

genotype [6].

Due to the heterogeneity of tumor cells [8] and the lack of surface markers to stratify
tumorigenicity [9], there is much interest in biophysical characterization of single tumor
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cells to yield phenotypic markers that correlate with cancer onset and progression [10], [11].
Label-free methods based on cell size and deformability have been especially useful in this
regard [12, 13], but current methods lack the ability for subcellular resolution of the
phenotypes, which are altered during tumor development [14]. Cell electrophysiology
represents an aggregate of biophysical properties that are influenced by genomic and micro-
environmental factors, both of which play critical roles in tumor development.
Electrophysiology is not only sensitive to whole-cell characteristics, such as size and shape,
but also to subcellular features, such as plasma membrane structure, organelle structure in
the cytoplasm and nucleus size. Due to the substantial differences in conductivity and
permittivity of these subcellular components, the frequency spectra of impedance of single-
cells can yield spatially-resolved information. However, to obtain clinically relevant
information, single-cell measurements at truly high throughput levels (/.¢e., thousands of
cells) are necessary for enabling these subtle phenotypic distinctions, while allowing for
statistically relevant cytometry of the relative variations within the population of interest.

Single-cell impedance cytometry is a label-free microfluidic technique wherein the electrical
impedance of single cells flowing at high throughput (300 — 400 cells/s) past
microelectrodes is detected based on the disruption in current flow, under an AC electric
field over a range of frequencies (0.5-50 MHZz)[15]. While the impedance at low frequencies
(~0.5 MHz) is determined by cell volume, the impedance magnitude and phase at
successively higher frequencies offer information on cell electrophysiology, such as its
membrane capacitance (2-5 MHz) and cytoplasmic conductivity (>10 MHz). Impedance
cytometry has been used previously to analyze various cell types, including stem cells [16],
waterborne parasites [17] or parasite-infected red blood cells [18]. In prior work, following
immuno-capture of circulating tumor cells in blood that originate from PDAC tissues [19],
[20], the released tumor cells were distinguished from leukocytes that express similar
markers using low frequency (40 kHz) impedance measurements, which are based on size
rather than electrophysiology differences. In other work, whole-body impedance
measurements have been used to predict disease outcome on pancreatic cancer patients [21].
However, no prior PDAC study has focused on elucidating phenotypic distinctions between
tumor cell types, using single-cell methods that are sensitive to heterogeneity. While
impedance responses measure alterations in the frequency response of current due to
presence of cells between the electrodes, dielectrophoresis (DEP) is based on translation of
polarized cells within a spatially non-uniform electric field [22-24], either towards the field
by positive DEP (pDEP) or away from the field by negative DEP (nDEP). In prior work,
DEP responses have been used to measure differences in tumor cells based on membrane
capacitance [25], quantify mitochondrial-phenotype induced cytoplasmic conductivity
variations [26] and identify exosomes derived from highly invasive pancreatic tumor cells
based on their enhanced conductance levels due to membrane fluidity [27].
Electrophysiology-related differences have also formed the basis for microfluidic selection
of tumor cells [28] and bacterial cells [29],[30],[31].

We report on high-throughput multi-frequency single-cell impedance cytometry applied to
different patient-derived PDAC tumor cell types, for enabling electrophysiology-based
phenotypic distinctions between cells with known differences in tumorigenicity. Single-cell
cytometry is needed to obtain sub-cellular sensitivity for quantifying the electrophysiology
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distinctions, whereas high-throughput measurements (>5000 cells per population) are
needed to ensure statistically relevant variations between the respective populations. Based
on a normalized impedance phase metric that depends on the cell permittivity to
conductivity ratio and its consistence based on DEP spectral measurements, we show
systematic differences in electrophysiology of the cell interior as a function of
tumorigenicity of the cell population and use genetic analysis to explore some of the
molecular processes that likely contribute to the measured subcellular electrophysiological
differences. These systematic electrophysiology-based differences could provide a label-free
marker for stratification of PDAC cells based on their tumorigenicity and enable strategies
for their selective dielectrophoretic isolation from heterogeneous samples, which would
eventually aid in prognostic studies on patient survival and therapy selection.

2. Materials and methods

2.1. Microfabrication

The electrode design was defined on two 4” glass wafers (D263, Schott) using a photomask
(Photosciences) to pattern AZ 1505 (Microchem), before a Ti/ Au (20 nm/ 200 nm) layer
was deposited by e-beam evaporation (CHA-50, CHA). Upon lift-off in acetone with
ultrasonication, SU-8 3050 (Microchem) was spun onto one of the identical substrates to
give a film thickness of ~30 um for use as the microchannel layer. Upon UV exposure and
resist development, the two wafers (one containing the SU8 structures) with facing gold
microelectrodes ~45 pm wide (with a spacing of ~15 um) were aligned and brought into
contact (EVG 620, EV Group). Thermal bonding of the wafer complex was performed at
180 °C using a bonding pressure of 10 kN for 1 h with vacuum established at 5900 mbar
(EVG 510, EV Group). The bonded wafer complex was cut into individual dies using a
dicing saw (DAD3220, Disco). Fluidic access holes were drilled using a CO, laser (50 W at
80% power and 40% speed, VSL 3.5, Versa). A finalized device can be seen in Figure 1a,
with key characteristics highlighted. Chips were assembled in a 3D printed holder which
housed all fluidic and electrical connections.

2.2. Derivation of patient-derived xenografts and cell lines

PDAC tumor samples MAD 12-188, 09-366, 12—-395, 14-449, 08-608 and 08—738 were
generated from remnant human tumor surgical pathology specimens collected in
collaboration with the University of Virginia Biorepository and Tissue Research Facility and
with the approval of the University of Virginia Institutional Review Board for Health
Sciences Research following written informed consent from each patient. Tumors were
propagated orthotopically on the pancreata of immunocompromised mice. Tumor growth
characteristics were measured, samples were collected for genotyping, and xenograft lines
were established, as previously described [32, 33]. Cells were transduced with firefly
luciferase lentivirus (KeraFAST), selected using puromycin and maintained in RPMI11640
with 10% FBS and 2 mM glutamine. Fresh cell aliquots were thawed, propagated, and used
for experiments.
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2.3. Sample preparation

Confluent cells in Dulbecco’s Modified Eagle Medium (DMEM) [Gibco, USA] were
aspirated, washed in PBS and exposed to 0.5% trypsin for 5 mins at 37 °C. Cells were
resuspended in 5 mL DMEM and centrifuged at 300 g for 10 mins. DMEM was aspirated,
the cell pellet was resuspended in 1x PBS, 500 mM EDTA, and 0.5% Bovine Serum
Albumin and filtered through a 100 um cell strainer. Cells were then counted with a
hemocytometer and diluted to a concentration of ~2 x 10° mL~1. Reference particles (7 pm
diameter) at a concentration of ~1.2 x 10° were added to the buffer to account for system
non-linearities and inter-measurement variability. An aliquot containing cells suspended for
2 mins 1:1 in a solution of trypan blue (Fisher Scientific) and were counted (100 cells) to
ensure that sample viability was = 90%. A total of 7=9 samples were measured from three
separate batches of each cell type.

2.4. Impedance cytometry

Sample was introduced to the microfluidic channel (~30 um tall by ~60 um wide) device
(set-up in Fig. 1a) at a flow rate of 100 uL min~1 (neMESYS, Cetoni). Sinusoidal voltages at
three discrete frequencies were applied to the top electrodes using a digital impedance
spectroscope (HF2IS, Zurich Instruments) — Fig 1. A voltage of 2 VVpp was applied at each
signal frequency. The reference frequency was applied at 18.3 MHz, the probe frequency
was swept over 24 discrete frequencies between 250 kHz — 50 MHz, and the third frequency
was applied at 500 kHz. The current flowing through the bottom electrodes was converted to
voltage using a current amplifier (HF2TA, Zurich Instruments) which had a gain factor of
1000. A sample-rate of 115,000 Samples s~1 was used to for data acquisition. Lock-in
amplification was used to separate the real and imaginary signal components at each
frequency, from which impedance magnitude and phase are derived (see Fig S1).

2.5. Dielectrophoretic analysis

Confluent cells in Dulbecco’s Modified Eagle Medium (DMEM) [Gibco, USA] were
aspirated, washed in PBS and exposed to 0.5% trypsin for 5 mins at 37 °C. Cells were
resuspended in 5 mL DMEM and centrifuged at 300 g for 10 mins. DMEM was aspirated,
the cell pellet was resuspended in isotonic dielectrophoresis (DEP) buffer (8.8% sucrose,
0.5% BSA solution in DI water), with the conductivity adjusted to 0.15 S m=1 by titrating
back in 1x PBS. Cell concentrations were adjusted to 1 x 106 cells mL~1 and counted by
hemocytometer to confirm concentration. Cells were analyzed using a 3DEP analyzer
(DEPtech, UK) as described previously [26], [34] (see SI Appendix Section B). Data were
analyzed using MATLAB (R2018b).

2.6. Flow cytometry

Flow cytometry was carried out at the University of Virginia Flow Cytometry Core Facility
using a FACS Calibur flow cytometer (BD Biosciences). Data were exported as standard
FCS files and the forward and side scattered light (FSC and SSC) signals were analyzed
using MATLAB (R2018b).
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2.7. Data analysis

Code was written in MATLAB (R2018b) for data processing and statistical analysis. The
impedance signal of each tumor cell was normalized relative to the frequency-independent
impedance response of the polystyrene beads. Tumor cell populations were gated from
smaller debris and larger reference beads using normalized impedance data gathered at the
reference frequency (18.3MHz). The normalized impedance response of gated cells at each
frequency was then plotted and analyzed (Fig S1). Statistical analyses (MATLAB R2018b)
were performed on processed datasets. Significance level was defined at a < 0.05 for all
cases, unless otherwise stated. Independent datasets for each cell line and electrophysiology
parameter, /.., the collections of mean values for electrical diameter, impedance magnitude
opacity and impedance phase contrast (7= 9), were tested for normality using a one-sample
Kolgomorov-Smirnov test (using MATLAB kstest function). The independent parameter
datasets passed normality tests. One-way ANOVA tests were then performed on each group
of parameter datasets, /.e. comparing datasets for all cell lines for each electrophysiology
parameter, with the null hypothesis being rejected for all cases (p < 0.05). Thus, multiple
two sample Students’ #tests were performed, comparing individual cell lines for each
electrophysiology parameter in order to assess statistically significant differences between
cell lines parameters. Statistical significance levels were adjusted using Bonferroni
correction for the multiple comparisons (n7= 15) performed: *p < 0.05/ 15 ~ 0.003 level;
**p<0.01/15 ~ 0.0007 level; ***p< 0.001/ 15 ~ 0.00007 level.

2.8. Bioinformatics Analysis

Gene expression profiling was performed on PDX PDAC tumors from all samples.
Microarray data were generated using the GeneChip Human Gene 2.0 ST Array Chipset and
analysed in an R/Bioconductor programming environment. Raw gene expression data were
preprocessed using the pa.Augene.2.0.stthe oligo [PMID: 20688976] packages. Differential
expression analysis and gene set variability analysis were implemented using the /imma
[PMID: 25605792] and gsva [PMID: 23323831] packages. A gene set collection of gene
ontology terms describing molecular function (GO:MF) were obtained from the Molecular
Signature Database (MSigDB) [PMID: 21546393]. Comparisons were made between the
four KRAS mutant samples and two KRAS wild-type samples.

3. Results and discussion

3.1. Tumor growth characteristics of patient-derived xenografts

Key clinical and genetic characteristics for the group of six patient-derived xenografts
(PDXs) of PDAC tumor cell types used in this study are outlined in Table 1. These include
two tumor cell types: T608 and T366, derived originally from liver metastases (so-called
metastatic mutant or met mui) and two tumor cell types: T395 and T449, derived originally
from primary pancreatic cancers (so-called primary mutant or pri muf). While the
aforementioned tumor cell types were identified to incorporate KRAS mutations at codon
G12, which occurs in ~98% of all KRAS mutant PDAC cases, the remaining tumor cell
types: T188 and T738, were derived from primary stage tumors with no known KRAS
mutations (so-called primary wild-type or pri wi). Tumorigenicity in Table 1 is determined
based on time to tumor growth in a mouse model and invasiveness is determined by
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abdominal or liver metastasis in the mouse [32, 33, 35]. Based on these definitions, the
tumorigenicity of the T608 and T366 tumors (i.e. /met mul) is greater than the T395 tumor
(i.e. pri muf), while the ‘tumorigenicity’ is lowest for the T188 and T738 tumors (i.e. pri wi).
The T449 tumor (i.e. pri mui) shows rapid growth ability, but limited invasiveness. Since,
both the metastatic and primary PDAC cells from the patient were expanded in the spleen of
the mouse model, their respective microenvironments are somewhat similar over the several
generations of expansion of the PDXs. Hence, the chief difference is the far greater
invasiveness of the implanted metastatic PDXs (T608 and T366) versus the primary PDXs of
the same genotype (T395 and T449). While differences from the original patient cells are
possible, the metastatic cell lines tested here should still present a strong similitude to the
metastatic PDAC cells from the tumor site.

3.2. Impedance analysis

The overall device is described in Fig. 1a and the sample collection and preparation steps are
described in Fig. 1b. Using single-cell impedance cytometry (Fig 1b), the electrical
properties were analyzed to investigate detectable differences in the electrical impedance
responses between the respective tumor cell types with known differences in tumorigenicity.
The impedance of each detected event was measured simultaneously at three discrete
frequencies across three decades, thereby creating multiple single-cell datapoints. All data
were normalized using the impedance of co-flowing 7 um reference particles, since these
particles have a tight size distribution and constant impedance across the measurement range
[36]. At low frequencies (0.5 MHz), the presence of an intact lipid membrane makes
biological cells electrically insulating. The resistive maximum measured in the real
component of the impedance signal within this frequency range is related to cell size [37].
At intermediate frequencies (2-5 MHz), capacitance of the cell membrane causes a
reactance peak in the imaginary component of the signal, which occurs directly before the
membrane capacitance is effectively short-circuited [37]. The ratio of impedance magnitude
at intermediate to low frequency (|Z|2 mHz / 1Zl500 kHz) OF the so-called |Z| opacity [37] is
inversely related to the cell membrane capacitance. At frequencies above peak reactance
(10-50 MHz), dielectric properties of the conducting and capacitive regions at the cell
interior dominate the impedance response [37], with the impedance phase determined by the
ratio of permittivity to conductivity.

Fig 2a—c show the real and imaginary components of the impedance signal (250 kHz — 50
MHz) for representative cell types of decreasing tumorigenicity: T608 (met muf), T395 (pri
mud and T188 (pori wi). Using the real and imaginary impedance components, impedance
magnitude (|Z|) and phase (¢Z) can be calculated — refer to Supplementary Information (SI)
Appendix Section A for a description of the background impedance theory. Based on this, a
scatter plot of single-cell data plotted as impedance phase (¢Z) versus magnitude (|Z|) are
shown at three key frequencies (0.5, 2 and 50 MHz) for met mut T608 (Fig. 2d—f), pri mut
T395 (Fig. 2g—i) and pri wt T188 (Fig. 2j—I), which were acquired at a throughput of ~350
tumor cells per second. For reference, the impedance data for all the tumor cell types of
Table 1 are shown in Fig S3 and Fig S4. As apparent from the low frequency impedance (0.5
MHz) in Fig. 2d, 29, 2j, no statistically significant difference in size is detected for the
PDAC cells used in this work (see Fig S5a and S6). Based on the impedance at intermediate
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frequency (2 MHz) per Fig 2e, 2h and 2k, the |Z| opacity shows no statistically significant
difference between the respective tumor types (Fig 3a). Despite this, peak reactance occurs
at slightly different frequencies for each tumor cell type (see imaginary impedance data in
Fig S3), demonstrating variance between the cell membrane capacitance values. The largest
differences between tumor types are most visible in the phase response at 50 MHz (Fig 3b).
Using the ratio of the impedance phase at a high frequency to that at a frequency below the
peak reactance (e.g., ¢Zso mHz ! $Z500 kHz: Fig 3c), the phase response of the cell interior
and cell membrane can be compared to calculate the novel metric that we describe as the ¢Z
contrast. This parameter aggregates the low and high frequency phase differences into a
contrast term that describes the frequency-dependent electrophysiology of different cell
components. By using phase at a low frequency, such as 500 kHz, to effectively normalize
phase signals at higher frequencies, it is possible to take into consideration both permittivity
and conductivity differences at membrane and interior level between samples.

The impedance phase contrast term (#Zprobe frequency / #2500 kHz) for varying probe
frequencies (500 kHz — 50 MHz) is plotted in Fig. 4 for each of the investigated tumor types.
The ¢Z contrast is greatest at high frequencies, which justifies the use of 50 MHz data for
#Z contrast calculation (as suggested per Fig 3b and c). A high ¢Z contrast indicates larger
disparity between the phase shift at high vslow frequency, for example, due to the presence
of capacitive cell components near the cell exterior, the conductive portions of the cell
interior, or a combination of both factors. Such high impedance phase differences have been
reported for so-called “ghost’ red blood cells, known for their lower cytoplasmic
conductivity and compromised membrane in comparison to viable red blood cells [38],[39].
Tumor cells derived from liver metastases (T608 and T366) were found to exhibit ¢Z
contrast with a minimum of 1.25x greater than primary tumor-derived samples of the same
KRAS mutant genotype (T395 and T449) and a minimum of 2x greater than primary tumor-
derived samples of KRAS wild-type genotype (T188 and T738; see Table S1). Specifically,
T608 (met mut) shows 2.3x larger ¢Z contrast than T188 (pri wi), while T395 (pri mui)
shows 1.5x larger ¢Z contrast than T188 (pr/ wi). Furthermore, there were no statistical
differences in ¢Z contrast between tumor cells with same origin and KRAS mutant
genotype, /.¢e., T608 versus T366, T395 versus T449, and T188 versus T738 (Fig 3c; see
Table S2). However, when individually comparing met muttumor cells (T608 or T366) to
either pri muttumor cells (T395 or T449) or pri wittumor cells (T188 or T738), statistically
significant differences were observed, ranging from p < 0.003 to p < 0.00007 levels. Finally,
when individually comparing pri mutto pri wttumor cells, only T188 showed statistically
significant differences to either T395 or T449.

On average, PDAC cells originally isolated from liver metastases (T366 and T608) had a
~1.4x greater ¢Z contrast than pancreas-derived samples of the same KRAS mutant
genotype (T449 and T395; see Fig 4 and Table S1); with these differences being statistically
significant ( p < 0.003; Fig 3c). Since metastaticity is linked to a higher expression of the
mesenchymal phenotype genes [40], [41], [42], it would be of interest in future studies to
investigate whether impedance phase can provide information on the expression level of this
mesenchymal phenotype of tumor cells. Given that four out of five of PDAC patients die due
to the development of metastases [2, 43], such an electrical measurement of the phenotype
can aid in predicting patient survival in prognostic studies and help in therapy selection.
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3.2. Dielectrophoresis analysis

To validate the electrophysiology differences between the PDAC cell types observed by
impedance cytometry, we used dielectrophoresis (DEP) analysis to compare the respective
cells. Specifically, we compare representative cell types of decreasing tumorigenicity (per
Table 1): T608 (met muf), T395 (pri mut) and T188 (pri wi). Using single-shell model fits
[23] to the DEP spectra, we quantitatively compare each cell line based on their subcellular
electrophysiology (see SI Appendix Section B and Table S3a and S3b for a detailed
description of the modelled parameters). Fig. 5 shows the DEP frequency spectra (measured
in media of moderate conductivity - 0.15 S m™1) and the optimal single-shell model fitting
curves. Cell size estimation from the single shell model (Table S3) is in agreement with cell
size estimation from impedance cytometry (Figure S6), with the met mut T608 being the
largest of the three analysed cell lines (8.5 um - DEP and 8.8 u m — impedance cytometry).
Furthermore, the DEP frequency spectra in Fig. 5 show the highest crossover frequencies
(%ross-over) Tor T608 (£ross-over ® 1.2 MHz), followed by T395 (£gss-over ~ 640 kHz) and
T188 (fross-over ® 260 kHz). These differences in %yoss-over indicate a clear dissimilarity in
reactive elements between the cell lines, which are quantified by the estimated membrane
capacitance (Chenprane) from the single shell model (Table S3). This stratification in
membrane properties could be related to known alterations of membrane conformations or
intracellular folds observed in multiple cancer cell lines [25]. At frequencies above the DEP
crossover frequency, wherein cells are polarized to exhibit positive DEP (pDEP), the met
mut T608 tumor cell type exhibits the lowest pDEP levels, followed by those of pri mut
T395 tumor cell type of the same mutant genotype, while the pri wt T188 tumor cell type
lacking mutations shows the highest pDEP levels. Since electrophysiology of the cell
interior dominates the DEP force response beyond %oss-over, fits to the DEP spectra using
the single-shell model (Table S3b) show significantly higher interior conductivity for T188
(1.2 S m™1) versusthe more invasive T395 and T608 cell types (0.4 S m™1). Hence, the
lower interior conductivity of the metastatic T608 and the aggressive primary T395 cell
types versus that of the T188 cell type are consistent with the higher levels in impedance
phase for T608 and T395 cell types, since impedance phase depends inversely on
conductivity.

3.3. Bioinformatics Analysis

To identify the factors contributing to the described electrophysiological differences, gene
expression data was gathered for all six PDAC cell lines. Recent genomic analysis [44]
showed little difference between the primary versus metastatic cell types used in this work,
even though we observed significant phenotypic differences between the respective cell
types based on their electrophysiology. Impedance phase enhancement with tumorigenicity
that is measured in the current study is consistent with the trend of prior studies showing a
greater level of intracellular folds within tumorigenic cells [25], which would increase cell
permittivity to enhance impedance phase. Since our impedance and DEP results suggest that
the most significant electrophysiology differences occurred between tumor cell types: pori wt
vs. mut (including priand mei), we stratified gene expression data along these categories to
identify potential mechanisms involved between KRAS wild-type vs. KRAS mutant
electrophysical phenotypes.
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Gene Set Variation Analysis (GSVA) [45] was performed using the Gene Ontology
Molecular Function (GO MF) collection [46, 47]. Of the 24 gene sets found to have
statistically relevant differences in expression levels in KRAS mutant PDAC cells compared
to those for wild-type cells (p < 0.05), six were associated with transmembrane transport of
ions/ solutes, with three gene sets related to the upregulation of glutamate-activated ion
channels, two to the upregulation of various sodium ion (Na*) cotransporters, and one to
adenosine triphosphatase (ATPase)-driven cation transport per Fig 6. Membrane transport
proteins can influence cell electrophysiology by allowing the transfer of charge across the
membrane or change the interior conductivity through the accumulation or depletion of
intracellular ions in the cytoplasm. Contained in Table S4 are details of the dysregulated
genes within each gene set associated with ion/ solute transport. Three gene sets associated
with glutamate-activated ion transport were found to have upregulated expression in KRAS
mutants, which implies that glutamate may be used by KRAS mutant PDAC cells [6].
Specifically, gene sets associated with glutamate receptor activity (p < 0.01), ionotropic
glutamate receptor activity (p < 0.01) and metabotropic glutamate GABAB-like receptor
activity (p < 0.05) were upregulated. Within the former two gene sets, expression of genes
associated with various subunits of each of the three types of ionotropic glutamate receptors
were upregulated, 7.e., the N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionic acid (AMPA) and kainite receptors [48]. Upon activation by glutamate
or glutamate-like agonists, these ion channels have high permeability for Na* and potassium
(K*) ions, plus a lower permeability for calcium ions (Ca2*) [48]. With reference to
dysregulated metabotropic glutamate GABAB-like receptor activity gene set, expression of
GRMZ, GRM4and GRM&6 were upregulated. These genes encode metabotropic glutamate
receptors that are believed to reduce NMDA receptor activity [49, 50]. Altered sensitivity to
glutamate and glutamate-like agonists in KRAS mutant cells may contribute to the detected
electrophysiological changes reported here, by means of significantly altering ion transport
patterns. The expression of two gene sets associated with Na* cotransport was also
significantly upregulated in KRAS mutant PDAC cells: solute sodium symporter activity (p
< 0.05) and /norganic anion transmembrane transporter activity (p < 0.01). Specifically,
genes were upregulated which encode solute symporters or ion cotransporters that are
permeable to Na* and either of glucose, citrate, bicarbonate, phosphate, sulfate and chloride
— the latter four of which are anions and could contribute to changes in electrophysiology.
Dysregulated transport of Na* would have a significant role in the induced
electrophysiological change detected for KRAS mutant cells. Not only were several genes
related to Na* symporters and cotransporters upregulated, but Na* is also highly permeable
through the glutamate receptors highlighted previously [48]. Since KRAS mutant PDAC
cells exhibited a lower level of interior conductivity (Fig 4 and Fig 5), the net direction of
ion/ solute transport is likely biased towards cellular extrusion, which is especially
significant given the number of genes identified with upregulated expression which are
involved in Na* transport.

Another potentially contributing factor that has been discussed in recent literature is the
effect that KRAS mutation has on calcium signalling [51, 52], since the KRAS-MAPK
effector pathway and Ca2* pathways interact at many levels [53]. Previously, we showed that
combination therapy with the MEK inhibitor trametinib plus the T-type calcium channel
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inhibitor mibefradil caused significant growth inhibition of KRAS mutant patient-derived
PDAC tumors [50]. Moreover, this combination therapy resulted in near complete growth
inhibition of PDAC tumors that had acquired resistance to trametinib. Meanwhile, Pierro et
al. [51, 52] showed that colorectal cancer cell lines with oncogenic KRAS exhibited Ca2*
release suppression mechanisms, which conferred a survival advantage. A gene set
associated with cation transporting ATPase activity was identified to have significantly
dysregulated levels of expression in KRAS mutant cells than wild-type cells (p < 0.05) — see
Fig 6. Specifically, expression of ATP2A3, which encodes a protein that enables the transfer
of Ca2* from the cytosol to the endoplasmic reticulum [54], was upregulated. The
expression of ATP2C1, which encodes a membrane-bound, ATP-powered calcium pump
called hSPCAL1 [55], was downregulated. Transport of cytosolic Ca?* to the Golgi apparatus,
for intracellular and extracellular distribution, is enabled by hSPCAL. Hence, the lowered
interior conductivity of KRAS mutant PDAC cells may be explained by the removal of Ca2*
ions from the cytoplasm and their subsequent stockpiling at the endoplasmic reticulum.

4. Conclusions

Based on high-throughput single-cell impedance cytometry measurements using patient-
derived PDAC cell types of varying tumorigenicity, we observed significantly higher levels
in impedance phase signal for cell types obtained from metastatic versus from primary
tumor sites of the same KRAS mutant genotype, while cells from primary tumors possessing
KRAS mutations exhibited higher impedance phase signal versus those lacking KRAS
mutations. Since impedance phase varies in inverse proportion to conductivity, these
observations were consistent with a lowered level of interior cell conductivity determined
based on dielectrophoretic spectra for metastatic versus primary PDAC cell types and for
those with versus without KRAS mutations, as apparent from lowered positive
dielectrophoresis levels and upshifted dielectrophoretic crossover frequencies. Since the
most significant electrophysiological differences were observed between tumor cells
obtained from KRAS wild-type versus KRAS mutant genotype (including primary and
metastatic tumors), the gene expression data were stratified along these categories to suggest
oncogenic KRAS-driven processes that may potentially be responsible for the detected
variation in electrophysiological phenotype. Upon validation of the findings using a larger
sample pool, we envisage that single-cell impedance cytometry could be used to rapidly
provide clinicians with information about the tumorigenicity and/ or metastatic potential of
an individual’s PDAC for tailoring therapies and prognoses.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. High-throughput (~350 cells/s) impedance cytometry to measure ~10,000
cells/sample
. Samples of patient-derived pancreatic tumor xenografts of varying

tumorigenicity

. Impedance phase due to electrophysiology of cell interior varies with
tumorigenicity

. Lowered interior conductivity and enhanced permittivity for cells of higher
tumorigenicity

. Validated based on level of positive dielectrophoresis and its crossover
frequency
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Fig 1:

(a) Schematic of the experimental setup and photo of a finalized impedance cytometry
device. Some of the key characteristics are highlighted. Insert shows a schematic of the
device detection region. A custom 3D printed holder houses the device and all fluidic and
electrical connections. The inlet is connected to a syringe pump and the outlet is connected
to a waste syringe. An impedance spectroscope (HF2IS, Zurich Instruments) outputs the AC
signal and a custom printed circuit board (PCB) connects the output signal to the top
detection electrodes. The current flowing through the bottom detection electrodes is
transmitted via another custom PCB to the signal inputs of the impedance spectroscope. (b)
From PDAC patient to microfluidics via the xenograft model. (1) Tumor samples collected
from the pancreas or liver of PDAC patients through surgical resection and (2) implanted
and propagated in immunocompromised mice as a xenograft (PDX). (3) PDAC cell lines
were then established from surgically resected PDX and (4) maintained in RPMI1640 at

37 °C. (5) PDAC samples were then aspirated, washed and resuspended in impedance
cytometry buffer. (c) Schematic representation of the impedance cytometer detection region
operation. PDAC tumor cells in PBS flow through a microchannel which includes the two
sets of detection electrodes. PDAC tumor cells in PBS flow through a microchannel which
includes two sets of facing microelectrodes. Voltages at three discrete frequencies (f1, f2
and f3) are applied to the top electrodes and the differential current at the bottom electrodes
goes through a current amplifier. The response at each frequency is demodulated using lock-
in amplification to give real and imaginary impedance data at discrete frequencies. The steps
of the idealized measurement are annotated tg to t,.
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Impedance data for representative cell types of decreasing tumorigenicity: T608 (/met mui),
T395 (pri mut) and T188 (pri wi). Normalized data for the real component (downward-
facing arrows) and imaginary component (upward-facing arrows) of the impedance signal
for (a) T608 (met mui), (b) T395 (pri mui), and (c) T188 (pri wi) plotted as mean + SEM; n
=9 for each datapoint. Low frequencies are within the red-shaded frequency decade,
intermediate frequencies within the green-shaded decade and high frequencies within the
blue-shaded frequency decade. Red, green or blue markers indicate impedance at 500 kHz, 2
MHz or 50 MHz, respectively. Impedance phase (¢Z) is plotted against magnitude (|Z|) for
met mut 1608 (d-f), pri mut T395 (g-i) and pri wtT188 (j-I) at 500 kHz, 2 MHz and 50
MHz, respectively. Red circular markers with dashed red lines show population means and
annotated confidence ellipses, which contain ~50% of detected events. Each scatter plot
shows ~6000 plotted events.
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Fig 3.

Electrical properties for PDAC samples calculated using multi-frequency impedance data: a)
magnitude opacity and c) phase contrast for PDAC cells. Violin plots show population
distribution for each cell line (color-coded) with median values (solid line). Overlaying
markers show individual means (n7=9) for all cell lines. Statistical significance (post
Bonferroni correction for multiple comparisons): *p < 0.003 level; **p < 0.0007 level; ***p
< 0.00007 level. b) Impedance phase (¢Z2) is plotted against magnitude (|Z|) for met mut
T608, pri mut T395 and pri wt T188 at 50 MHz. Circular markers (color-coded) with dashed
red lines show population means and annotated confidence ellipses, which contain ~50% of
detected events. Each scatter plot shows ~6000 plotted events.
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Fig 4:

Phgase contrast spectra for PDAC samples. For each detected event, phase at the varying
probe frequency (500k — 50 MHz) is divided by phase at the low reference frequency (500
kHz) to calculate phase contrast across three frequency decades. The color map shows
average phase contrast across the probe frequency range for each sample (n7=9) of the cell
lines; O (black) = low phase contrast, 3 (blue= high phase contrast.
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Fig 5:

Dielectrophoretic spectra of: a) metastatic PDAC cells of KRAS mutant genotype (T608 -
met mul), b) primary PDAC cells of KRAS mutant genotype (T395 - pri muf) and c)
primary PDAC cells of KRAS wild-type genotype (T188 - pri wi). In each case, the
dielectric force data are plotted as mean + SEM for 7= 10 samples. Color-coded single-shell
model fitting curves (solid line) and estimated crossover frequencies (dashed-lines) are

indicated for each sample type.
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Fig 6:

Gene sets associated with ion/ solute transport in PDAC cells were enriched for differential
expression when comparing KRAS mutant to KRAS wild-type samples. (a) Proportion of
upregulated (red) and downregulated (blue) genes within each gene set from a collection of
GO (Gene Ontology) terms describing molecular functions. Diamond markers indicate the
number of genes with dysregulated expression using gene set variability analysis. (b)
Overall expression dysregulation trend for each gene set. Darker shade indicates larger
variation in (a) rate or (b) trend. gra = glutamate receptor activity, igra= fonotropic
glutamate receptor activity, mggra= metabotropic glutamate GABAB-like receptor activity,
latta= inorganic anion transmembrane transporter activity, sssa= solute sodium symporter
activity, and ctaa = cation transporting ATPase activity. Statistical significance: *p < 0.05
level; **p < 0.01 level.
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Characteristics of PDX PDAC tumors and cells.

Table 1.

Tumor  Tumorigenicity Invasiveness Clinical Stage™ KRAS statusT Codon mutation detailsi
Time to growtha Metastatic rateb G12 Gl2 G12
T608 2.0 months 100% met mut aal2(G=>D) None None
T366 2.8 months 75% met mut aal2(G=>D) None None
T395 4.5 months 40% pri mut aal2(G-L) NT NT
T449 2.0 months 0% pri mut aal2(G=>D) NT NT
T188 6.0 months 100% pri wt None NT NT
T738 7.2 months 25% pri wt None None  None

a .
- in mouse model

b . . .
— in abdominal or liver

*

met - metastatic; pri— primary

F

mut- mutant; wt - wild-type.

¢NT - not tested.
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