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ABSTRACT

FROST450, A NOVEL MICROTUBULE TARGETING AGENT: RESISTANCE AND
CROSS-RESISTANCE IN AN OVARIAN CANCER CELL LINE

J. Chancellor Fox
Exercise Science Department
Bachelor of Science

Drug resistance remains problematic for chemotherapy treatments. As primary treatment
strategies tend to lose potency against cancer, there is a need for treatment options that
overcome drug resistance mechanisms. FROST450, a novel microtubule destabilizing
agent, has proven anticancer effects that overcome taxane and multidrug resistance.
However, to better understand the clinical potential of FROST450, in this study we
examine the mechanisms and implications of acquired FROST450 resistance in an A2780
ovarian cancer cell line. Results indicate FROST450 resistance is associated with
increased mitochondrial respiration and with changes in gene sequence or expression
level of proteins associated with microtubules, and that these mechanisms do not confer
cross-resistance to other common microtubule targeting agents. In addition, our findings
suggest a differentiation between short- and long-term drug resistance mechanisms.
Resultantly, FROST450 has the potential to be an important treatment option for cancer
patients.
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Introduction
Chemotherapies are a long-established cancer treatment. Among these therapies are drugs
that either inhibit or stabilize microtubule polymerization as a means of preventing cell
division. Since microtubules are required for cell division and cancer cells are fast, often
continuously dividing, they are particularly sensitive to these microtubule targeting
agents (MTAs). Taxanes and vinca alkaloids are main drugs in this class, and significant
treatment success has been achieved with these agents. In fact, taxanes and vinca
alkaloids are the most successful cancer treatments developed to date, having
dramatically altered survival across a number of cancer types (Jordan, 2004; Wani, 1971;
King, 2009).
Despite this, tumors in patients treated with these drugs are likely to develop resistance to
the treatments, a result of selection for mutations that drive drug resistance (Longely,
2005). These mechanisms will either be acquired through new genetic mutation or from
selection of a small subset of the cell population that already has the resistant genes
(Holohan, 2013). Several mechanisms of taxane and vinca resistance have been
identified, though others remain poorly characterized. These mechanisms vary in how
much cross-resistance is generated against other microtubule targeting or
chemotherapeutic agents (Holohan, 2013).
One broad mechanism of resistance is through general, or “multi-drug”, resistance. The
molecular mechanism of this form of resistance is the action of ATP-binding cassette
(ABC) transporters that serve to export drug-like molecules from the cell, reducing the
intracellular concentration and allowing the cell to survive high drug concentrations. The
main transporter of this type, P-glycoprotein (PGP), is encoded by the multi-drug
resistance 1 gene (Krishna, 2000; Thomas, 2003). Taxanes and vincas are substrates of
PGP, and cells that increase expression of this transporter become resistant to these
treatments. Interestingly, PGP upregulation can be selected for during treatment with
other unrelated drugs that are also PGP substrates, meaning pre-treatment with any PGP
substrate drug can drive resistance against all other treatments that are PGP substrates
(Holohan, 2013).
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Taxane or vinca resistance may also occur through non-PGP mechanisms, some of which
may or may not provide cross resistance to other MTAs. One example is increased
expression of III tubulin, which confers resistance to a number of MTAs but not to
chemotherapeutics of different mechanism (Stengel, 2010). The most selective
mechanism of resistance appears to be point mutations in tubulin genes, which are likely
to confer resistance to only specific classes of microtubule targeting agents, or even only
to specific analogs within a class (Giannakakao, 1997; Kavallaris, 2001; Nami, 2018). No
matter the resistance mechanism acquired, taxanes and vincas can be rendered either
partially or completely ineffective in the clinic; resultantly, a second-line anticancer
treatment that overcomes those acquired resistance mechanisms is required in many
cases.
Acquired taxane resistance occurs frequently in a number of cancer types, but is
particularly problematic in ovarian cancer. Standard first-line treatment for ovarian
cancer is normally a combination of a DNA-damaging platinum compound (i.e. cisplatin
or carboplatin) and a microtubule-stabilizing taxane compound (i.e. paclitaxel)
(Katsumata, 2013). Taxane and platinum resistance almost inevitably develops and the
primary treatment strategy will begin to fail. Several second-line treatment options exist,
but these tend to be highly focused on specific ovarian cancer subtypes and have limited
success in generating positive patient responses. In comparison to the first-line treatment,
current second-line treatments typically generate poorer patient responses in general
(Brewer, 2006; Ushijima, 2013).
In this study, we propose to work with a novel microtubule inhibitor, FROST450.
Referred to in previous literature as D4-9-31, FROST450 has proven potential against
ovarian cancer: it arrests cell growth in a number of ovarian cancer cell lines and has
proven tumor growth inhibition activity in animal models, including ovarian cancer
xenografts. Also in previous studies, breast cancer cells with acquired resistance to
paclitaxel demonstrate no increased resistance to FROST450; there is no taxaneFROST450 cross-resistance in cell lines that have acquired taxane resistance.
Furthermore, patient-derived xenografts that are refractory to taxane treatment remain
susceptible to FROST450, including examples where total tumor ablation is observed.
2

This indicates FROST450 can remain effective as a treatment even after taxane resistance
emerges in the clinic (Siddiqui, 2017, 2018).
Our hypothesis, therefore, is that the reverse will be true: ovarian cancer cells with
acquired resistance to FROST450 will demonstrate no acquired resistance to taxanes. We
also hypothesize that cells resistant to FROST450 will display genetic changes different
from established mechanisms of taxane resistance. To test these hypotheses, we have
three specific aims:
SPECIFIC AIM 1: Identify cellular changes associated with acquired resistance to
FROST450.
SPECIFIC AIM 2: Determine the resistance of FROST450-resistant ovarian cancer cells
to other antimitotic agents.
SPECIFIC AIM 3: Identify genetic changes associated with acquired resistance to
FROST450.
Our long-term goal is to continue validating the potential of FROST450 as a treatment for
ovarian cancer and prepare it for clinical trials in this disease. Identification of
mechanisms of resistance will allow development of patient selection strategies in
clinical testing. Patients can be screened for pharmacogenomics markers of resistance to
FROST450 prior to treatment in order to select those that are likely to respond to this
novel treatment. This study will help us learn how to position FROST450 in the clinic in
relation to approved microtubule targeting agents.
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Methods
Cell culture
A2780 cells whose identity was validated prior to shipment were used for all experiments
outlined here. Cells were grown in RPMI medium with 10% FBS at 37˚C and 5% CO2.
In order to develop isogenic subclones resistant to FROST450, cultures were treated with
FROST450 at a designated concentration. The FROST450 concentration was maintained
until surviving cells exhibited normal proliferation for a sustained duration in the
presence of the compound, at which point the cells were considered resistant to that drug
concentration. These newly resistant cells were then exposed to higher dose levels in
another iteration, thus generating higher and higher levels of resistance. Within several
passages of achieving an increased resistance level, the new isogenic resistant cell line
was cryogenically frozen and stored in liquid nitrogen.
Measuring cross-resistance to other microtubule targeting agents
The potency of drugs in parental and isogenic resistant A2780 cells was measured by
assessing proliferation and viability at a range of doses. This was done via two methods,
the first using ATPlite reagent. Cells were seeded into 384-well plates, cultured for 24
hours, dosed with the desired drug(s) at the desired concentration(s), and cultured an
additional 72 hours. Each dose was tested in quadruplicate and maintained at 2% DMSO
per well after dosing. Viable cells in each well at the end of the 72-houir period were
quantified using ATPlite reagent. This reagent is a luminescent tag that marks ATP,
allowing cell viability to be determined by measuring cellular metabolic production. The
resulting data was plotted and an EC50 was calculated based on a sigmoidal line fit to the
data, using a MATLAB script
(https://www.mathworks.com/matlabcentral/fileexchange/33604-doseresponse).
The second method used an IncuCyte live-cell analysis system to also measure
proliferation at a range of doses of each desired drug (Essen Bioscience, Ann Arbor, MI).
A 96-well plate was seeded with 1,100 cells per well, dosed with the desired drug at the
desired concentrations, and then placed in the IncuCyte system where photographs of
each well were taken every two hours during a 94-hour duration. Confluency was
4

calculated at each time point. Further data processing was done using both MATLAB and
Microsoft Excel.
Creating heat maps
Every normalized value within the live-cell imaging datasets for parental and resistant
cells was scaled to a [0,10] range using a min-max scaling equation of 𝑥𝑠𝑐𝑎𝑙𝑒𝑑 =
𝑥−𝑥𝑚𝑖𝑛
𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛

. The scaled parental cell line values at each timepoint and condition were

subtracted from the corresponding 15 nM-resistant cell line value. The resulting dataset
created a heat map, with values less than -1 coded red, greater than 1 green, and between
-1 and 1 on a yellow-red spectrum.
Measuring mitochondrial respiration
Mitochondrial respiration was measured as described in Parker et al. (2018): cells were
prepared for mitochondrial respiration as described previously (Sampson, 2017) before
being transferred to Oroboros O2K oxygraph (Oroboros, Innsbruck, Austria)
respirometer chambers. Electron flow through complex I was supported by glutamate +
malate (10 mM and 2 mM, respectively) to determine leak oxygen consumption (GML).
Following stabilization, adenosine diphosphate (ADP) (2.5 mM) was added to determine
oxidative phosphorylation capacity (GMD). Succinate was added (GMSD) for complex I
+ II electron flow into the Q-junction. To determine full electron transport system
capacity in cells over oxidative phosphorylation, the chemical uncoupler carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) was added (0.05 µM, followed by
0.025 µM steps until maximal O2 flux was reached). Lastly, residual oxygen
consumption was measured by adding antimycin A (2.5 µM) to block complex III action,
effectively stopping any electron flow, which provides a baseline rate of respiration.
Extracting and sequencing RNA
Total RNA was extracted from parental A2780 cells and each resistant subclonal line
developed. This was extracted using Direct-zol™ Miniprep kit (Zymo Research, Irvine,
CA), which used a Trizol reagent and ethanol to isolate mRNA after lysing the cells.
RNA from each cell line, which included parental A2780 cells and the isogenic resistant
5

subclones, was sequenced using Illumina Hiseq 2500 sequencing, 200 cycles with paired
ends. Two replicates of parental, 4 nM-resistant, and 15 nM-resistant cell lines and one of
10 nM-resistant were run in one batch.
Differential gene expression analysis
All RNA-seq analyses were conducted using custom scripts written in R with the help of
Dr. Jonathon Hill and based on several Bioconductor packages. First, RNA sequencing
reads were aligned to the GRCh38 genome and counts assigned to genes using the
Rsubread package (Liao, 2013). The resulting count table was used to calculate pairwise
comparisons of 4 nM treatment vs. parental cells, 10 nM treatment vs. parental cells, and
15 nM treatment vs. parental cells using the DESeq2 package (Love, 2014).
Differentially expressed genes identified in each dataset were then used to identify Gene
Ontology enrichments using the DAVID website (Dennis, 2003). Finally, tubular and
microtubule associated genes were selected and specifically analyzed by selecting genes
annotated as microtubule (GO:0005874) or microtubule cytoskeleton (GO:0015630) in
the gene ontology database (Ashburner, 2000).
Variant analysis
Variant analysis was conducted using the RNA-seq data generated and described here.
First, variants from each sample were called using the VariantTools package (Lawrence,
2018). Due to the large number of potential false positives when calling variants from
heterogeneous cultures using RNA-seq, resulting variants in microtubule associated
genes were selected using the microtubule (GO:0005874) or microtubule cytoskeleton
(GO:0015630) GO terms. These lists were further filtered to only include coding
sequence variants seen in more than 25% of the reads and a read coverage of at least 6
reads. The resulting list was converted to hg19 coordinates using the UCSC liftover tools
(Kent, 2002) and their predicted effects determined using polyphen2 (Adzhubei, 2013).
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Results
Developing isogenic cell lines with acquired FROST450 resistance
In order to better identify molecular or cellular mechanisms of drug resistance to
FROST450 and to ascertain whether cells resistant to FROST450 are also cross resistant
to other microtubule targeting drugs, we sought to generate isogenic subclones of cancer
cell lines with acquired resistance to FROST450. We selected A2780 cells, which are
well-characterized and highly sensitive to FROST450 and other microtubule targeting
agents. A2780 are derived from an ovarian cancer, a cancer type that is susceptible to
taxane and platinum resistance. Cultures of A2780 cells were exposed to FROST450 at
concentrations well below those required for total growth inhibition in order to select for
resistant survivors.
Our initial attempts at generating a resistant population were promising, but eventually
failed. Initial drug exposure at 12 nM resulted in widespread cell death across the culture,
leaving a small population of cells that continued to grow in the presence of FROST450,
as expected. However, continued growth in the presence of drug suddenly and
unexpectedly ceased after two to three weeks in culture, leaving no surviving population.
To generate a resistant line that could be maintained in culture, we reduced the exposure
concentration. Even at concentration well below the IC50 (>4 nM), long term survival of
the culture could not be achieved. That occurred even if the concentration was far enough
below the IC50 that there was no significant cell death in the two weeks after initial drug
exposure. Instead, we saw relatively normal cell growth in the exposed culture until an
unexpected and sudden wave of cell death two weeks later left no survivors. Reducing
the dose to 4 nM still presented with this phenomenon of delayed cell death; however, it
was only at that 4 nM concentration that a small subpopulation of cells persisted and
continued proliferation through the event. This 4 nM-resistant subpopulation can grow
indefinitely in the presence of 4 nM FROST450. However, in the subsequent month or
two after the cell death event this A2780 subpopulation exhibited a substantially reduced
growth rate, which gradually increased until equivalent to the growth rate of the parental
cell line again. Upon reaching that point, we declared that culture fully resistant to 4 nM
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FROST450, cryogenically froze samples of the resistant cells, and then increased the
drug dose in the cell culture.
When we sought to increase resistance by exposing the 4 nM-resistant subpopulation
cells to higher drug concentrations, we continued to observe the same phenomenon:
doses of drug that generated no immediate effect on cell viability resulted in a sudden
wave of cell death after two to three weeks of drug exposure. After several iterations of
working with the 4 nM-resistant cells, we were able to generate subpopulations of cells
that can be maintained in the presence of 10 nM FROST450. From this subpopulation we
were able to generate a further subpopulation that withstands the presence of 15 nM
FROST450. We were unable to achieve a higher level of drug resistance in this cell line;
exposure of the 15 nM resistant subpopulation to 20 nM FROST450 results in that
delayed wave of cell death that eventually leaves no survivors. It is interesting that
FROST450 can affect cell viability both immediately upon exposure or after a delay, and
that the delayed effect on cell viability occurs uniformly throughout the culture. And it is
further interesting that the drug concentration generating a delayed wave of cell death is
well below both doses required for the immediate drug response and the calculated EC50.
Taken together, it suggests that there are distinct mechanisms of drug resistance that
contribute differentially to immediate and long-term cell viability.
We next sought to quantify differences in drug sensitivity between the parental A2780
cell line and its resistant subpopulation. Cells were seeded into well plates, exposed to
different concentrations of FROST450, and cell viability measured after 72 hours using
ATPlite reagent. The EC50 of FROST450 against parental A2780 cells is 9.9 nM. This
approach yielded a calculated EC50 of 23 nM against the 15 nM-resistant A2780
subpopulation, indicating an increase in resistance to FROST450, albeit a smaller
increase than typically found in the literature (Fig. 1). However, we became highly
skeptical of the resulting data upon noting that resistant cells grown without drug had
much higher assay values than expected based on those generated from parental cells.
Further, ATPlite assay values diminished significantly at drug concentrations that these
resistant cells easily withstand during normal culturing, as we saw large decreases in
assay values when drug exposure should have had no effect on cell viability. Since
8

ATPlite assay reagent uses ATP content as a proxy measurement for cell viability, we
wondered if metabolic changes might have accrued in the resistant subpopulations, and
that these changes might interfere with our ability to measure drug potency by this
method.

Figure 1: 15 nM-resistant cells have increased EC50. Comparison of A2780 cell proliferation
after 72 hours of growth in the presence of FROST450, as measured by ATPlite reagent, shows
(A) the parental cell line, generating an EC50 of 9.9 nM, and (B) the 15nM-resistant cell line,
generating an EC50 of 23 nM.
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Cellular metabolic adaptations
Metabolic changes are consistent with the paradigm of reported inhibition of
mitochondrial VDAC channels by free tubulin dimers (Maldonaldo, 2010: Sheldon,
2015). We reasoned that a microtubule polymerization inhibitor would raise levels of free
tubulin, thereby decreasing mitochondrial output and ATP production. In order to assess
whether FROST450 resistance is accompanied by changes in metabolic activity such as
altered metabolic output, we measured respiratory activity in cells exposed to varying
doses of FROST450 (Fig. 2). The resistant subpopulation demonstrates increased
mitochondrial respiration compared to parental A2780 cells. Both respiration of parental
A2780 cells and their resistant subclone counterparts is reduced in the presence of
FROST450.

Figure 2: Cellular respiration increases with acquired FROST450-resistance. Mitochondrial
respiration in parental and 15nM-resistant cell lines is compared with and without the addition of
FROST450. Parental cells in control and 5 nM conditions, and 15nM-resistant in control, 15 nM,
and 20 nM conditions are shown. The control resistant cell line shows a much higher baseline rate
of respiration (15nM-R CON) than the control parental cell line (Parental CON), but both
decrease after addition of drug. Respiratory activity was measured across the first two
cytochrome complexes (GMS), the entire electron transport chain (D), and the entire chain with
the addition of an uncoupling agent (F).
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Interestingly, reduced respiration of resistant A2780 cells in the presence of 15 nM
FROST450, a level of exposure to which these cells are accustomed, reaches levels that
are comparable to those of untreated parental A2780 cells. And what is more, increasing
exposure of the resistant cells to 20 nM does not further reduce respiration of the resistant
subpopulation. Taken together, these data are consistent with FROST450 impacting
mitochondrial activity and with associated metabolic changes driving drug resistance.
Further, this suggests that metabolic effects must be considered when using assays that
rely on ATP to measure cell viability in cultures exposed to MTAs.
Quantification of resistance
To circumvent potential inaccuracy from using metabolic measurements of cell viability,
we measured cell growth by monitoring cell confluency with live-cell imaging. After 72
hours of exposure to a range of FROST450 concentrations, confluency data yield an
EC50 of 12 nM against parental A2780 cells (Fig. 3 A). Confluency data being
independent of respiratory effects explains the slightly higher parental EC50
measurement than the 9.9 nM calculated from ATPlite reagent data. For the 15 nMresistant line, the reduction in proliferation of the cells across the concentration range
tested did not yield a sigmoidal curve that was amenable to calculation of an EC50 value
using the same script as for parental cells. Using an estimation based upon the ratio of
EC50 values generated from live-cell confluency versus ATP-based data in parental cells,
the expected EC50 of resistant cells is 28 nM when independent of respiratory effects.
We thus report that the EC50 of FROST450 in the resistant subpopulation is in the range
of 23-28 nM.

11

Figure 3: Live-cell analysis corroborates that the 15 nM-resistant cell line has acquired
drug resistance. A comparison of parental and resistant A2780 cell line proliferation, as
measured by live-cell imaging. (A) comparison of normalized parental cell growth (gray line) and
15 nM-resistant cell growth (black line) in increasing concentrations of FROST450 at 72 hours of
growth, (B) heat map of growth difference between parental and 15 nM-resistant cell lines, with
red indicating parental growth is greater and green indicating resistant line growth is greater, (C)
average growth difference between the two cell lines across all drug doses, with a negative value
showing parental growth is greater. Vertical gray dashed lines approximate the location of the
parental EC50.

Given difficulties of precisely measuring the potency of FROST450 in the resistant
subpopulations, we sought to examine confluency data more holistically. This has the
added benefit of capturing any changes in cell proliferation or viability that occur at times
12

other than the 72-hour timepoint. We normalized confluency data for each condition to
initial confluency conditions and then calculated the difference between data from
parental and 15nM-resistant cells for each condition and timepoint (Fig. 2 B). This
analysis shows that untreated resistant cells grow slower than then untreated parental
cells at the lower concentrations. The proliferation difference between the cell lines
diminishes as drug concentration rises and cell growth slows across both lines, as
expected. As the concentration increases further, the difference in normalized confluence
becomes positive (green) as continued cell growth is only possible in resistant cells. As
expected, positive normalized confluency values appear at or above the EC50 value. The
average difference in normalized confluency for the entire time series at each drug
concentration confirms this interpretation (Fig. 2 C). Taken together, these data confirm
that the 15 nM-resistant subpopulation has acquired resistance to both acute and longterm drug exposure.
Cross-resistance with other microtubule targeting agents
We next sought to ascertain whether FROST450-resistance confers cross-resistance to
other MTAs. Using cell confluency data captured during live-cell imaging, we calculated
the EC50 values of different MTAs against both parental and FROST450-resistant A2780
cells. We tested microtubule stabilizing agents paclitaxel, to which FROST450 showed
no cross-resistance in our prior report (Siddiqui, 2018), and epothilone B. We also tested
several microtubule polymerization inhibitors, including two that interact with the same
binding site as FROST450, colchicine and indibulin. Sigmoidal curves were fit to data
from both cell lines and EC50 values calculated using MATLAB (Table 1). Using data
generated after 72 hours of drug exposure, no significant change in drug potency is
observed between parental FROST450-resistant cells for any MTA tested
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Drug

Parental
EC50 (nM)

15 nM-resistant
EC50 (nM)

FROST450
Colchicine
Epothilone B
Indibulin
Paclitaxel
Vincristine

12
9.2
5.2
19
2.5
3.4

23-28*
8.7
4
20
2.4
3.9

Table 1: List of EC50s. Calculated from live-cell imaging of parental and 15nM-resistant cell
line growth in the presence of each drug. *Estimation based upon the EC50 calculated from
ATPlite reagent assays.

Given our prior concerns with utilizing data from a single time point only, we evaluated
cross-resistance more thoroughly. Using the same data processing as used for analysis of
FROST450, we examined confluency data for the entire exposure period at every
concentration (Fig. 4). If cross-resistance emerges, growth of the FROST450-resistant
subpopulation would occur at drug concentrations that inhibit growth of parental A2780
cells, specifically at or above the EC50 for that drug. While higher drug concentrations
diminish the growth difference between the parental cell line and its FROST450-resistant
subpopulation, the growth of resistant cells never exceeds that of parental cells at any
concentration for any drug. This is further highlighted when the average difference in cell
confluency for each time series is considered (Fig. 4 C); at no point does the resistant
subpopulation exhibit growth that exceeds that of parental A2780 cells. These data show
that acquired resistance to FROST450 does not confer resistance to any other MTAs
tested.
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Figure 4: FROST450-resistant cells show no cross-resistance against other common MTAs.
Parental and 15nM-resistant cell lines were tested against five other drugs to quantify crossresistance. (A) comparison of normalized parental cell growth (gray line) and 15nM-resistant cell
growth (black line) in increasing concentrations of each drug at 72 hours of growth, (B) heat map
of growth difference between parental and 15nM-resistant cell lines, with red indicating parental
growth is greater and green indicating resistant line growth is greater, and (C) average growth
difference between the two cell lines across all drug doses, with a negative value showing
parental growth is greater. Gray dashed lines approximate location of parental EC50 for each
respective drug.

Bioinformatics analysis
To further elucidate mechanisms driving resistance, we isolated mRNA from parental
A2780 cells and their resistant counterparts for sequencing and bioinformatics evaluation.
Sequencing generated a minimum of 29 million reads for each cell line. Principal
component analysis (Fig. 5 A) reveals differences between the parental cell line and each
resistant subpopulation. Principal component 1 reveals that differences accumulate as
resistance increases, as expected. We also assessed how global gene expression changed
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with resistance, and the gene ontology (GO) categories that emerge from this analysis are
presented in Table 2.

Figure 5: Expression levels become increasingly differentiated as FROST450-resistance
develops. (A) Principal component analysis comparing A2780 cell lines resistant to 4 nM (4-R),
10 nM (10-R), and 15 nM (15-R) FROST450 to parental cells. Principle component 1 (PC1)
accounts for 65% of variation in expression levels, and PC2 accounts for 30% of variance. (B)
The transcriptome of each resistant line is compared to the parental cell line. Phred score
represents -10log10(adjusted p-value), indicating significance. Vertical and horizontal lines
reflect the filtering criteria (log2 fold change = |1| and adjusted p-value = .05, respectively), with
genes exhibiting significant expression changes falling in the left and right quadrants.
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Top GO Categories
Upregulated
Glycoprotein
Cell adhesion
Tumor antigen
Cell junction
Doublecortin domain
Epidermal growth factor

Downregulated
Glycoprotein
Extracellular space
Defense response to virus
Synapse
Growth factor
GPI-anchor

Table 2: Most affected Gene Ontology categories. Comparison of 15 nM-resistant and parental
cells shows the Gene Ontology (GO) categories that are most changed as resistance increases.

In order to identify possible mutational drivers of drug resistance to FROST450, we
searched the RNA-seq data for the appearance of genetic variance. Given that
heterogeneous cell populations are likely to arise from a bottlenecking event such as was
experienced as the subclones acquired resistance, we focused our efforts on tubulin and
microtubule-associated genes. No mutations in any tubulin gene are observed in resistant
cell lines, despite that point mutations in α and β tubulin genes are a well-documented
mechanism of resistance to MTAs. Analysis of microtubule-associated genes reveals
several variants, all of which are point mutations that alter a single amino acid in the
encoded protein (Table 3). However, any relationship of these mutations to drug
resistance is unclear.
We then examined whether changes in expression of tubulin and microtubule-associated
genes could contribute to drug resistance to FROST450 (Table 4). When examining
tubulin genes, we find that expression of tubulin isoform beta 4a (TUBB4A) is increased
almost five-fold in the 15 nM-resistant cell population and expression of tubulin epsilon 1
is significantly downregulated. A larger number of microtubule-associated genes exhibit
changes in gene expression. Taken together, this analysis suggests multiple possible
mechanisms, or combinations thereof, that could drive resistance to FROST450.
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Symbol

Gene Name

Base
Variant

AA
Variant

Location

Polyphen2
Score

ATXN7

ataxin 7

A/G

Q/R

chr3:63996482

0.998

DYSF

dysferlin

G/A

R/Q

chr2:71570632

0.871

EML1

echinoderm
microtubule associated C/G
protein like 1

D/E

chr14:99897166

0.975

KIF26A

kinesin family member
26A

G/A

E/K

chr14:104175006

0.884

LZTS2

leucine zipper tumor
suppressor 2

G/A

R/H

chr10:101002675

0.775

MACF1

microtubule-actin
crosslinking factor 1

A/G

Q/R

chr1:39368254

0.788

NINL

ninein like

G/A

R/C

chr20:25512860

1

Table 3: Variants present in the 15 nM-resistant cell line. Microtubule (GO:0005874) or
microtubule cytoskeleton (GO:0015630) GO terms were used to select for specific proteins
annotated as being associated with microtubules. Of these, all variants present in both 15 nMresistant cell line replicates are listed, with the corresponding polyphen2 score indicating the
likelihood that the mutation is damaging to the protein’s function.
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Symbol

Fold Change
(log2)

Gene Name

P-val (adj)

ARHGAP4
ARHGEF2
BEX4
C16orf45
CCNA1
CLIP2
DCDC2
DCDC2B
DCLK2
DISC1
DNAH11
DNAH12
DNM3
DYNLT3
DYSF
EML5
EML6
FES
FEZ1
GABARAPL1

Rho GTPase activating protein 4
Rho/Rac guanine nucleotide exchange factor 2
brain expressed X-linked 4
chromosome 16 open reading frame 45
cyclin A1
CAP-Gly domain containing linker protein 2
doublecortin domain containing 2
doublecortin domain containing 2b
doublecortin-like kinase 2
DISC1 scaffold protein
dynein, axonemal, heavy chain 11
dynein, axonemal, heavy chain 12
dynamin 3
dynein light chain Tctex-type 3
dysferlin
echinoderm microtubule associated protein like 5
echinoderm microtubule associated protein like 6
FES proto-oncogene, tyrosine kinase
fasciculation and elongation protein zeta 1
GABA type A receptor associated protein like 1

-2.120820654
-1.043918845
-5.276514725
1.128491257
-3.054462921
2.629923344
4.262049541
2.448750434
2.950443148
-2.656700928
1.94322154
2.603051121
-2.309281574
-1.54889945
3.158784183
3.356045479
1.529869259
3.187449015
1.016927623
1.546841652

1.31E-13
1.42E-29
1.15E-06
5.83E-07
0.01567732
4.77E-87
6.63E-22
7.82E-05
2.66E-29
1.28E-12
3.90E-08
0.01013967
2.60E-145
5.84E-09
1.22E-09
9.98E-72
2.52E-07
3.02E-27
0.00036711
9.28E-42

HMMR
KANK4
KIF1A
KIF5C
KIF7
KIFC2
KIFC3
KLHL4
MAP1A
MAP1B
MAP1LC3A
MAP2
MAP6
MAP7D2
MAPRE2
MAPRE3
MAPT
MID1
MTUS1
NUAK1
REEP3
SARM1
SHROOM2
SHROOM3
SLC8A1
SPAG6
SPATA7

hyaluronan mediated motility receptor
KN motif and ankyrin repeat domains 4
kinesin family member 1A
kinesin family member 5C
kinesin family member 7
kinesin family member C2
kinesin family member C3
kelch like family member 4
microtubule associated protein 1A
microtubule associated protein 1B
microtubule associated protein 1 light chain 3 alpha
microtubule associated protein 2
microtubule associated protein 6
MAP7 domain containing 2
microtubule associated protein RP/EB family member 2
microtubule associated protein RP/EB family member 3
microtubule associated protein tau
midline 1
microtubule associated scaffold protein 1
NUAK family kinase 1
receptor accessory protein 3
sterile alpha and TIR motif containing 1
shroom family member 2
shroom family member 3
solute carrier family 8 member A1
sterile alpha and TIR motif containing 1
spermatogenesis associated 7
TATA-box binding protein associated factor, RNA
polymerase I subunit A

-1.12112194
-7.455191343
1.197420273
-1.589718666
1.117452768
1.002146381
-1.554364202
-4.391653806
1.588504474
-1.41985287
1.57405703
1.480934814
3.682590614
-1.136268898
-3.36322778
1.121435853
1.352008594
5.20301267
-2.130044711
1.232476755
-1.065914223
1.367059186
3.766616239
2.548730213
1.352716072
-3.660357355
1.20940318

7.14E-37
1.15E-61
1.60E-64
0.00594655
5.14E-17
9.44E-11
2.00E-12
5.97E-12
3.83E-115
5.06E-65
1.25E-11
6.37E-48
1.08E-10
2.30E-35
6.84E-133
1.47E-08
0.00013803
5.19E-94
5.32E-190
0.00032496
1.25E-54
2.73E-28
9.74E-32
1.44E-242
3.88E-81
0.00046828
1.58E-06

-1.115207927

4.28E-22

TAF1A
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TRIM55
TTLL7
TUBB4A
TUBE1

tripartite motif containing 55
tubulin tyrosine ligase like 7
tubulin beta 4A class IVa
tubulin epsilon 1

-2.822068726
2.29528849
2.327718473
-1.265257394

8.43E-14
1.50E-44
8.84E-53
6.08E-21

Table 4: Differentially expressed genes in the 15 nM-resistant cell line. Microtubule
(GO:0005874) or microtubule cytoskeleton (GO:0015630) GO terms were used to select for
specific proteins annotated as being associated with microtubules. Parental and 15 nM-resistant
line expression levels are compared, and all genes meeting filtering criteria (adjusted p-value <
.05 and log2 fold change > |1|) are listed.
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Discussion
Here we report the generation of FROST450 resistance in an ovarian cancer cell line is
associated with increased mitochondrial output and with changes in gene sequence or
expression level. Resistance emerged after chronic exposure of cells to FROST450.
However, resistance to long-term exposure could only be achieved at doses below those
needed for immediate effects on cell viability, demonstrating that long-term and shortterm resistance are distinct. Interestingly, we find that cells with acquired resistance to
FROST450 display no cross-resistance to other microtubule drugs in short-term exposure
experiments.
Long-term resistance is most likely mediated by increased mitochondrial respiration.
First, we would expect resistance through this mechanism to be broad, rather than highly
specific resistance to FROST450 that we observe for short-term exposure. Free tubulin
dimers have been shown to bind and inhibit mitochondrial VDAC channel (Maldonaldo,
2010; Sheldon, 2015). We show that FROST450 lowers mitochondrial output and it is
likely that this is achieved by increasing free tubulin concentrations in the cell. It follows
that continuous FROST450 exposure has indirect metabolic effects that could prevent
long-term cell viability, though why cell viability suddenly ceases after a period of
prolonged exposure rather than diminishing throughout the exposure period is unclear.
We expect that other microtubule depolymerizing agents would exert a similar effect via
this mechanism and that respiration-derived resistance applies across this class of drugs.
However, it is possible that mitochondrial respiration confers resistance by another
mechanism, noting that increased oxidative phosphorylation has been documented in
association with both platinum and taxane resistance (Ippolito, 2016; Matassa, 2016). But
this suggests the possibility of a general mechanism of resistance that may apply to
microtubule depolymerizing and stabilizing agents, as well as drugs of completely
different mechanism, not a highly selective mechanism of resistance seen for short-term
drug exposure. Either way, the limits of respiration-derived resistance appear to be low,
as we were unable to achieve higher long-term resistance after achieving only 15 nM
resistance from an initial >4 nM baseline long-term resistance in parental cells.
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While the role of respiratory changes contributes to gains in resistance to long-term
exposure to FROST450, it is likely that genomic changes are key drivers of resistance to
acute drug exposure. Our analysis reveals a number of genetic mutations and a larger set
of gene expression changes that may, alone or in combination, drive drug resistance.
Upregulation of tubulin beta 4a has been shown to contribute to taxane-resistance in
cancer cell lines (Atjannasuppat, 2015; Kavallaris, 1997), making it a strong candidate
for a key driver of resistance, despite not seeing cross-resistance to taxanes. Other
mutations include microtubule-associated genes that encode proteins that alter
microtubule stability and these, particularly in combination, likely contribute to drug
resistance.
That long-term and short-term resistance are distinct and mediated by different
mechanisms has interesting therapeutic implications. Drugs that can trigger cell viability
effects via both short- and long-term exposure are likely to have greater efficacy and
generate resistance less frequently. Unfortunately, approved agents are poorly suited to
this task, as their pharmacology requires large, infrequent bolus dosing. Orally available
drugs that can be administered more frequently at lower doses, like FROST450, may take
on a new clinical importance.
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