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ABSTRACT
Rearranged during transfection (RET) rearrangements occur
in 1% to 2% of lung adenocarcinomas as well as other
malignancies and are now established targets for tyrosine kinase
inhibitors. We developed three novel RET fusion–positive (RET+)
patient–derived cancer cell lines, CUTO22 [kinesin 5B (KIF5B)–
RET fusion], CUTO32 (KIF5B-RET fusion), and CUTO42 (echi-
noderm microtubule-associated protein-like 4–RET fusion), to
study RET signaling and response to therapy. We confirmed
each of our cell lines expresses the RET fusion protein and
assessed their sensitivity to RET inhibitors. We found that the
CUTO22 and CUTO42 cell lines were sensitive to multiple RET
inhibitors, whereas the CUTO32 cell line was .10-fold more
resistant to three RET inhibitors. We discovered that our RET+
cell lines had differential regulation of the mitogen-activated
protein kinase and phosphoinositide 3-kinase/protein kinase B
(AKT) pathways. After inhibition of RET, the CUTO42 cells had
robust inhibition of phosphorylated AKT (pAKT), whereas
CUTO22 and CUTO32 cells had sustained AKT activation. Next,
we performed a drug screen, which revealed that the CUTO32
cells were sensitive (,1 nM IC50) to inhibition of two cell
cycle–regulating proteins, polo-like kinase 1 and Aurora kinase

A. Finally, we show that two of these cell lines, CUTO32 and
CUTO42, successfully establish xenografted tumors in nude
mice. We demonstrated that the RET inhibitor BLU-667 was
effective at inhibiting tumor growth in CUTO42 tumors but had
a much less profound effect in CUTO32 tumors, consistent with
our in vitro experiments. These data highlight the utility of new
RET+ models to elucidate differences in response to tyrosine
kinase inhibitors and downstream signaling regulation. OurRET+
cell lines effectively recapitulate the interpatient heterogeneity
observed in response to RET inhibitors and reveal opportunities
for alternative or combination therapies.

SIGNIFICANCE STATEMENT
We have derived and characterized three novel rearranged
during transfection (RET) fusion non-small cell lung cancer cell
lines and demonstrated that they have differential responses to
RET inhibition as well as regulation of downstream signaling, an
area that has previously been limited by a lack of diverse cell line
modes with endogenous RET fusions. These data offer impor-
tant insight into regulation of response to RET tyrosine kinase
inhibitors and other potential therapeutic targets.

Introduction
As understanding of the molecular landscape of non-small

cell lung cancer (NSCLC) has grown, many small molecule
drugs have been developed to inhibit aberrantly activated
receptor tyrosine kinases. Oncogene-targeted therapies have
been very successful in patients with NSCLC harboring
anaplastic lymphoma kinase (ALK), BRAF, epidermal growth
factor receptor (EGFR), ROS1, and neurotrophic tyrosine
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Institute [P30-CA046934].

https://doi.org/10.1124/molpharm.120.000207.
s This article has supplemental material available at molpharm.aspetjournals.

org.

ABBREVIATIONS: AKT, protein kinase B; ALK, anaplastic lymphoma kinase; CCDC6, coiled coiled domain containing 6; EGFR, epidermal growth
factor receptor; EML4, echinoderm microtubule-associated protein-like 4; ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; HPBCD, 2-hydroxypropel beta-cyclodextrin; KIF5B, kinesin 5B; MAPK, mitogen-activated protein kinase; MEK, MAPK/
ERK kinase; MET, hepatocyte growth factor receptor; NF1, neurofibromin 1; NSCLC, non-small cell lung cancer; pAKT, phosphorylated AKT; PCR,
polymerase chain reaction; pERK, phosphorylated ERK; PI3K, phosphoinositide 3-kinase; PLK1, polo-like kinase 1; pRET, phosphorylated RET;
RET, rearranged during transfection; TKI, tyrosine kinase inhibitor; TP53, tumor protein 53.
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kinase receptor alterations (Shaw et al., 2014; Solomon et al.,
2014; Peters et al., 2017; Planchard et al., 2017; Soria et al.,
2018; Hong et al., 2019). Rearrangements involving the
rearranged during transfection (RET) tyrosine kinase occur
in approximately 1% to 2% of lung adenocarcinomas, are
commonly found in papillary thyroid cancers, and more
recently have been identified in breast and colorectal cancers
(Le Rolle et al., 2015; Kato et al., 2017; Paratala et al., 2018).
Notably, there have also been several reports of RET rear-
rangements arising as resistance mechanisms to EGFR and
ALK inhibitors (McCoach et al., 2018b; Oxnard et al., 2018;
Piotrowska et al., 2018; Schrock et al., 2018).
Typically, fusion kinases are activated by their 59 partners

by 1) providing an active promoter to enhance expression of
the chimeric gene and 2) providing a dimerization domain that
promotes constitutive, ligand-independent activation of the
kinase. In lung cancer, kinesin 5B (KIF5B) is the most
common 59 partner linked to RET, occurring in ∼70% of RET
rearrangements (Gautschi et al., 2017). Other fusion partners
such as coiled coiled domain containing 6 (CCDC6), nuclear
receptor coactivator 4, and tripartite motif containing 33 have
also been identified (Takeuchi et al., 2012; Wang et al., 2012;
Drilon et al., 2013). RET canonically activates several key pro-
proliferative and prosurvival pathways, including mitogen-
activated protein kinase (MAPK), phosphoinositide 3-kinase
(PI3K)/protein kinase B(AKT), and Janus kinase/signal trans-
ducer and activator of transcription (Mulligan, 2014). The
growth factor receptor bound protein 2 adapter protein is
recruited to RET Y1062 to activate son of sevenless and
subsequently the MAPK pathway (Ohiwa et al., 1997). GRB2-
associated-binding protein 1 also binds to the Y1062 site and
activates the PI3K pathway (Hayashi et al., 2000).Mutation of
this tyrosine residue has been shown to impair RET’s trans-
forming ability (Asai et al., 1996).
Preclinical studies have shown that RET is amenable to

small molecule inhibition; however, in early clinical trials,
patients with NSCLC with RET rearrangements generally
had poor responses to multikinase inhibitors, including
cabozantinib, vandetanib, and ponatinib (Drilon et al., 2013;
Falchook et al., 2016; Gautschi et al., 2017; Yoh et al., 2017).
There has been great interest in developing more specific and
potent RET inhibitors, several of which have had promising
clinical trial results. Interestingly, one inhibitor, RXDX-105,
yielded no successful responses in patients with the KIF5B-
RET fusion but produced responses in ∼66% of patients with
other 59 fusion partners (Drilon et al., 2019). Two other novel
RET inhibitors, BLU-667 (pralsetinib) and LOXO-292 (sel-
percatinib), have shown higher response rates, including in
patients with KIF5B-RET rearrangements (Subbiah et al.,
2018b,c; Gainor et al., 2019; Drilon et al., 2020). Selpercatinib
and pralsetinib received approval from the Food and Drug
Administration.
Despite overall improvements in response rates to RET

inhibitors, there is still substantial variability in patient
response, the mechanism for which is not well understood.
Availability of RET fusion–positive (RET+) lung cancer
models has been a limitation of prior studies and precluded
a more detailed understanding of the mechanisms that
regulate response or resistance to RET inhibitors. Here, we
describe three novel, patient-derived cell lines, including two
KIF5B-RET+ cell lines. In this study we sought to understand
their response to RET inhibitors, regulation of downstream

signaling, and potential sensitivities to other small molecule
inhibitors. We used several unbiased screening approaches to
address these questions and further explore RET fusion
biology.

Materials and Methods
Cell Lines and Reagents. All cells, except LC-2/Ad cells, were

maintained in RPMI 1640 medium (Corning) supplemented with
10% FBS in a humidified 37°C incubator with 5% CO2. LC-2/Ad cells
weremaintained in50%RPMI1640medium(Corning) and50%Ham’s
F-12 medium (Corning) with 10% FBS. The LC-2/Ad cell line was
purchased from Sigma-Aldrich. All cell lines are tested for myco-
plasma and short tandem repeat profiled every 6 months at the
Molecular Biology Service Center at the Barbara Davis Center for
Diabetes at the University of Colorado Anschutz Medical Campus.
RXDX-105, ponatinib, trametinib, omipalisib, volasertib, and alisertib
were purchased from Selleck Chemicals. BLU-667 and crizotinib were
purchased from Chemietek.

The chemical names for compounds used are as follows:
RXDX-105: Urea,N-[3-[(6,7-dimethoxy-4-quinazolinyl)oxy]phenyl]-

N-[5-(2,2,2-trifluoro-1,1-dimethylethyl)-3-isoxazolyl]-.
Ponatinib: 3-(2-(imidazo [1,2-b]pyridazin-3-yl)ethynyl)-4-methyl-N-

(4-((4-methylpiperazin-1-yl)methyl)-3-(trifluoromethyl)phenyl)benzamide.
Trametinib: N-(3-(3-cyclopropyl-5-(2-fluoro-4-iodophenylamino)-

6,8-dimethyl-2,4,7-trioxo-3,4,6,7-tetrahydropyrido [4,3-day]pyrimidin-
1(2H)-yl)phenyl)acetamide.

Omipalisib: 2,4-difluoro-N-(2-methoxy-5-(4-(pyridazin-4-yl)quinolin-
6-yl)pyridin-3-yl)benzenesulfonamide.

Volasertib: N-((1r,4r)-4-(4-(cyclopropylmethyl)piperazin-1-yl)cyclo-
hexyl)-4-((R)-7-ethyl-8-isopropyl-5-methyl6-oxo-5,6,7,8-tetrahydrop-
teridin-2-ylamino)-3-methoxybenzamide.

Alisertib: Benzoic acid, 4-[[9-chloro-7-(2-fluoro-6-methoxyphenyl)-
5H-pyrimido [5,4-day][2]benzazepin-2-yl]amino]-2-methoxy.

BLU-667: Cyclohexanecarboxamide, N-[(1S)-1-[6-(4-fluoro-1H-pyr-
azol-1-yl)-3-pyridinyl]ethyl]-1-methoxy4-[4-methyl-6-[(5-methyl-1H-
pyrazol-3-yl)amino]-2-pyrimidinyl]-, cis.

Crizotinib: 3-((R)-1-(2,6-dichloro-3-fluorophenyl)ethoxy)-5-(1-(piperidin-
4-yl)-1H-pyrazol-4-yl)pyridin-2-amine.

Patient-Derived Cell Lines. Primary cell lines were derived
from patient pleural fluid or needle core biopsies. For pleural fluid, the
initial fluid underwent centrifugation followed by red blood cell lysis
(ACK Lysis Buffer; KD Medical, Columbia, MD) to isolate nucleated
cells. Adherent stromal cells were removed from the mixture by
culturing the cells overnight on a tissue culture flask. The following
day, the nonadherent cells were collected and subjected to a CD45
depletion step for the additional removal of lymphocytes and enrich-
ment for tumor cells. This refinedmixture of cells was then cultured in
RPMI 1640 medium with 10% heat-inactivated fetal bovine serum
(RPMI-10) until the establishment of the cell line. For needle core
biopsy samples, the tissue was disaggregated using the “mechanical
spill out method” to obtain tumor aggregates free of stromal compo-
nents (Oie et al., 1996). Cell aggregates were plated onto 6 cm plates
and cultured in RPMI-10. Once the tumor cells became the pre-
dominately established cell type in the culture plate, the culture was
subjected to differential trypsinization to dislodge the remaining
minor population of stromal cells. Cells were then maintained in
RPMI-10 for the expansion of the cell line. Institution review
board–approved informed consent was obtained from patients for
the derivation of cancer cell lines. CUTO22 and CUTO32 cells were
derived from pleural fluid; CUTO42 cells were derived from a core
biopsy. All three patients were histologically confirmed to have lung
adenocarcinoma. Comutations were determined from clinical se-
quencing panels from Foundation Medicine (CUTO22) and Guardant
360 ctDNA (CUTO32 and CUTO42).

Drug Screening. Cells were seeded at 1000 cells per well in 384-
well microtiter plates and treated after 24 hours with drug. Each
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library drug was tested in duplicate at 0.5 and 2.5 mM, respectively, in
the presence and absence of 200 nM RXDX-105. Each treatment
condition was performed in duplicate. Cell viability was measured by
CellTiter-Glo Luminescent Cell Viability Assay (Promega) 72 hours
after treatment.

RNA Sequencing. Cells were treated with 100 nM RXDX-105
or vehicle (DMSO) for 24 hours, and then RNA was collected with
the Qiagen RNeasy Mini Kit according to the manufacturer’s instruc-
tions. This was repeated in biologic triplicate. RNA quality was
verified using a Tape Station 2200 (Agilent Technologies), and RNA
concentration was measured using Qubit (Thermo Fisher Scientific).
Library construction was performed using the Universal Plus mRNA
Library Kit (NuGen Technologies), and sequencing was performed
on the Illumina HiSEQ 4000 instrument using single-end reads
(150 bp) by the University of Colorado Cancer Center Genomics and
Microarray Core.

Illumina adapters were trimmed using BBDuk (sourceforge.net/
projects/bbmap/) and reads ,50 bp after trimming were discarded.
Readswere aligned and quantified using STAR (version 2.6.0a) (Dobin
et al., 2013) against the Ensembl human transcriptome [hg38.12
genome (release 95)]. Reads were normalized and differential expres-
sion was calculated using the limma R package (Ritchie et al., 2015).
Gene set enrichment analysis was performed using the fgsea R
packagewith 10,000 permutations (version 1.10.0; A. A. Sergushichev,
preprint, DOI: https://doi.org/10.1101/060012) with hallmark gene
sets from the Molecular Signatures Database (Liberzon et al., 2011).
ThisRNA sequencing data have been deposited in theNational Center
for Biotechnology Information’s Gene Expression Omnibus database
and are accessible through accession number GSE168526.

Reverse Transcription Polymerase Chain Reaction. RNA
was extracted from cells using the Qiagen RNeasy Mini Kit according
to the manufacturer’s instructions. cDNA was generated with the
Invitrogen SuperScript IV First-Strand Synthesis System according
to the manufacturer’s instructions using random hexamers. Poly-
merase chain reaction (PCR) amplification was performed using the
following primer sequences and cycles: echinoderm microtubule-
associated protein-like 4 (EML4) 59-AAGCTCATGATGGCAGTGTG-
39 and RET 59-CAGGCCCCATACAATTTGAT-39, denatured at 98°C
for 5minutes; 40 cycles of 98°C for 30 seconds, 55°C for 30 seconds, and
72°C for 2minutes. This procedure resulted in approximately 900 bp of
PCR product. Sanger sequencingwas performed by the Barbara Davis
Center for Diabetes at the University of Colorado Anschutz Medical
Campus.

Proliferation Assays. Cells were seeded into 96-well plates at
concentrations of 1000–4000 cells per well in RPMI 1640 medium
(Invitrogen) with 10% FBS. After 24 hours, cells were treated with
increasing concentrations of the indicated inhibitors and incubated for
an additional 72 hours. The CellTiter 96 MTS assay (Promega) was
then preformed according to the manufacturer’s instructions. Each
assay was performed in triplicate with three biologic replicates.
Control cells were treated with vehicle only (DMSO) and were used
to normalize MTS data.

Immunoblotting. Immunoblotting was performed as previously
described (Davies et al., 2013). Briefly, cells were lysed in Pierce
radioimmunoprecipitation assay buffer (Thermo Scientific) or T-PER
(Thermo Scientific) supplemented with Halt protease and phospha-
tase inhibitor cocktail (Thermo Scientific). Proteins were quantified
using the DC Protein Assay (Bio-Rad) according to the manufacturer’s
instructions. Fifty micrograms of protein was loaded per sample.
Protein Sample Loading Buffer (LI-COR) was added to lysates that
were then separated on an SDS-PAGE gel. Proteins were then
transferred to nitrocellulose and stained with specified primary
antibodies followed by IR-Dye anti-mouse or anti-rabbit IgG (LI-
COR). Membranes were imaged using the Odyssey Imager and
Odyssey Image Studio Software (LI-COR). Antibodies were as follows,
with dilutions indicated in brackets and product numbers indicated in
parentheses: RET [1:1000] (D3D8R), pAKT S473 [1:2000] (D9E), AKT
(40D4) [1:2000], phosphorylated extracellular signal-regulated kinase

(ERK) 1/2 T202/Y204 [1:2000] (D13.14.4E), ERK1/2 [1:2000] (L34F12),
phosphorylated MAPK/ERK kinase (MEK) 1/2 S217/221 [1:1000]
(41G9), MEK1/2 [1:1000] (L38C12), phosphorylated hepatocyte growth
factor receptor (MET) Y1234/1235 [1:1000] (D26), MET [1:1000]
(L41G3), and c-MYC [1:1000] (D84C12) purchased fromCell Signaling
Technology; phosphorylated RET (pRET) Y1062 [1:1000] (sc-20252)
purchased from Santa Cruz Biotechnology; and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [1:5000] (6C5) and 4G10 plati-
num anti-phosphotyrosine [1:2500] (05-1050) were purchased from
Millipore. GAPDH was included as a loading control in all immuno-
blotting experiments. Three biologic replicates of each experiment
were performed.

Apoptosis Assay. Cells were plated into 96-well plates at concen-
trations of 1000–4000 cells per well in RPMI 1640 medium (Corning)
and incubated for 24 hours. Cells were then treated with the indicated
inhibitors for an additional 24 hours. The Caspase-Glo 3/7 assay
(Promega) was performed according to the manufacturer’s instruc-
tions. Each experiment was completed with three technical replicates
and three biologic replicates.

In Vivo Xenografts and Animal Studies. Female athymic nude
mice were purchased from Envigo. At 5 to 6 weeks old, mice were
anesthetized with 2%–4% isofluorane and injected subcutaneously
with 2 � 106 cells for the CUTO32 cell line and 2.5 � 106 cells for the
CUTO42 cell line per flank injection. Cells were resuspended in
50% RPMI 1640 medium and 50% Matrigel (Corning) prior to
injection. Tumor size measurements were recorded via caliper twice
per week, and the following formula was used to calculate tumor
volume: (length � width2)/2. Once tumors reached volumes of
approximately 150–200 mm3, 10 mice were randomly assigned to
each treatment group. Treatment doses were selected based their use
in the studies referenced below. Mice were treated with 60 mg/kg
BLU-667 [in 10% DMSO, 20% 2-hydroxypropel beta-cyclodextrin
(HPBCD), 10% solutol] (Subbiah et al., 2018b), 1 mg/kg trametinib
(in water) (Hrustanovic et al., 2015), 1.5 mg/kg omipalisib (2.5% poly-
ethylene glycol 400, 2.5% Tween 80) (Posch et al., 2013), 30 mg/kg
alisertib (10% HPBCD, 1% sodium bicarbonate) (Mollaoglu et al.,
2017), or control (10% DMSO, 20% HPBCD, 10% solutol). All treat-
ments were administered once per day via oral gavage. Mice were
treated for 24 days or until the tumorswere too large ormice had other
indications for sacrifice as per our Institutional Animal Care and Use
Committee protocol. BLU-667, omipalisib, and alisertib were pur-
chased from Chemitek; trametinib was from Novartis. Mouse weight
data are displayed in Supplemental Fig. 7.

Statistical Analysis. All statistical analysis was performed with
GraphPad Prism software. IC50 values were calculated with a non-
linear regression analysis log (inhibitor) versus response–variable
slope (four parameters) and fit using least squares regression. Three
regressions were generated from three biologic replicate experiments
(each containing three technical replicates); the IC50 values were then
calculated from interpolated x values for y = 0.5. Mean IC50 and S.D.
were then calculated. Curves displayed in figures are derived from the
pooled date of the same three biologic replicates using the same
nonlinear regression models described above.

Results
Derivation and Characterization of RET+ Patient–Derived

Cell Lines. Currently, there are no commercially available
KIF5B-RET+ cell lines and only one lung cancer cell line with
a RET rearrangement. Therefore, to develop additional
models to study RET signaling in the context of lung cancer,
we established three patient-derived cell lines, CUTO22,
CUTO32, and CUTO42. The CUTO22 and CUTO32 cell lines
harbor KIF5B-RET fusions, whereas the CUTO42 cell line
contains an EML4-RET rearrangement (Figs. 1, A and B).
EML4 is the most common 59 partner in ALK rearrangements
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in NSCLC; however, it is a rare RET 59 partner (Camidge and
Doebele, 2012). Each of these cell lines was derived from
patients with NSCLC at the University of Colorado Cancer
Center. Although the RET breakpoint was conserved at exon
12 in all three cell lines, the two KIF5B-RET+ cell lines had
different KIF5B variants. The CUTO32 cells contain the more
common KIF5B exon 15; RET exon 12 variant, and the
CUTO22 cells contain the more rare KIF5B exon 23; RET
exon 12 variant. Interestingly, the CUTO22 and CUTO32 cell
lines grew in suspension, which is not typical for most non-
small cell lung cancer cell lines; the CUTO42 cell line has
a mixed phenotype with partially adherent cells (Fig. 1B;
Supplemental Fig. 1A). We were able to derive an adherent
subpopulation for the CUTO32 cell line, which was used for all
subsequent experiments, but not for the CUTO22 cell line.
RET+ Cell Lines Exhibit Heterogeneous Responses

to RET Inhibitors. First, we wanted to determine the
sensitivity of each cell line to several different RET inhibitors.
In proliferation assays, the CUTO22 and CUTO42 cell lines
were sensitive to the selective RET inhibitors RXDX-105 and
BLU-667, whereas the CUTO32 cell line was markedly re-
sistant to RXDX-105 and partially resistant to BLU-667. The
CUTO22 and CUTO42 cell lines had ,50 nM IC50 values
forBLU-667, whereas the CUTO32 cell line’s IC50 value was

.300 nM (Fig. 2A). The CUTO32 cell line was also resistant to
the multikinase RET inhibitor ponatinib (Fig. 2A). The LC-2/
Ad cell line, an NSCLC cell line with a CCDC6-RET fusion,
has been previously characterized as sensitive to RET in-
hibition and served as a positive control (Matsubara et al.,
2012; Nelson-Taylor et al., 2017). In vitro, the CUTO32 and
CUTO42 cell lines recapitulated the RET inhibitor responses
of the patients from whom they were derived. The CUTO22
cell line was sensitive to RET inhibitors; however, the patient
these cells were derived from had a mixed response to RET
inhibitors. Because the patient from whom the CUTO22 cell
line was derived had a mixed response to a RET inhibitor, it is
possible that the CUTO22 cell line is derived from a RET
inhibitor–sensitive subpopulation of cells. We found that
treatment of the CUTO22 and CUTO42, but not CUTO32,
cell lines with ponatinib or RXDX-105 resulted in induction of
apoptosis within 24 hours. Apoptosis was increased by at least
200% in all cell lines except for the CUTO32 cell line (Fig. 2B).
RET Fusion Protein Is Expressed and Can Be

Inhibited in a Dose-Dependent Manner by Tyrosine
Kinase Inhibitors in RET+ Cell Lines. We confirmed the
expression of the RET fusion protein in each of our cell lines.
The two KIF5B-RET+ cell lines expressed fusion proteins
that were approximately 150 kDa (CUTO22) and 125 kDa

Fig. 1. RET+ patient–derived cell lines. (A) Schematic describing RET rearrangements in cell lines derived from patients at University of Colorado
Thoracic Oncology. (B) Table describing relevant patient characteristics, cell line growth behavior, and co-alterations detected in clinical sequencing
assays. K23;R12 indicatesKIF5B exon 23;RET exon 12. K15;R12 indicatesKIF5B exon 15;RET exon 12. E19;R12 indicatesEML4 exon 19;RET exon 12,
C1;R12 indicates CCDC6 exon 1; RET exon 12. Adenomatous polyposis coli (APC), tryptophan-aspartic acid repeats (WD)
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(CUTO32); the EML4-RET fusion protein was also about
125 kDa (Supplemental Fig. 1B). Additionally, the presence
of the RET fusion transcript was confirmed via RNA sequenc-
ing in the CUTO22 and CUTO32 cell lines and via reverse

transcription PCR in the CUTO42 cell line (Supplemental
Fig. 1C). Next, wewanted to assess RET inhibition in response
to RET tyrosine kinase inhibitors (TKIs) in our cell lines. RET
phosphorylationwas successfully inhibited in all four cell lines

Fig. 2. RET+ cell lines exhibit differential sensitivity to RET inhibitors. (A)MTS proliferation assays of CUTO22 (blue), CUTO32 (red), CUTO42 (green),
and LC-2/Ad (black) cells treated with increasing concentrations of RXDX-105, BLU-667, or ponatinib for 72 hours. Error bars representmeans6 S.D. for
three replicate experiments. Lower table shows IC50 (nanomolar) values 6 S.D. for each inhibitor and cell line. (B) Measurement of apoptosis induction
with cleaved caspase 3/7 assay after treatment with increasing concentrations of ponatinib or RXDX-105 for 24 hours. Error bars represent means6 S.D.
for three replicate experiments. (C) Western blot analysis of CUTO22, CUTO32, CUTO42, and LC-2/Ad cells treated with increasing concentrations of
BLU-667 for 2 hours. pRET = 4G10 anti-phosphotyrosine in LC-2/Ad cells. (D) Quantification of dose-dependent inhibition of pRET with BLU-667. (E)
IC50 values for pRET inhibition in immunoblot experiment.
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after treatment with BLU-667. Notably, the KIF5B-RET+
fusions and non–KIF5B-RET fusions were inhibited at ap-
proximately equivalent concentrations of a given RET in-
hibitor; however, we noticed a small amount of residual pRET
in the CUTO32 cell line (Figs. 2, C and E). We performed
a time course experiment to determine if therewas a difference
in drug inhibition kinetics among different RET fusion
proteins. We discovered that RET was inhibited within about
30 minutes in all four cell lines and was maintained up to
24 hours (Supplemental Figs. 2, A and B). Overall, these data
suggest that differential responses to RET inhibitors are not
likely to be due to differences in drug binding to the KIF5B-
RET protein.
CUTO22 Cells Have Diminished AKT Inhibition After

Treatment with RET Inhibitors. Next, we investigated
two canonical downstream pathways of RET, the MAPK
pathway and the PI3K/AKT pathway, in our three RET
inhibitor–sensitive cell lines. Remarkably, we observed dif-
ferential signaling responses upon RET inhibition in each of
our cell lines. The CUTO42 cells showed dramatic inhibition of
pAKT after treatment with RET inhibitors, whereas the
CUTO22 cells maintained pAKT (Figs. 3, A and B). We also
noticed differences in inhibition of phosphorylated ERK
(pERK) between different inhibitors. In the CUTO22,
CUTO42, and LC-2/Ad cells we observed more complete
inhibition of pERK with BLU-667 than either ponatinib or
RXDX-105 (Figs. 3, A–C). Because we observed that ourRET+
cell lines showed different downstream signaling after treat-
ment with RET inhibitors, we wanted to assess their de-
pendence on the RAS/MAPK and PI3K/AKT pathways. We
treated the CUTO22, CUTO42, andLC-2/Ad cell lineswith the
MEK inhibitor trametinib and found that the CUTO22 cells
were sensitive to trametinib (Fig. 4A). Surprisingly, the
CUTO42 and LC-2/Ad cells were resistant to MEK inhibition
despite being sensitive to RET inhibitors (Fig. 4A). The
CUTO22 and LC-2/Ad cells were more than five times more
sensitive to trametinib than CUTO42 cells. Additionally, we
found that treatment with 15 nM trametinib did not greatly
enhance sensitivity to RXDX-105 in the CUTO42 cell line but
did enhance RET inhibitor sensitivity in the CUTO22 cell line.
Addition of trametinib to RXDX-105 had moderate effects on
the LC-2/Ad cell line (Fig. 4B). We used the pan-PI3K/
mechanistic target of rapamycin (mTOR) inhibitor omipalisib
to assess our RET+ cell lines’ dependence on the PI3K
pathway. We observed an inverse pattern with omipalisib
treatment, where the CUTO42 and LC-2/Ad cells were more
sensitive to omipalisib than trametinib, whereas the CUTO22
cells were more sensitive to trametinib than omipalisib
(Fig. 4A). The CUTO22 cells were approximately five times
more resistant to omipalisib than the CUTO42 or LC-2/Ad
cells. Treatment with 20 nM omipalisib enhanced sensitivity
to RXDX-105 in the CUTO42 and LC-2/Ad cells but not in the
CUTO22 cells. We confirmed via Western blot that our
trametinib and omipalisib treatments inhibited their
intended targets as indicated by inhibition of pERK and
pAKT, respectively (Fig. 4, D and E). We observed crosstalk
between the MAPK and PI3K/AKT pathways during these
treatments where the CUTO22 cells had a decrease in pERK
after AKT inhibition (Fig. 4D). The RET inhibitor–resistant
CUTO32 cells did not have substantial inhibition of either
pERK or pAKTdespite successful RET inhibition (Supplemental
Fig. 3A). Additionally, these cells were resistant to trametinib

and moderately resistant to omipalisib. Neither inhibitor
sensitized the CUTO32 cells to RET inhibition (Supplemental
Figs. 3, B–D).
Drug Screen Reveals Unique Vulnerabilities in Cell

Cycle Regulation in CUTO32 Cells. We performed a drug
screen with the CUTO22, CUTO32, and LC-2/Ad cell lines
with and without 200 nM RXDX-105 treatment to determine
possible therapeutic vulnerabilities in theRET inhibitor–resistant
CUTO32 cell line. This high-throughput screen included
approximately 300 compounds designed to inhibit a wide
variety of protein targets at one higher concentration (2500
nM) and one lower concentration (500 nM) (Fig. 5A). We found
that the CUTO32 cells were sensitive to three polo-like kinase
1 (PLK1) inhibitors, volasertib, BI2536, and rigosertib. The
CUTO32 cells were also sensitive to several Aurora kinase
inhibitors, alisertib, AT9283, and SNS-314 (Supplemental
Fig. 4). It was notable that the CUTO22 cell line was resistant
to most of the PLK1 and Aurora kinase inhibitors, suggesting
that these cell lines have differential dependencies on these
pathways.
CUTO32 Cells Are Dependent on G2/M Cell Cycle–

Regulating Proteins. We performed proliferation assays on
CUTO22, CUTO32, CUTO42, and LC-2/Ad cells treated with
volasertib, RXDX-105, or RXDX-105 with the addition of 30
nM volasertib. Our results corroborated the drug screen data
and showed that the CUTO32 cells were the most sensitive to
PLK1 inhibition with volasertib. The LC-2/Ad and CUTO42
cell lines had moderate sensitivity (Fig. 5B). Treatment with
alisertib mirrored the results with volasertib and showed that
the CUTO32 cells were most sensitive to Aurora kinase
inhibition (Fig. 5C). The CUTO22 cell line was not sensitive
to either volasertib or alisertib. It has recently been shown in
small cell lung cancer that high MYC expression correlated
with sensitivity to Aurora kinase inhibitors (Mollaoglu et al.,
2017). With immunoblot analysis, we found that the CUTO22
cell line lacked MYC expression but that the CUTO32,
CUTO42, and LC-2/Ad cells, which all had moderate to high
sensitivity to alisertib, expressed MYC (Fig. 5D). Further
support for these conclusions is found in our RNA sequencing
data where we found that genes associated with the G2/M
checkpoint were enriched in the CUTO32 cells compared with
CUTO22 cells in gene set enrichment analysis. E2/F targets,
which promote the G1/S transition, were also enriched in
CUTO32 cells (Fig. 5E).
Co-Inhibition of MET Does Not Enhance Sensitivity

to RET Inhibition. Our RNA sequencing data showed high
expression of MET, which has been shown to promote re-
sistance to targeted therapies (Camidge et al., 2014). MET
expression was high in all of our cell lines but was highest in
the RET inhibitor–resistant CUTO32 cell line (Supplemental
Fig. 5). All four of our cell lines expressed MET in Western
blots, but MET was only phosphorylated in the CUTO32 and
LC-2/Ad cells. Inhibition of MET with 500 nM crizotinib, in
combination with RXDX-105, however, did not sensitize the
CUTO32 cells to RET inhibition (Supplemental Figs. 6, A
and B).
RET Inhibitor Treatment Inhibits Tumor Growth in

CUTO42 Xenografts More Effectively Than CUTO32
Xenografts. Finally, we sought to evaluate the efficacy of
RET, PI3K, MEK, and Aurora kinase inhibitors in vivo. We
subcutaneously implanted CUTO32 and CUTO42 cells into
the flanks of nude mice. Once tumors were established, we
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Fig. 3. RET inhibitors successfully decrease KIF5B-RET activation but show variable MAPK and AKT inhibition. Western blot analysis of RET
inhibition and downstream signaling in CUTO22 (A), CUTO42 (B), and LC-2/Ad (C) cells treated with increasing concentrations of ponatinib, RXDX-105,
or BLU-667 for 2 hours. pRET = 4G10 anti-phosphotyrosine for LC-2/Ad.
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Fig 4. RET+ cells have differential responses toMEKand PI3K inhibition. (A)MTS proliferation assays in CUTO22, CUTO42, and LC-2/Ad cells treated
with increasing concentrations of trametinib or omipalisib. Lower table describes IC50 values 6 S.D. Error bars represent means 6 S.D. for three
replicate experiments. MTS proliferations assays in CUTO22, CUTO32, CUTO42, or LC-2/Ad cells treated with increasing concentrations of RXDX-105
alone or in combination with 15 nM trametinib (B) or 20 nM omipalisib (C). Error bars represent means 6 S.D. for three biologic replicate experiments.
(D) Western blot analysis of cells treated with 10 or 100 nM omipalisib for 2 hours. (E) Western blot analysis of RET+ cell lines treated with RXDX-105,
trametinib, or both for 2 hours. aIC50 not calculated because cells did not reach 50% inhibition of proliferation. bIC50 calculated from N = 2 replicates
because third replicate did not reach 50% of proliferation.

442 Schubert et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Fig. 5. Drug screening reveals unique vulnerabilities in cell cycle regulation. (A) Schematic describing drug screening strategy. CUTO22, CUTO32, and
LC-2/Ad cells were treated with approximately 300 compounds at two fixed concentrations of inhibitors with or without 200 nMRXDX-105. Cell viability
was assayed after 72 hours using Cell Titer Glo. (B) MTS proliferation assays of CUTO22, CUTO32, CUTO42, and LC-2/Ad cells treated with RXDX-105,
volasertib, or RXDX-105 combined with 30 nM volasertib for 72 hours. Error bars represent means 6 S.D. for three replicate experiments. (C) MTS
proliferation assays of CUTO22, CUTO32, CUTO42, and LC-2/Ad cells treated with RXDX-105, alisertib, or RXDX-105 combined with 500 nM alisertib
for 72 hours. Error bars represent means 6 S.D. for three biologic replicate experiments. (D) Immunoblot analysis for MYC expression in CUTO22,
CUTO32, CUTO42, and LC-2/Ad cells. (E) Gene set enrichment analysis of CUTO32 (untreated) compared with CUTO22 (untreated) cells shows an
enrichment of genes associated with G2/M transition and E2F targets in CUTO32 cells. Adjusted p-value (padj), p-value (pval), enrichment score (ES),
normalized enrichment score (NES).
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began daily oral dosing with BLU-667, trametinib, alisertib,
or omipalisib (Fig. 6A). We were unable to establish xeno-
grafted tumors with the LC-2/Ad or CUTO22 cell lines. We
found that the CUTO32 tumors showed a decrease in tumor
growth rate but did not show stabilization of tumor growth or
regression when treated with BLU-667 (Fig. 6B). Consistent
with our in vitro data, the CUTO42 tumors rapidly regressed
with BLU-667 treatment and had sustained tumor growth
inhibition (Fig. 6B). Alisertib was not effective at reducing
tumor growth rate in either the CUTO32 or CUTO42 tumors.
Omipalisib wasmore effective at reducing tumor growth in the
CUTO42 tumors than the CUTO32 tumors, and trametinib
resulted in a modest delay in tumor growth in both models
(Fig. 6B).

Discussion
A lack of RET+ models has previously been a major

limitation in studying RET signaling and response to targeted
therapies in lung cancer. In this study we have derived and
characterized several novelRET+ cell lines that have revealed

differential signaling dynamics, despite harboring the same
driver oncogene. To our knowledge, this is the first example of
a patient-derived NSCLC cell line with EML4-RET fusion.
These cell lines offer the unique ability to study the signaling
mechanisms of endogenous RET fusion proteins with different
fusion partners.
Previous studies have postulated that KIF5B-RET may be

more difficult to inhibit because theKIF5B promoter results in
higher fusion kinase expression than the promoters associated
with other 59 partners, which consequently might require
higher doses of drugs to inhibit (Drilon et al., 2019). In our
RNA sequencing data, RET was most highly expressed in the
CUTO22 cells. The CUTO32 and LC-2/Ad cells had similar
RET expression levels (Supplemental Fig. 5). These data
suggest that there may be other regulation of RET expression
beyond the 59 fusion promoter. Our Western blot and time
course data suggest that pRET is inhibited at approximately
equal concentrations in the KIF5B-RET+ and non–KIF5B-
RET+ cell lines. Furthermore, we did not notice major differ-
ences in RET or pRET expression inWestern blots. It is worth
noting that the CUTO32 and CUTO42 cell lines each contain

Fig. 6. RET inhibitor treatment inhibits
tumor growth inCUTO42 xenograftsmore
effectively than CUTO32 xenografts. (A)
CUTO32 or CUTO42 cells were subcuta-
neously implanted in the flanks of nude
mice. Once tumors developed, mice were
treated once per day with 60 mg/kg BLU-
667, 1 mg/kg trametinib, 1.5 mg/kg omi-
palisib, 30 mg/kg alisertib, or control
(vehicle) via daily oral gavage.N = 10mice
per treatment group. (B) Graphs of per-
cent change in tumor growth (relative to
starting tumor volume at initiation of
treatment). Error bars represent 6S.D.
(C) Summary figure describing potential
for differential recruitment of adapter
proteins in KIF5B-RET+ and non–KIF5B-
RET+ cells. (D) Potential differential sub-
cellular localization of RET fusion proteins.
Glial cell line-derived neurotrophic factor
(GDNF), growth factor receptor bound pro-
tein 2(Grb2).
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different variants of the KIF5B-RET fusion, which could
potentially contribute to their difference in RET inhibitor
sensitivity.
There has been growing interest in understanding fusion

kinase biology and how it is affected by the 59 partner.
Historically, different 59 partners have been largely consid-
ered equivalent in clinical decisionmaking; however, evidence
has been accumulating that they may affect drug responses
and resistance. It has been shown that different ALK variants,
which contain differing lengths of the 59 EML4 gene, have
a significantly different frequency and spectrum of acquired
resistance mutations (Lin et al., 2018). Although the mecha-
nism of this remains unknown, it suggests that each ALK
variant has a unique structure or propensity to develop
resistance through a particular mechanism.
Here, our data suggest that KIF5B-RET+ cell lines may be

more dependent on the RAS/MAPK pathway and lack in-
hibition of pAKT after RET inhibition. It has been previously
shown that PI3K/AKT pathway activation is necessary for
RET to transform cells (Segouffin-Cariou and Billaud, 2000).
It has also been shown that activation of AKT by RET does not
require complete RET internalization after ligand binding but
that activation of ERKdoes (Richardson et al., 2006). Based on
these previous studies, there could be several mechanisms
that regulate this differential signaling. First, it is possible
that different 59 partners lead to differential recruitment and
activation of adapter proteins and downstream pathways
(Fig. 6C). A Drosophila model has shown that KIF5B-RET,
specifically, can recruit other kinases through its kinesin
domain, which further enhances its downstream signaling
activation (Das and Cagan, 2017). Second, it is possible that
the RET 59 partner could alter subcellular localization of the
RET fusion protein, which can subsequently alter its down-
stream signaling (Fig. 6D). In ROS1 fusions it has been
demonstrated that Syndecan-4-ROS1 fusions localized to
endosomes, whereas CD74-ROS1 fusions localized to the
endoplasmic reticulum (Neel et al., 2019). Future experiments
analyzing RET subcellular localization as well as RET binding
partners in our cell lines will be informative in determining
the mechanism underlying the differential pathway regula-
tion we observed. One of the limitations of this study is the
small number of KIF5B-RET and non–KIF5B-RET cell lines
included; therefore, these conclusions may not be generaliz-
able to all KIF5B-RET fusions. Our data do, however, show
that there are different signaling patterns and dependencies
present in RET+ patients.
Unfortunately, acquired resistance to TKIs is nearly uni-

versal, and therefore it will be important to understand
mechanisms of resistance to RET inhibitors. Currently, there
are only a few studies describing mechanisms of resistance to
RET inhibitors. Kinase domain mutations that block drug
binding will likely be a common mechanism of resistance, as
they have been well documented in resistance to other TKIs
(McCoach et al., 2018a,b). BLU-667 and LOXO-292 have
activity against the two RET gatekeeper mutations, V804M
and V804L; however, it is possible that patients could develop
other mutations that prevent drug binding. Our laboratory
has previously shown that reactivation of RAS/MAPK signal-
ing is capable of driving resistance to ponatinib in RET+ cells
(Nelson-Taylor et al., 2017). The study described here suggests
that the PI3K/AKT pathway may be another possible avenue
of resistance, particularly in KIF5B-RET+ patients. These

studies also demonstrate that combined inhibition of RET and
AKT may be an effective upfront combination therapy in in
some RET+ patients. Consistent with this strategy, a recent
clinical trial demonstrated effectiveness of a combination of
vandetanib, which has low activity as monotherapy (Falchook
et al., 2016; Yoh et al., 2017), and the mTOR inhibitor,
everolimus (Subbiah et al., 2018a). Importantly, our data also
suggest that not all RET+ patients would derive benefit from
MEK inhibitors, despite the MAPK pathway being a key pro-
proliferative pathway downstream of RET. Work is ongoing to
develop RET inhibitor–resistant derivations of the CUTO22
and CUTO42 cell lines to assess mechanisms of resistance to
RET inhibitors.
MET amplification and/or activation is a well characterized

mechanism of resistance to TKIs in lung cancer (Bean et al.,
2007; Engelman et al., 2007). All four of the RET+ cell lines
used in this study robustly express MET at the RNA and
protein level; however, MET was only phosphorylated in the
LC-2/Ad and CUTO32 cell lines. Although inhibiting MET did
not further sensitize our cells to RET inhibitors, the highMET
expression suggests that these cells may be primed to use
MET signaling as a mechanism of resistance to RET inhib-
itors. Indeed, a recent case report demonstrates MET gene
amplification as a mechanism of resistance to selpercatinib in
a patient with RET fusion–positive NSCLC (Zhu et al., 2020).
We identified that the CUTO32 cell line was sensitive (,1

nM IC50) to inhibition of two cell cycle–related proteins, PLK1
and Aurora kinase. PLK1 serves several important roles
during the cell cycle in centrosome formation, maintaining
genome stability and promoting entry intoMphase (Strebhardt
and Ullrich, 2006). PLK1 expression is elevated in a number of
cancers and is associated with poor prognosis as well as
resistance to several chemotherapy drugs (Gutteridge et al.,
2016). Aurora kinases occupy a similar role in promoting the M
phase of the cell cycle and regulate proper chromosome
segregation (Tang et al., 2017). Aurora kinase activity has also
been shown to promote cell survival and subsequent resistance
to the EGFR inhibitor osimertinib (Shah et al., 2019). Although
establishing biomarkers of predicted response to cell cycle
inhibitors may be challenging, these inhibitors may be a poten-
tial option for patients who are initially resistant to RET
inhibitors or eventually develop resistance. We found that
MYC expression corresponded with response to Aurora kinase
inhibitors. Interestingly, another study demonstrated a rela-
tionship between RET expression and a MYC transcriptional
signature, which could be inhibited with cabozantinib
((Hayashi et al., 2020)Hayashi et al., 2020).
The role of co-alterations in tumor suppressors in RET

rearranged cancers is not fully understood. According to
clinical testing of patients’ tumors, the CUTO22 cell line had
neurofibromin 1 (NF1) and Adenomatous polyposis coli muta-
tions, the CUTO32 cells had tumor protein 53 (TP53) andNF1
mutations, and the CUTO42 cells had a NOTCH1 mutation.
In general,TP53mutations confer aworse prognosis in EGFR-
mutated lung cancers, and the role of NF1 mutations in lung
cancer remains uncertain (Redig et al., 2016; Labbé et al.,
2017). These mutations did not correlate with decreased
expression compared with our other cell lines in our RNA
sequencing data, making it unclear to us if they are serving
a functional role in our cell lines (Supplemental Fig. 5).
Our in vivo experiments recapitulated our in vitro RET

inhibitor sensitivity data; the CUTO42 xenograft tumors
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regressed with BLU-667 treatment, and our CUTO32 tumors
showed a reduction in rate of tumor growth, compared with
control mice, but continued to grow steadily during BLU-667
treatment. A recent study by Hayashi et al. (2021) also
investigated cell signaling in several novel RET+ patient–derived
cell lines/patient-derived xenograft models. Interestingly,
their study also showed differential sensitivity to RET
inhibitors in vivo. They found that one KIF5B-RET+ patient-
derived xenograft tumor was resistant to RXDX-105 but
sensitive to cabozantinib. Although we predicted that the
Aurora kinase inhibitor, alisertib, would result in decreased
tumor growth in the CUTO32 cell line, it failed to do so as
a single-agent treatment. Previous studies have similarly
shown potent sensitivity to alisertib in vitro but only slight
effects in vivo. One study showed that the effect of alisertib
was enhanced by the addition of chemotherapy, suggesting that
Aurora kinase inhibition may be most effective in combination
with RET inhibitors or other therapies (Mollaoglu et al., 2017).
We expected the PI3K/mTOR inhibitor omipalisib to inhibit
tumor growth in the CUTO42 tumors but it did not do so. In the
CUTO42 cells, treatmentwith a combination of a RET inhibitor
and omipalisibwasmost effective at inhibiting cell proliferation
in vitro; therefore, perhaps combination treatment is necessary
for greater reduction in tumor growth in vivo.
Overall, these data demonstrate that RET+ cancers have

heterogeneous biology, despite harboring the same oncogene
driver, and highlight the importance of gaining a detailed
understanding of fusion kinases’ signaling networks. Collec-
tively, these studies shed light on the complex nature of fusion
oncogene signaling and provide insight on the basis for
differential response to RET inhibitors.
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Supplementary Figure 1. A. Representative phase contrast images from InCucyte of CUTO22, 

CUTO32, CUTO42 and LC-2/Ad cells under untreated conditions show different cellular 

morphologies. B. Western blot analysis of untreated CUTO22, CUTO32, CUTO42 and LC-2/Ad 

cells. C. RT-PCR and sequencing across fusion breakpoint in CUTO42 cells.  
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Supplementary Figure 2. RET inhibitors rapidly decrease RET activation and is sustained for 

up to 24 hours. A. Western blot analysis of CUTO22, CUTO32, CUTO42 and LC-2/Ad cells 

treated with 500nM RXDX-105 for 15, 30, 60 or 120 minutes. 0 minutes indicates DMSO only 

treatment B. Western blot analysis of CUTO22, CUTO32, CUTO42 and LC-2/Ad cells treated 

with 100nM ponatinib or 500nM RXDX-105 for 2, 4, 6, 16 or 24 hours. 0 hours indicates DMSO 

only treatment. 
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Supplementary Figure 3. A. CUTO32 cells treated with indicated concentrations of ponatinib, 

RXDX-105 or BLU-667 for 2 hours. B. MTS proliferation assays of CUTO32 cells treated with 

trametinib, omipalisib, RXDX-105, RXDX-105 + 15nM trametinib or RXDX-105 +20nM 

omipalisib. Error bars represent ± SD from three biological replicate experiments. C. Western 

blot of CUTO32 cells treated with omipalisib or (D.) tramentinib.   
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Supplementary Figure 4. CUTO32 cells are sensitive to PLK1 and Aurora kinase inhibitors in 

drug screen. Selected raw data from drug screen. Values represent percent of viable cells 

relative to control (vehicle-treated cells) after 72 hours of indicated drug treatments.  
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Supplementary Figure 5. Normalized expression in counts per million (CPM) of selected genes 

from RNA sequencing.  
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Supplementary Figure 6. Co-inhibition of MET does not sensitize RET+ cells to RET inhibitors. 

A. MTS proliferation assays of cells treated with RXDX-105, crizotinib or RXDX-105 + 500nM 

crizotinib. N=3 error bars represent ± SD. B. Western blot analysis of CUTO22, CUTO32, 

CUTO42 and LC-2/Ad cells treated with 200nM RXDX-105 for 2 hours.  
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Supplementary Figure 7. Average mouse weight measurements for xenograft experiments. 

Error bars represent ± SD.  
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Supplemental Methods 

Evaluation of ion channel transport Inhibition or NOTCH1 Inhibition as a marker of cellular 

responsiveness 

Cells were grown to 50% confluence in T25 flasks prior to addition of trypsin 0.05% to detach the 

adherent cells. Cells were then split into two T25 flasks, one of which contained media with Tet 

free FBS while the other contained media with 0.5 μg/mL doxycycline. Following 48 hours growth 

cells were detached using trypsin and passed through a 35 μM filter (Thermo Fisher, Waltham, 

MA) to eliminate cell clumps prior to counting with a hemacytometer. Ninety-six well plates were 

then seeded at a density of 2000 cells per well with the top half of each plate containing the cells 

grown in Tet-free conditions (hUNG2 proficient), and the bottom half containing cells grown with 

doxycycline containing media (hUNG2 inhibited). After 24 hours, cells cultures (in triplicate) were 

exposed to phenol-red free growth media containing either 2 μM RIN1 or 5 μM verapamil along 

with a gradient of FdU from 60 pM to 4 μM in log 3 increments (S1, S2). The doses of RIN1 and 

verapamil were chosen as there were higher than their reported on-target IC50 and below their 

concentrations associated with inhibition of cell growth in isolation (S2) For the induced cell group, 

doxycycline was included in the media at 0.5 μg/mL for the entire period of drug treatment.  Cells 

were incubated in a humidified incubator for a total of 72 hours. Following this period, 10 μL of 

CellTiter 96 Aqueous MTS reagent and phenazine methosulfate solution (Promega, Madison, WI) 

was added to each well. Absorption measurements were made at 492 nm using a Tecan plate 

reader (Tecan, Mannedorf, Switzerland) at 30 , 60, and 120 minutes after addition of the MTS 

assay reagents. The dose-response data in the absence and presence of hUNG activity were 

fitted to eq 1 using Graphpad prism software (Supplemental Fig. 7). 

 

Evaluation of Mechanism of Death in UNG Responsive and Non-responsive cell lines 

Six representative colon cancer cell lines were used for these experiments with 3 responsive 

(DLD1, HT29, HCT116) and 3 non-responsive (SW620, LoVo, HCT116 TP53 knock-out). Each 



cell line was grown to 80% confluence in a T25 flask before dividing into 2-T25 flasks, one 

containing growth media and one containing media supplemented with 0.5 μg/mL doxycycline. 

Cells were continued in these conditions for a total of 48 hours. Cells were then washed with PBS 

once and detached with 0.05% trypsin. Cells were then plated at 100,000 cells per well into a 6 

well plate. After allowing 24 hours for recovery, cells were exposed to either growth conditions or 

100 nM FdU. Cells were maintained under these conditions for a total of 72 hours. Media 

containing dead cells and cells detached via trypsin and stained with caspase 3/annexin V reagent 

(Biotium, Fremont, CA) for 30 minutes. Cells were then run on CytoFLEX S N2-V3-B5-R3 

(Beckman Coulter, Brea, CA) on FITC and Violet 610 channels and up to 100,000 events 

collected. Data was analyzed via FloJo software (Beckman Coulter, Brea, CA) and histogram 

plots generated for FITC (Caspase 3) and Violet 610 (Annexin V) channels. 

 

Evaluation of Double Stranded Break Accumulation in UNG Responsive and Non-

responsive cell lines 

One representative colon cancer cell lines were used for these experiments (responsive: DLD1, 

non-responsive: SW620). Each cell line was grown to 80% confluence in a T25 flask before 

dividing into 2-T25 flasks, one containing growth media and one containing media supplemented 

with 0.5 μg/mL doxycycline. Cells were continued in these conditions for a total of 48 hours. Cells 

were then washed with PBS once and detached with 0.05% trypsin. Cells were then plated at 

400,000 cells per well into a 6 well plate. After allowing 24 hours for recovery, cells were exposed 

to 1000 μM FdU. Protein was then collected for each cell line/UNG status at time 0 and after 12, 

24, and 48 hours of FdU exposure using methods described in main text for western blotting. 

Protein concentrations were determine via Bradford assay and equal amounts of protein extract 

were loaded in each lane of a 4-12% Bis-Tris SDS-denaturing polyacrylamide gel (Thermo) that 

was pre-run at 180 V for approximately 20 minutes. The loaded gel was run for 20 minutes at 60 

V, followed by 40 minutes at 180 V.  The gel was then transferred to a PVDF transfer membrane 

(Thermo) using a Thermo Scientific Pierce Power Blot Cassette at 25 V, 2.5 A for 7 minutes.  The 

membranes were washed with blocking reagent (TBS-T + 10% milk) for 30 minutes at room 

temperature, followed by incubation with a 1:1000 dilution of mouse monoclonal anti-human 

phosphor-Histone H2A.X antibody clone (Millipore Sigma, 05-636, Burlington, MA). Following 

incubation with the primary antibody, the membrane was washed for 5 minutes in TBS-T buffer 

at room temperature four times, then incubated with a 1:5000 dilution of HRP-conjugated goat-

anti-mouse antibody (Abcam, Cambridge, United Kingdom, ab205719) in TBS-T + 5% milk for 1 

hour at room temperature.  Following incubation with the secondary antibody, the membrane was 



washed for 20 minutes in TBS-T at room temperature, followed by two 5 minutes washes in TBS-

T at room temperature and two 5 min washes in TBS at room temperature.  Membranes were 

treated with 1:1 solution of peroxide solution and enhancer reagent from Thermo Scientific 

SuperSignal West Femto and imaged for 10 to 40 secs using a Syngene G Box 

chemiluminescence imager (Syngene, Cambridge, United Kingdom) using a pre-optimized 

protocol for this reagent.  This result for DLD1 was repeated for the 48 hour time point with the 

inclusion of Ac-DEVD-CHO at 2 μM to inhibit any contribution of caspase activity to gamma H2A.X 

phosphorylation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplemental Tables 

Supplemental Table S1. Sequences for knockdown, knock-out, protein inhibitor experiments 

Name Purpose Sequence 

UNG for qPCR GCCAGAAGACGCTCTACTCC 

UNG rev qPCR TCGCTTCCTGGCGGG 

APE1 for qPCR TGGAATGTGGATGGGCTTCGAGCC 

APE1 rev qPCR AAGGAGCTGACCAGTATTGATGA 

Polβ for qPCR GGCAGTTTCAGAGGTGC 

Polβ rev qPCR GGCAAACACCCATGAACTTT 

LIG III for qPCR GATCACGTGCCACCTACCTTGT 

LIG III rev qPCR GGCATAGTCCACACAGAACCGT 

DUT for qPCR GGGAGAATCACTTGAGGTTGAG 

DUT rev qPCR GGGTTCTCTCTCTCCTTCTCTT 

SAMHD-1 
for 

qPCR GGATTACTAAAAACCAGGTTTCACAACT 

SAMHD-1 
rev 

qPCR TGTCGTTCCATTCCTTTTTTTGA 

P53 for qPCR CCCATCCTCACCATCATCACAC 

P53 rev qPCR GCACAAACACGCACCTCAAAG 

TDG for qPCR TGA AGC TCC TAA TAT GGC AGT TG 

TDG rev qPCR TTC CAC TGG TTG TTT TGG TTC T 

SMUG1 for qPCR GGC ATC ATC TAC AAT CCC GTG 

SMUG1 rev qPCR GCC AAA AGG TCC AGG GTT CA 

MLH1 for qPCR AGCAGCACATCGAGAGCAA 

MLH1 rev qPCR CGAGGTCAGACTTGTTGTGG 

MSH2 for qPCR ACCAGCAGCAAAGAAGTGCT 

MSH2 rev qPCR AGGGCATTTGTTTCACCTTG 

MSH6 for qPCR CATGCGGCGACTGTTCTAT 

MSH6 rev qPCR CAGAATTACTGGGCGACACA 

BRCA1 for qPCR GGCTATCCTCTCAGAGTGACATTT 

BRCA1 rev qPCR GCTTTATCAGGTTATGTTGCATGG T 

BRCA2 for qPCR GCCAAGTCATGCCACACATT 

BRCA2 rev qPCR TGTGCCATCTGGAGTGCTTT 

A3B for qPCR GACCCTTTGGTCCTTCGAC 

A3B rev qPCR GCACAGCCCCAGGAGAAG 

TS for qPCR GCCTCGGTGTGCCTTTCA 

TS rev qPCR CCCGTGATGTGCGCAAT 



TP for qPCR CCTGCGGACGGAATCCT 

TP rev qPCR GCTGTGATGAGTGGCAGGCT 

DPD for qPCR AGGACGCAAGGAGGGTTTG 

DPD rev qPCR GTCCGCCGAGTCCTTACTGA 

18s rRNA qPCR TGTGCCGCTAGAGGTGAAATT 

18s rRNA qPCR TGGCAAATGCTTTCGCTTT 

TDG shkd1 shRNA GAACGAAATATGGACGTTCAA 

TDG shkd2 shRNA TTTCGTGAAGGAGGACGTATT 

shctrl kd shRNA TAAGGCTATGAAGAGATAC 

shRNA for 
seq sequencing GAGGGCCTATTTCCCATGATT 

shRNA2 for 
seq sequencing GACTATCATATGCTTACCGT 

Tcko1 
CRISPR 
knock-out GGGAATGGAAGCGGAGAACG 

Tcko2 
CRISPR 
knock-out GTTTCCATTTCAACAACTGA 

T1CSP for 
amp sequencing AGCCACTGTCTGGGTACTG 

T1CSP rev 
seqamp sequencing GCTCTGAGGGTTACCTGGT 

T2CSP for 
amp sequencing GATCTCTCCTCTGTAATCCACTC 

T2CSP rev 
amp sequencing CAACATCGGATCAGCCAGC 

T2CSP rev 
seq sequencing CTCAGGAACCAGTGCAAGGTAGTT 

UGI 
sequence 

Protein 
inhibitor 

ATGACTAACCTGTCCGATATCATCGAAAAAGAGACTGGCAA
ACAGCTGGTCATCCAGGAGTCCATCCTGATGCTGCCTGAAG
AGGTGGAGGAGGTCATTGGCAACAAGCCCGAGAGCGATAT
CCTGGTCCACACCGCCTACGACGAGTCCACCGACGAGAAT
GTGATGCTGCTCACCTCTGACGCCCCCGAGTATAAACCATG
GGCTCTCGTGATCCAGGACAGTAACGGGGAGAACAAGATC
AAGATGCTGTGA 

UGI for seq sequencing TGAACCGTCAGATCGCCTGG  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Supplemental Table S2. Characteristics of cell lines used in hUNG2 inhibition experiments and FdU IC50 

valuesa 

  Cell characteristics FdU IC50 (nM) 

Cell Line Tissue Type TP53 status 
MMR 
status 

 hUNG2 active 
hUNG2 
inhibited 

bFold 
change in 

IC50 

MCF7 Breast  wild type MSS 47000 ± 45000 5.8 ± 4.0 8100 

T47D Breast  L194F MSS 150 ± 140 30 ± 24 5 

SKBR3 Breast  R175H MSS 220 ± 120 100 ± 99 2.2 

BT474 Breast  E285K MSS 4600 ± 4700 9500 ± 8700 0.48 

Cama1 Breast R280T MSS 69 ± 171 3400 ± 24 0.02 

SW480 Colon  R273H MSS 1400 ± 1200 19 ± 2.3 74 

HT29 Colon  R273H MSS 200 ± 68 4.5 ± 4.5 44 

KM12 Colon  P72fs; H179R MSI 120 ± 140 3.3 ± 2.8 36 

DLD1 Colon  S241F MSI 430 ± 190 16 ± 0.47 27 

HCT15 Colon  S241F MSI 250 ± 94 14 ± 0.28 18 

HCT116 Colon  wild type MSI 140 ± 160 30 ± 31 4.7 

HCT116 
TP53 

Colon  1st exon del MSI  76 ± 78 90 ± 92 0.84 

HCC2998c Colon  R213X MSS  62 ± 62 390 ± 140 0.16 

Lovo Colon  wild type MSI 8.1 ± 1.4 2.4 ± 0.57 3.4 

Sw620 Colon  R273H MSS 5.4± 1.2 5.1 ± 0.28 1.1 

COLO205 Colon  Y107fs MSS 1.9 ± 0.50 0.95 ± 0.47 2 

LS513 Colon  wild type MSS 0.52 ± 0.12 0.36 ± 0.0081 1.4 

NCI-N87 Gastric R248Q MSS 8900 ± 3800 20000 ± 17000 0.44 

Snu1 Gastric wild type MSI 870 ± 640 4700 ± 4000 0.18 

HepG2 Hepatocellular wild type MSS 55 ± 3.8 12 ± 6.2 4.5 

H460 Lung wild type MSS 48 ± 45 50 ± 57 0.96 

ASPC1 Pancreatic C135fs MSS 4300 ± 2600 5200 ± 3300 0.83 

aErrors are standard errors of the mean between three independent biological replicates.  Although some 
replicates differed  with respect to IC50 values, the fold change upon inhibition of UNG was always maintained. 
IC50 values were calculated using eq 1.  bDefined as IC50

UNG+/IC50
UNG-. cHCC2998 cell line contains polymerase 

epsilon mutation. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
  

 

 

 

 

 

 

Supplemental Table S3. Substrate sequences for hUNG activity 
assay 

Substrate Sequence 

dU 
5’-FAM-CAC TGC TCA /dU/GT ACA GAG 
C-3’ 

FdU 
5’-FAM-CAC TGC TCA /FdU/GT ACA GAG 
C-3’ 

BrdU 
5’-FAM-CAC TGC TCA /BrdU/GT ACA GAG 
C-3’ 

Supplemental Table S4.  Retention time and fragmentation products monitored by LC-MS 

Compound Retention Time  Parent Iona Product Ion1b 

Uracil 1.9 111 (380) 41.9 (12) 

Fluorouracil 2.1 129 (380) 41.9 (14) 
13C15N Uracil 1.9 117 (380) 44.0 (12) 
13C15N Fluororacil 2.1 135 (380) 44.0 (14) 
a Fragmentor voltages are in parenthesis.  bCollision energies are in parenthesis. 

Supplemental Table S5.  IC50 values for FU in colorectal cancer cell linesa 

  FU IC50 (μM) 

Cell line 
 hUNG2 
active 

hUNG2 
inhibited 

Fold change in IC50b 

SW480  2.9 ± 0.8 3.1 ± 0.5 0.9 

DLD1  2 ± 0.5 1.4 ± 0.3 1.4 

HCT15 1.7 ± 0.4 2.1 ± 0.3 0.8 

HT29 1.3 ± 0 0.60 ± 0.1 2 

KM12 1.4 ± 0.2 1.0 ± 0.3 1.4 

HCT116 2.8 ± 2 2.1 ± 1 1.3 

HCC2998 c 1.8 ± 1.0 1.7 ± 1 1 

LoVo 2.4 ± 1 2.6 ± 1.4 0.9 

SW620 2.5 ± 0.3 3.0 ± 0.5 0.8 

Colo205 1.4 ± 6 0.28 ± 0.2 5 

LS513 0.4 ± 0.2 0.41 ± 0.2 1 

HCT116 
TP53 

1.9 ± 0.2 2.4 ± 0.4 0.8 

aIC50 values were calculated using eq 1 and standard deviations  were calculated 
from two independent biological replicates. bDefined as IC50

UNG+/IC50
UNG-. 

cHCC2998 cell line contains a polymerase epsilon mutation. 



Supplemental Table S6. Raltitrexed IC50 values and Area under curve analysis for Colorectal 
Cancer Cell Linesa 

  RTX IC50 (nM) AUC 

Cell line 
 hUNG2 
active 

hUNG2 
inhibited 

Fold change 
IC50 

b 
 hUNG2 
active 

hUNG2 
inhibited 

SW480 1.1 ± 0.54 1.1 ± 0.51 1 330 ± 23 250 ± 58 

DLD1 0.67 ± 0.12 0.64 ± 0.023 1 240 ± 31 160 ± 1.4 

HCT15 1.2 ± 0.049 0.99 ± 0.16 1.2 270 ± 20 180 ± 4.9 

HT29 0.27 ± 0.13 0.064 ± 0.068 4.2 230 ± 25 170 ± 17 

KM12 0.89 ± 0.33 0.62 ± 0.31 1.4 310 ± 49 250 ± 14 

HCT116 0.60 ± 0.13 0.60 ± 0.075 0.99 210 ± 34 160 ± 5.7 

HCC2998d 0.027 ± 0.030 0.027 ± 0.030 1 320 ± 13 390 ± 42 

LoVo 0.97 ± 0.24 0.93 ± 0.18 1 330 ± 5.7 340 ± 69 

SW620 1.3 ± 0.59 1.3 ± 0.58 1 250 ± 57 240 ± 68 

Colo205 0.71 ± 0.41 0.29 ± 0.55 2.5 260 ± 0 150 ± 23 

LS513 0.35 ± 1 0.43 ± 0.57 0.82 270 ± 33 240 ± 7.8 

HCT116 
TP53 

0.56 ± 0.057 0.54 ± 0.17 1 200 ± 5.7 170 ± 20 

a IC50 values were calculated using eq 1 and standard deviations were obtained from two independent 
biological replicates. b  Defined as IC50UNG+/IC50UNG-.  c Defined as AUCUNG-/AUCUNG+. d 
HCC2998 cell line contains a polymerase epsilon mutation. 

  



Supplemental Table S6. Raltitrexed IC50 values and Area under curve analysis for 
Colorectal Cancer Cell Linesa 

  RTX IC50 (nM) AUC 

Cell line 
 hUNG2 
active 

hUNG2 
inhibited 

Fold change 
IC50 

b 
 hUNG2 
active 

hUNG2 
inhibited 

SW480 1.1 ± 0.54 1.1 ± 0.51 1 330 ± 23 250 ± 58 

DLD1 0.67 ± 0.12 0.64 ± 0.023 1 240 ± 31 160 ± 1.4 

HCT15 1.2 ± 0.049 0.99 ± 0.16 1.2 270 ± 20 180 ± 4.9 

HT29 0.27 ± 0.13 0.064 ± 0.068 4.2 230 ± 25 170 ± 17 

KM12 0.89 ± 0.33 0.62 ± 0.31 1.4 310 ± 49 250 ± 14 

HCT116 0.60 ± 0.13 0.60 ± 0.075 0.99 210 ± 34 160 ± 5.7 

HCC2998d 
0.027 ± 
0.030 

0.027 ± 0.030 1 320 ± 13 390 ± 42 

LoVo 0.97 ± 0.24 0.93 ± 0.18 1 330 ± 5.7 340 ± 69 

SW620 1.3 ± 0.59 1.3 ± 0.58 1 250 ± 57 240 ± 68 

Colo205 0.71 ± 0.41 0.29 ± 0.55 2.5 260 ± 0 150 ± 23 

LS513 0.35 ± 1 0.43 ± 0.57 0.82 270 ± 33 240 ± 7.8 

HCT116 
TP53 

0.56 ± 
0.057 

0.54 ± 0.17 1 200 ± 5.7 170 ± 20 

a IC50 values were calculated using eq 1 and standard deviations were obtained from two 
independent biological replicates. bDefined as IC50UNG+/IC50UNG-.  c Defined as AUCUNG-

/AUCUNG+. d HCC2998 cell line contains a polymerase epsilon mutation. 
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Supplemental Figure S1: Validation of HCT116 isogenic TP53 knock-out. To validate 
the HCT116 TP53 knock-out clone provided to our lab we extracted genomic DNA and 
protein lysates both from the HCT116 TP53 knock-out clone and HCT116 parental cells. 
We then amplified the region of DNA containing the region of TP53 lost by the homologous 
recombination mediated deletion. (a) Shows the Sanger sequencing that was then 
performed on the amplified regions from the HCT116 TP53 knock-out cells and the HCT116 
parental line. When compared with the TP53 reference sequence from hg38, the HCT116 
TP53 knock-out cells demonstrated the 133 base pair deletion previously described by 
Bunz et al. while the HCT116 parental cells showed the reference sequence. We next look 
at protein lysates from these cells to confirm whether this deletion resulted in loss of protein 
expression. (b) Shows a western blot of the protein lysates from the HCT116 TP53 knock-
out line (left) and HCT116 parental (right) assayed with a p53 monoclonal antibody DO-1 
(ThermoScientific (MA5-12571)) in addition to a GAPDH control. This demonstrated an 
absence of discernable protein expression in the TP53 knock-out line. 

 
 
Supplemental Figure S2: Measurement of hUNG Activity for non-colorectal cell lines. Cell lysates were 
obtained from the parental cell lines or the UGI-inducible derivative as described in the main text and methods. 
Activity measurements were performed using the 5’Fam-labeled 19mer containg a central dU nucleotide. hUNG 
activity is manifested as a 9mer cleavage product which can be isolated by denaturing PAGE (see main text and 
methods).  
 



 

 

 
 
Supplemental Figure S4. Inhibition of hUNG activity increases potency of FdU for a subset of non-
colorectal cancer cell lines. Dose-response curves for non-colorectal cancer cell lines tested as part of our 
panel. These cells were modified to contain the CW57.1 UGI inducible expression construct.  Cells were 
exposed to increasing doses of FdU under hUNG active (black) and inhibited (red) conditions for 72 hours. 
Cell viability was then measured using the MTS assay. Each dose-response curve was repeated at least twice 
beginning from a fresh culture of each cell line. The error bars on each measurement represent the standard 
deviation from three technical replicates of each cell line/condition. 

 
 
Supplemental Figure S3: Measurement of Inducible hUNG inhibition after 3 months of cultures. Cell lysates 
were obtained from HT29, LoVo, DLD1, SW620, and HCT116 parental cell lines under uninduced (growth in RPMI 
media supplemented with Tet-free fetal bovine serum or UGI-induction with 0.5 μg/mL doxycycline for a total of 72 
hours. Activity measurements were performed using the 5’Fam-labeled 19mer containg a central dU nucleotide. 
hUNG activity is manifested as a 9mer cleavage product which can be isolated by denaturing PAGE (see main text 
and methods).  
 



 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

  

 
Supplemental Figure S5: Average transcript levels of DNA damage repair and uracil 
metabolism genes in hUNG-responsive and non-responsive cancer cell lines. RNA was 
harvested after culturing for 96 hours in RPMI media. RT-qPCR transcript quantification was 
performed for the indicated genes and normalized to expression of the 18S ribosomal subunit to 

calculate Ct . The errors in the Ct values for the responsive and non-responsive cell lines are 
standard deviations of the mean of three technical replicates.  
 



 
 

 

 
  
Supplemental Figure 6. Evaluation of apoptosis and double stranded breaks in hUNG responsive and non-
responsive colon cancer cell lines in response to 100 nM concentration of FdU. (A) Annexin V staining and 
flow cytometry analysis of three responsive lines (B) Annexin V staining and flow cytometry analysis of three non-
responsive colon cancer cell lines. Cells were plated at 100,000 cells per well in 6 well plates. Cells were allowed 
to recover overnight before each well was exposed to either growth media alone, or supplemented with 100 nM 
FdU. Cells were maintained under these conditions for a total of 72 hours. Cells were released from the plate with 
trypsin and total cells were stained with annexin V reagent for 30 minutes. Samples were analyzed for Annexin V 
staining by flow cytometry. This flow cytometry experiment was performed in biological duplicates. For panels (C) 
DLD1 and (D) SW620, western blot for gamma H2A.X was performed for cells in a UNG proficient and inhibited 
state following 0, 12, 24, and 48 hours of FdU exposure at 1 μM. This demonstrated increased gamma H2A.X 
activity in UNG deficient lines. In panel (E) we repeated the DLD1 experiment for the 48-hour time point with the 
inclusion of Ac-DEVD-CHO, a caspase inhibitor which demonstrated that the increased gamma H2A.X occurred 
through a caspase independent process. 



  

 
Supplemental Figure 7. Validation of Apoptosis Assay using TRAIL agonist. HCT116 cells were plated 
at 200,000 cells per well in a 6 well plate and allowed to recover overnight before each well was exposed to 
either continued growth conditions or TRAIL agonist at 400 ng/mL After 6 hours, cells were detached with 
trypsin and stained with caspase 3/annexin V reagent for 30 minutes. Cells were then analyzed by flow 
cytometry using the FITC and Violet 610 channels. 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 
 
Supplemental Figure S8: Cell proliferation assay for FdU toxicity in representative R and NR cell 
lines. (a) DLD1 (NR) and SW620 (NR) cell lines were plated into a 24 well plate at 500 cells per well. 
Cells were allowed 24 hours for adherence followed by exposure in technical duplicate wells to FdU at 
3.2 nM under either hUNG proficient or inhibited conditions. Confluence of each well was measured every 
8 hours for a total of 72 hours using the Incucyte ZOOM live cell analysis system. These measurements 
were obtained in biologic duplicate (b) DLD1 (NR) and SW620 (NR) cell lines were plated into a 24 well 
plate at 500 cells per well. Cells were allowed 24 hours for adherence and recovery followed by exposure 
in technical duplicate to FdU across a range of concentrations (0.26 to 4000 nM for DLD1 and 0.03 to 
500 nM for SW620). Confluence of each well was measured every 8 hours for a total of 72 hours using 
the Incucyte ZOOM live cell analysis system with 72 hour values plotted on the displayed curves which 
corresponds to the drug exposure time in the MTS assay. These measurements were repeated in 
biological duplicates. 
 



 

  

 
Supplemental Figure S9. Quantitative measurements of hUNG activity across FdU responsive and 
non-responsive cell lines. Cell lysates were obtained from each cell line under conditions where UGI was 
not expressed to compare baseline hUNG activity levels in responder and non-repsonder lines. Two μg of 
each lysate was added to each reaction mixture containing the 19mer substrate with a single uracil at the 10th 
nucleotide position. Half of this reaction was quenched at 30 minutes and the other half allowed to proceed 
for a total of 60 minutes. hUNG activity is indicated by cleavge fo the substrate to a 9mer product which can 
be reolved using denaturing PAGE.  (a) Reaction time points for each cell line as analyzed using 15% urea-
PAGE.  (b) The percentage of the sample cleaved to its product was quanitified using fluorscence imaging 
and QuantityOne software. (c) Comparison of the amounts of cleaved substrate for the FdU responsive and 
nonresponsive  (NR) colon cancer cells lines.  

 



 

 

 

 

 

 

 

 

 

 

 

 
Supplemental Figure S10. Sanger electropherogram tracings of thymine-DNA glycosylase (TDG) CRISPR 
knock out clones in the DLD1 background. (a) Sequencing trace for the CRISPR guide targeting exon 1 of 
TDG. A homozygous 14 base pair deletion leading to a frameshift mutation is indicated. (b) Sequencing trace for 
the CRISPR guide targeting exon 2 of TDG. A homozygous 5 base pair deletion leading to a frameshift mutation 
is indicated.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Supplemental Figure S11: Evaluating the impact of ion channel blockade or NOTCH1 
inhibition to exacerbate FdU cytotoxicity in two R lines. HT29UGI and DLD1UGI R cell lines 
(2 x 103) were plated into wells of a 96-well plate. After allowing 24 hours for adherence, cells 
were exposed to a spectrum of FdU concentrations along with a fixed concentration of either (a) 
verapamil (5 μM, ion channel inhibitor) or (b) RIN1 (2 μM, NOTCH1 pathway inhibitor).  These 
drug doses are 5 to 10-fold greater than their EC50 values and were shown to be non-toxic on 
their own in control studies (not shown). Cells were incubated under these conditions for 72 
hours followed by evaluation of cell viability via the MTS assay. These results did not 
demonstrate any marked change in FdU IC50 in either a hUNG proficient (black data and 
curves) or hUNG inhibited state (red data and curves) in the context of either inhibitor.  For 
comparison, the dose-response curves in the absence of verapamil and RIN1 are shown as 
dashed lines. The error bars on each measurement represent the standard deviation from three 
technical replicates of each cell line/condition. 
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