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Background and Purpose: Radiotherapy (RT) is vital for the treatment of locally advanced non-small cell lung cancer
(NSCLC), yet its delivery is limited by tolerances of adjacent organs. We sought therefore to identify and characterize
gene targets whose inhibition may improve RT. Materials and Methods: Whole genome pooled shRNA cytotoxicity
screens were performed in A549 and NCI-H460 using a retroviral library of 74,705 sequences. Cells were propagated
with or without daily radiation Monday–Friday. Radiosensitization by top differential dropout hits was assessed by
clonogenic assays. Apoptosis was assessed using a caspase 3/7 cell-based activity assay and by annexin V-FITC and PI
staining. MCL1 expression was assessed by qPCR and Western blotting. Results: USP9X, a deubiquitinase, was a top hit
among druggable gene products. WP1130, a small molecule USP9X inhibitor, showed synergistic cytotoxicity with IR.
MCL1, an anti-apoptotic protein deubiquitinated by USP9X, decreased with USP9X inhibition and IR. This was
accompanied by increases in caspase 3/7 activity and apoptosis. In a panel of NSCLC lines, MCL1 and USP9X protein
and gene expression levels were highly correlated. Lines showing high levels of MCL1 expression were the most
sensitive to USP9X inhibition. Conclusions: These data support the use of MCL1 expression as a predictive biomarker for
USP9X inhibitors in NSCLC therapy.

Introduction

Each year in the United States, approximately 50,000 patients
are diagnosed with locally advanced non-small cell lung cancer
(NSCLC).1 Due to infiltration of regional structures such as medi-
astinal lymph nodes, surgical resection alone rarely eliminates the
disease. However, unlike distant metastatic disease, locally
advanced disease can be eradicated with a combination of radia-
tion therapy (RT), chemotherapy and/or surgery.2 Sensitivity of
adjacent organs including the lungs, spinal cord and esophagus
however constrains the amount of radiation that can be safely
given.3,4 Radiosensitizers are therefore desired to decrease the doses
needed to achieve therapeutic effects. Systemic agents such as plati-
num-based chemotherapy are typically used to radiosensitize
tumors, but conventional cytotoxic agents also have dose-limiting
toxicities and show modest improvements in patient outcomes.2

Solid malignancies, e.g. NSCLC, typically require high doses
of IR for disease control. This is in contrast to many hematologic
malignancies. Low-grade follicular lymphomas for example show
complete response rates of 50–60% with only 4 Gy in 2 frac-
tions.5 This is in contrast with Stage III NSCLC, with progres-
sion-free survival rates of 5–25% at 5 y with doses of 60 Gy or

more in 2 Gy fractions.2 This can be understood at least in part
because unlike B cells, which undergo TP53-mediated apoptosis
in response to low dose IR, NSCLC cells undergo limited apo-
ptosis.6 Agents that increase apoptosis following IR exposure
may therefore radiosensitize NSCLC.

To identify the best potential targets for therapy, we per-
formed whole genome pooled shRNA screens in 2 NSCLC cell
lines, A549 and NCI-H460. Cells were treated with or without
IR 5 d per week, to mimic clinical treatment. In an effort to find
radiosensitizers with attenuated effects in unirradiated cells, genes
for which shRNA knockdown increased cytotoxicity only in irra-
diated cells were scored. Gene targets for which inhibitors are
available were of particular value, to facilitate development of
potential therapeutics.

The top gene candidate was USP9X, a deubiquitinase (DUB).
DUBs are key regulators of diverse protein targets including
oncogene and tumor suppressor gene products.7 Their
principal function is the removal of polyubiquitin chains that tar-
get proteins to the proteasome, resulting in prolonged protein
expression.8 This has been shown for MCL1, which is an anti-
apoptotic protein with a short half-life due to proteasomal degra-
dation. Knockdown of USP9X has been shown to enhance
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MCL1 turnover9 and radiation-induced decrease of MCL1, sen-
sitizing Jurkat cells to radiation.10 WP1130, a small molecule
USP9X inhibitor, promotes accumulation of polyubiquitinated
proteins into aggresomes and upregulates apoptosis.11 This
inhibitor illustrates an emerging class of therapeutics directed
against DUBs for the treatment of cancer.12

Here, we demonstrate 2 findings. First, USP9X inhibition
increases radiation-induced apoptosis in NSCLC cells, showing
its potential to improve treatment of a solid malignancy. Second,
the effects of USP9X inhibition correlate with the expression of
MCL1, an anti-apoptotic protein known to be rescued by
USP9X. MCL1 expression may therefore serve as a predictive
biomarker for USP9X-directed NSCLC therapy.

Results

USP9X is a top hit of a whole genome shRNA screen
for NSCLC radiosensitizing gene targets

To identify gene targets whose inhibition may augment the
therapeutic index of RT in NSCLC, we performed whole genome
pooled shRNA screens with and without IR in 2 cell lines, A549
and NCI-H460. This pair of lines was selected because they har-
bor similar genetic features including wild-type TP53 and mutant
KRAS and STK11 (LKB1).13 It was felt that this similarity would
increase the likelihood of finding reproducible hits. KRAS and
LKB1 mutant tumors are particularly aggressive and resistant to
currently available therapies.14 Also, being TP53 wild-type, the
lines were expected to be less vulnerable to genomic instability
over the course of the 12 population doublings of the screen.15

The whole genome Hannon-Elledge pooled retroviral shRNA
library contains 74,705 distinct shRNA sequences and targets
nearly 18,000 known genes.16 After transduction and antibiotic
selection, cells were propagated with or without treatment with 1
Gy daily Monday-Friday. The IR schedule was selected to mimic
clinical treatment, while a daily dose was selected that showed
cytotoxicity yet maintained a sufficient number of cells for
repeated culturing. After 2–3 weeks of treatment corresponding
to a total of 12 population doublings, cells were harvested and
the relative representation of each shRNA sequence before and
after treatment was determined using custom Agilent microar-
rays. Radiosensitizing gene targets were defined as those for
which shRNAs exhibited greater-than-threshold cytotoxicity only
in the presence of IR. 172 genes met the criteria of having at least
one extra shRNA sequence whose abundance decreased repro-
ducibly in both NSCLC lines by at least 2-fold only in the pres-
ence of IR (Table S1).

The top 10 candidate genes for initial characterization
were additionally selected based on 1) availability of small
molecule inhibitors and 2) prior evidence of a prognostic role
in NSCLC or other cancers. These ten hits were confirmed
in a secondary screen performed in A549 and NCI-H460
using pooled siRNAs for each gene (Fig. 1). Out of these 10
hits, 4 (NUAK1, PIN1, USP9X and WEE1) reproducibly
showed statistically significantly increased cytotoxicity in the
presence of IR in both cell lines. USP9X, a deubiquitinase,

emerged as a top hit showing maximum toxicity of multiple
shRNAs in the presence of IR.

USP9X inhibition radiosensitizes NSCLC cells
To further validate the radiosensitizing properties of USP9X

inhibition in NSCLC, we inhibited USP9X expression via inde-
pendent siRNAs and also used the small molecule deubiquitinase
inhibitor WP1130.11 We confirmed robust USP9X knockdown
by 3 of 4 tested siRNAs (Fig. 2A). The three confirmed siRNAs
were then used to confirm radiosensitization in a cell viability
assay combining knockdown § 4–8 Gy IR (Fig. 2B). Each of the
siRNAs led to less than 50% decreases in cell viability when

Figure 1. Confirmation of multiple hits from a whole genome shRNA
screen § daily radiation to identify NSCLC radiosensitizers. Ten
genes were selected among radiosensitizing hits based on their scores
and the availability of small molecule inhibitors targeting their gene
products. (A) NCI-H460 and (B) A549 cells were transfected with pools of
4 siRNAs against each gene, and then 24 hours later were treated with a
dose of ionizing radiation estimated to yield 50% viability in control cells
transfected with a non-silencing siRNA. 24 hours after irradiation, lumi-
nescent cell viability assays were performed in triplicate wells. Percentiles
above each pair of bars indicate the percentage of cells that were killed
following IR and siRNA knockdown compared to siRNA knockdown alone.
Percentiles greater than those of non-silencing siRNA indicate synergy,
marked by asterisks. Error bars represent standard deviation.
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administered alone, but to synergistic
decreases in cell viability in combination
with IR. Radiosensitization by USP9X
knockdown was also observed in clono-
genic assays (Fig. 2C). Confirmation
with multiple siRNAs strengthened the
likelihood that the effect is not off-tar-
get.17 A rescue experiment with a non-
targetable form of USP9X might further
validate the results. However, we opted
to assess pharmacologic inhibition of
USP9X as a complementary avenue for
target validation. WP1130 also yielded
synergistic cytotoxicity in combination
with IR in clonogenic assays, with dose
enhancement factors of around 1.2 or
greater (Fig. 2D). Use of both indepen-
dent siRNAs and a small molecule
inhibitor served to confirm NSCLC
radiosensitization by USP9X inhibition.

USP9X inhibition decreases MCL1
levels and potentiates apoptosis in
NSCLC cells

It has previously been demonstrated
that USP9X stabilizes MCL1 by elimi-
nating Lys 48-linked polyubiquitin
chains that target the latter for proteaso-
mal degradation.9 MCL1 belongs to the
pro-survival BCL2 family of anti-apo-
ptotic genes, and is notable for its rapid
turnover.8 We assessed the effect of
USP9X siRNA knockdown on MCL1
protein levels in irradiated NSCLC cells,
and showed IR dose-dependent
decreases in MCL1 expression that were
further decreased by USP9X knockdown
(Fig. 3A). This decrease was largely
reversed by proteasome inhibition with
MG132, which strongly increased
MCL1 expression with or without
USP9X knockdown (Fig. 3B). This was
in keeping with the prior observation
that MCL1 is degraded by the protea-
some, and so whether MCL1 is polyubi-
quitinated is inconsequential if
proteasomal degradation is blocked. The
small molecule USP9X inhibitor
WP1130 decreased MCL1 expression in
a dose-dependent manner, also in com-
bination with IR (Fig. 3C). Although IR
alone appeared to have an effect on
USP9X and MCL1 expression, the effect
was substantially increased with
WP1130. Taken together, these data
confirmed that USP9X inhibition either

Figure 2. Radiosensitization of NSCLC cells by USP9X inhibition. (A) A549 (left) and NCI-H460
(right) cells were transfected with 4 independent siRNAs against USP9X. Western blotting was per-
formed to assess the extent of knockdown compared to control siRNA transfection. (B) A549 (left)
and NCI-H460 (right) cells were transfected with individual siRNAs against USP9X, and then 24 hours
later were treated with a dose of ionizing radiation estimated to yield 50% viability in control cells
transfected with a non-silencing siRNA. 24 hours after irradiation, luminescent cell viability assays
were performed in triplicate wells. Percentiles above each pair of bars indicate the percentage of cells
that were killed following IR and siRNA knockdown compared to siRNA knockdown alone. Percentiles
greater than those of non-silencing siRNA indicate synergy, marked by asterisks. Error bars represent
standard deviation. (C) A549 (left) and NCI-H460 (right) cells were transfected with USP9X siRNA #2,
and then 48 hours later received 0–6 Gy IR. Clonogenic assays were performed to assess effects on
proliferation. Error bars represent standard deviation. Dose enhancement factors were calculated
based on extrapolation of proportional effects on clonogenic survival. (D) A549 (left) and NCI-H460
(right) cells were treated with WP1130, a small molecule USP9X inhibitor, and then 24 hours later
received 0–6 Gy IR. Clonogenic assays were performed to assess effects on proliferation. Error bars
represent standard deviation. Dose enhancement factors were calculated based on extrapolation of
proportional effects on clonogenic survival.
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Figure 3. USP9X inhibition increases MCL1 proteasomal degradation and apoptosis in NSCLC cells. (A) Western blot of A549 (left) and NCI-H460
(right) cells showing combined effect of USP9X siRNA knockdown and fractionated IR over 3 consecutive days, on MCL1 levels. (B) Western blot of A549
(left) and NCI-H460 (right) cells showing effect of the proteasome inhibitor MG132 on abundance of MCL1 with or without USP9X siRNA knockdown. (C)
Western blot of A549 (left) and NCI-H460 (right) cells showing combined effect of treatment with WP1130, a small molecule USP9X inhibitor, and frac-
tionated IR over 3 consecutive days, on MCL1 levels. (D) Apoptosis in A549 (left) and NCI-H460 (right) cells measured as a percentage of cells staining
positive on flow cytometry for annexin V-FITC following fractionated IR over 3 consecutive days with or without USP9X siRNA knockdown (top) or
WP1130 treatment (bottom). Percentage points above each pair of bars show the effect due to synergy, by subtracting the effect of siRNA or drug alone
as well as the effect of radiation alone. Error bars represent standard deviation. (E) Caspase 3/7 activity in A549 (left) and NCI-H460 (right) cells measured
by Caspase-Glo 3/7 luminescent assay (Promega) following single fraction IR with or without USP9X siRNA knockdown (top) or WP1130 treatment (bot-
tom). Values above each pair of bars show the effect due to synergy, by subtracting the effect of siRNA or drug alone as well as the effect of radiation
alone. Error bars represent standard deviation.
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Figure 4. For figure legend, see page 397.
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by siRNA knockdown or a small molecule inhibitor reduces pro-
tein expression of the anti-apoptotic protein MCL1, as seen pre-
viously in hematologic malignancies.

The next step was to observe whether this correlated with
increased apoptosis. Apoptosis was observed in a minority of A549
or NCI-H460 cells treated with IR, despite wild-type TP53. How-
ever, USP9X inhibition with either siRNAs or WP1130 increased
by at least 2- to 3-fold the percentage of cells undergoing apoptosis
measured by annexin V FITC staining (Fig. 3D). For further con-
firmation, intracellular effector caspase 3 and 7 activity levels were
measured and found to be increased 3- to 4-fold in irradiated cells
treated with USP9X siRNAs or WP1130 (Fig. 3E). Thus, it
appeared that USP9X may radiosensitize NSCLC cells by aug-
menting the apoptotic cell death pathway.

Sensitivity of NSCLC cells to USP9X inhibition correlates
with MCL1 expression

To confirm the effects of USP9X inhibition on MCL1 levels
and associated increases in apoptotic cell death, we broadened
the panel of NSCLC cell lines tested to include NCI-H23, NCI-
H322, NCI-H522, NCI-H1299 and NCI-H1975, in addition
to A549 and NCI-H460. We observed a wide variation in
MCL1 protein expression among the 7 lines tested, and grouped
the cell lines accordingly (Fig. 4A). USP9X and MCL1 protein
levels correlated fairly well, with a correlation coefficient of 0.71.
Likewise, we observed correlations in USP9X and MCL1 mRNA
expression levels among the 7 NSCLC lines (Fig. 4B). On an
exponential fit, given variations in expression levels over several
orders of magnitude, the correlation coefficient was 0.89.

We hypothesized that USP9X inhibition would exert cyto-
toxic effects in an MCL1-dependent manner. NSCLC cells were
therefore grouped by MCL1 protein expression levels, e.g., low,
medium and high, and tested prospectively. As predicted,
NSCLC cell lines showing low or medium levels of MCL1
showed relatively low to moderate levels of radiosensitization fol-
lowing USP9X siRNA knockdown, compared to lines showing
high levels of MCL1 (Fig. 4C). This was also recapitulated using
the USP9X inhibitor WP1130, which showed a radiosensitizing
effect in the USP9X lines expressing low to medium levels of
MCL1, but was nearly sufficient on its own to kill NSCLC cells
expressing high MCL1 (Fig. 4D). In the latter context, USP9X
inhibitors may show effectiveness as systemic therapies rather
than strictly as radiosensitizers.

USP9X inhibition increases apoptosis in NSCLC cells
in an MCL1-dependent manner

Next, the effect of USP9X inhibition on MCL1 protein
expression levels was assessed in the panel of NSCLC lines

showing varying levels of MCL1 expression. The greatest abso-
lute effects were observed in lines showing high MCL1, as
expected since these lines had the greatest quantities of protein to
potentially lose (Fig. 5A). We then selected one NSCLC cell line
showing low MCL1 expression, NCI-H322, and one cell line
showing high MCL1, NCI-H1299, and performed the following
experiments prospectively. We confirmed that USP9X siRNA
knockdown radiosensitized only the NSCLC line showing high
MCL1 expression, observed as decreases in cell viability with IR
and knockdown in NCI-H1299 but not NCI-H322 (Fig. 5B).
Some apoptosis as measured by annexin V-FITC staining was
observed following USP9X siRNA knockdown in NCI-H322,
although this was greater in NCI-H1299, the high MCL1 line
(Fig. 4C). WP1130 only increased apoptosis in the high MCL1
line (Fig. 5C). More conclusively, caspase 3 and 7 activity were
not significantly increased by USP9X siRNA inhibition in the
low MCL1 line but were substantially increased in the high
MCL1 line, and WP1130 increased caspase 3 and 7 activity
much more substantially in the NSCLC line expressing high
MCL1 (Fig. 5D). We therefore largely confirmed our hypothesis
that USP9X inhibition increases apoptosis in NSCLC cells more
substantially in cells expressing high versus low MCL1.

Discussion

The main aim of the study was to identify and characterize a
gene target for NSCLC radiosensitization identified by whole
genome shRNA screening. The main advantage of this approach
is that it offered agnostic discovery of novel gene targets whose
silencing reproducibly impacts viability of NSCLC cells treated
with ionizing radiation. The cells were irradiated 5 d per week to
approximate fractionated radiotherapy, with the hope this would
ultimately yield treatments that would synergize with standard
treatment for locally advanced NSCLC.

We selected USP9X as a top druggable hit, and demonstrated
that inhibition of this deubiquitinase by either siRNAs or a small
molecule inhibitor, WP1130, augments IR-induced cell death in
vitro. In keeping with published findings,13 USP9X inhibition
was accompanied by decreases in expression of the anti-apoptotic
protein MCL1, and this was associated with increases in apopto-
sis measured by annexin V-FITC staining and caspase 3/7 activ-
ity assays. In a panel of NSCLC cell lines, MCL1 and USP9X
protein and mRNA expression levels varied concomitantly. We
hypothesized that lines showing high MCL1 levels would be
more susceptible to USP9X inhibition, and confirmed this by
comparing cytotoxicity in cells grouped by MCL1 protein

Figure 4 (See previous page). Correlation of MCL1 and USP9X levels and sensitivity to USP9X inhibition in NSCLC cells. (A) Western blot showing
MCL1 and USP9X levels in 7 NSCLC cell lines grouped in tertiles by MCL1 protein expression levels (left). Correlation of USP9X and MCL1 protein expres-
sion levels by densitometry of the Western blot, with linear regression (right). (B) Quantitative PCR for MCL1 and USP9X mRNA expression levels normal-
ized to GAPDH (left). Correlation of USP9X and MCL1 mRNA levels by qPCR, with power regression (left). (C) Luminescent cell viability assays in the 7
NSCLC cell lines grouped in tertiles by MCL protein expression levels, following fractionated radiation over 3 consecutive days with or without USP9X
siRNA knockdown. Error bars reflect standard deviation. (D) As C, but with WP1130 treatment in lieu of USP9X siRNA knockdown.
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expression. USP9X inhibition therefore emerges as a promising
strategy for NSCLC tumors expressing high MCL1 expression.

Novel strategies that increase apoptosis in response to cyto-
toxic therapies will likely have substantial value. Apoptosis is not
ordinarily the principal mode of cell death in NSCLC in
response to IR. High doses, e.g. irradiation of A549 or NCI-
H460 cells with single 20 Gy fractions, yield rates of apoptosis of
only 5–35%.14 Following USP9X inhibition, however, we
observed 2- to 3-fold increases in apoptosis. This may yield
NSCLC cell death at lower doses than are required for mitotic
catastrophe, which requires the introduction of a sufficient num-
ber of chromosomal abnormalities to result in failed mitosis and
cytokinesis.

There is already a recognized need for MCL1 inhibitors.
MCL1 is overexpressed in multiple tumors and promotes chemo-
resistance in a number of cancers.18,19 BH3 mimetics have been
developed to target the BCL2 family of proteins including BCL2
and BCLXL, including ABT737 and GDC-0199. These

inhibitors however showed lack of specificity and toxicity in nor-
mal adjacent tumors.20

Interestingly, the levels of USP9X and MCL1 expression cor-
related well at the levels of protein and mRNA expression. Simi-
lar correlation was previously observed for protein expression in
follicular lymphoma samples.9 Because USP9X deubiquitinates
MCL1 and rescues it from rapid proteasomal turnover, it stands
to reason that high USP9X protein levels correlate with high
MCL1. However, the correlation between mRNA expression lev-
els suggests concordant transcriptional regulation, possibly
through shared transcription factors or microRNA regulation.
Further investigation may help elucidate whether the 2 proteins
participate in a shared pathway to regulate anti-apoptotic
processes.

Loss of USP9X appears to have context-dependent effects. In
pancreatic ductal adenocarcinoma (PDAC), it enhances transfor-
mation, protects cancer cells from anoikis and accelerates tumori-
genesis in Kras mutant mice.21 This is in contrast to the

Figure 5. USP9X inhibition impacts apoptotic cell death in NSCLC cells expressing high but not low MCL1. (A) Western blot showing effect of
USP9X siRNA knockdown on MCL1 expression in cell lines arranged by basal MCL1 expression. (B) Luminescent cell viability assays in a low MCL1 express-
ing line, NCI-H322 (left), compared to a high MCL1 expressing line, NCI-H1299 (right), treated with IR with or without USP9X siRNA knockdown. Error bars
represent standard deviation. (C) Apoptosis in a low MCL1 expressing line, NCI-H322 (left), compared to a high MCL1 expressing line, NCI-H1299 (right),
measured as a percentage of cells staining positive on flow cytometry for annexin V-FITC following fractionated IR over 3 consecutive days with or with-
out USP9X siRNA knockdown (top) or WP1130 treatment (bottom). Error bars represent standard deviation. (D) Caspase 3/7 activity in NCI-H322 (left) and
NCI-H1299 (right) cells measured by Caspase-Glo 3/7 luminescent assay (Promega) following single fraction IR with or without USP9X siRNA knockdown
(top) or WP1130 treatment (bottom). Error bars represent standard deviation.
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antineoplastic effects of USP9X inhibition that have been
observed in other contexts. USP9X knockdown reduced anchor-
age-dependent growth and WP1130 induced significant cytotox-
icity in 5 PDAC cell lines, which were felt to represent the
malignancy at a more advanced stage.22 In a related vein, USP9X
downregulation by pemetrexed appears to reduce MCL1 and
increase apoptosis of NSCLC cells treated with this cytotoxic
agent.23

USP9X has additional targets beyond MCL1, including
SMAD4, a critical component of TGFb signaling.24 SMAD4
monoubiquitination destabilizes its interaction with SMAD2,
resulting in TGFb pathway inhibition. USP9X inhibition would
therefore be anticipated to also result in TGFb pathway inhibi-
tion, which may be pro-proliferative. Also, USP9X deubiquiti-
nates and stabilizes SMAD-specific E3 ubiquitin protein ligase 1
(SMURF1), which is required for cellular motility; depletion of
USP9X significantly impairs migration of MDA-MB-231 breast
cancer cells.25 USP9X inhibition may therefore have pleiotropic
effects, which makes the elucidation of biomarkers that can pre-
dict prevailing responses all the more essential.

Of note, several known DSB repair genes, including ATM,
DNA-PK (PRKDC), BRCA1 and MRE11A, did not score as hits
in our screen based on the scoring criteria. ShRNAs that showed
inconsistent results between replicates were not included. Then,
only those genes with at least one shRNA sequence that dropped
out in the presence of IR but not without radiation scored as hits.
There was a BRCA1 shRNA that reproducibly dropped out of the
pool of cells treated with radiation, but it also decreased partially
without radiation, so was not considered a radiosensitizing gene
hit. None of the ATM, DNA-PK or MRE11A shRNAs scored as
hits with or without radiation. Likewise, MCL1 appears to be a
false negative in the primary screen. Although it was represented
in the shRNA pool, its shRNAs did not vary consistently with or
without IR. The extent of false negatives is a limitation of the
screen. This may be a property of genome-wide RNAi screens in
general.26 Like other whole genome pooled shRNA screens, our
screen revealed new potential targets, yet additional targets are
likely to be picked up by alternate means.

Several key experiments remain. Perhaps most importantly,
the efficacy of USP9X inhibitors including WP1130 should be
tested in vivo, preferably in genetically-engineered mouse models
of NSCLC that recapitulate common driver oncogenes including
mutant KRAS and EGFR and loss of tumor suppressor genes
including TP53 and STK11 (LKB1). It is reasonably likely that
these tumors will vary in MCL1 expression, and if so, the
hypothesis will be that the high MCL1 expressing tumors will be
the most responsive to USP9X inhibitor treatment. These data
would further support the use of MCL1 protein level as a predic-
tive biomarker in subsequent clinical studies. Also, these experi-
ments would help address the potential normal tissue toxicities of
USP9X inhibitors, in particular in irradiated lung and other tho-
racic organs-at-risk. One may hypothesize that neoplastic cells
are more dependent on anti-apoptotic factors including MCL1
when faced with cytotoxic therapies. In vivo studies will be crucial
to generate preclinical evidence of the therapeutic index of
USP9X inhibitors as radiosensitizers.

Materials and Methods

Reagents
WP1130 (S2243) was purchased from Selleck Chemicals.

200 mM stocks in DMSO were stored at ¡20�C and prior to
use were diluted and stored at 4�C for up to one week. Based on
IC50 concentrations, all WP1130 treatments were at a final con-
centration of 1 mM and 2.5 mM for A549 and NCI-H460,
unless stated otherwise. The following antibodies were used at
the listed dilutions for Western immunoblots: USP9X (A301–
350A, Bethyl Lab, 1:1000), MCL1 (4572S, Cell Signaling Tech-
nology, 1:1000), tubulin (sc-32293, Santa Cruz Biotechnology,
Santa Cruz, CA, 1:1000), vinculin (sc-25336, Santa Cruz Bio-
technology, 1:1000), RAN1 (sc-58467, Santa Cruz Biotechnol-
ogy, 1:1000), anti-mouse (NA931v, GE Healthcare UK United,
1:3000) and anti-rabbit (NA934v, GE Healthcare UK United,
1:3000) horseradish peroxidase-linked secondary antibodies.

Cell lines
Human non-small cell lung cancer (NSCLC) cell lines A549,

NCI-H23, NCI-H322, NCI-H460, NCI-H522, NCI-H1299
and NCI-H1975 were gifted by Dr. Matthew Meyerson; they
can be purchased from American Type Culture Collection
(ATCC). All cell lines were grown at 37�C in humidified 5%
CO2 in Gibco RPMI 1640 (Life Technologies) containing 10%
fetal bovine serum (FBS, Sigma-Aldrich) and 1 mg/ml Normocin
(InvivoGen).

Whole genome pooled shRNA screen
The screen was performed essentially as previously described

[ref]. The Hannon-Elledge whole genome pooled shRNA library
consists of 6 viral pools each containing approximately 13,000
different MSCV-PM retroviral shRNA particles targeting human
genes. For each pool, 3 replicates of at least 1.3 £ 107 cells of
A549 or NCI-H460 cells were incubated with an equivalent
number of retroviral colony-forming units in media containing
8 mg/ml polybrene (Sigma-Aldrich), for a 1000-fold representa-
tion of each shRNA sequence at a multiplicity-of-infection
(MOI) of 1. After selection for stable integrants using 1 mg/ml
puromycin, cells were passaged for a total of 12 population dou-
blings (PD), at all times maintaining a minimum of 1.3 £ 107

cells per replicate. Irradiated cells were treated with ionizing radi-
ation (IR) using a Gammacell 40 Exactor Cs-137 irradiator (Best
Theratronics) in 1 Gy daily fractions Monday-Friday. Genomic
DNA was extracted from cells harvested both before and after the
12 population doublings. Half-hairpin shRNA-containing
sequences were amplified by PCR, purified by agarose gel electro-
phoresis and labeled with Cy5 (PD 0) or Cy3 (PD 12). Competi-
tive hybridization to custom Agilent microarrays was performed.

For scoring, the mean log2 (Cy3/Cy5) ratio was determined
for each shRNA sequence using triplicate data. Those shRNAs
for which the standard deviation of log2 (Cy3/Cy5) ratios was
greater than the absolute mean log2 (Cy3/Cy5) ratio were
excluded from further analyses, to reduce false positive hits. For
each gene, one point was assigned for each different shRNA
sequence targeting that gene for which the mean log2 (Cy3/Cy5)
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ratio was less than or equal to -1, representing a decrease in repre-
sentation of the shRNA sequence of at least 2-fold during passag-
ing. One half point was assigned for each shRNA sequence for
which the mean log2 (Cy3/Cy5) ratio was less than or equal to
¡0.5. A negative point was assigned for each shRNA sequence
for which the mean log2 (Cy3/Cy5) ratio was greater than or
equal to C1, and a negative half point was assigned for each
shRNA sequence for which the mean log2 (Cy3/Cy5) ratio was
greater than or equal to C0.5, to penalize discordant results
among shRNA sequences targeting a particular gene. Finally,
genes were ranked based on descending total score, with higher
rankings given to genes with equivalent total scores but fewer dif-
ferent shRNA sequences targeting the gene. Those genes that
showed the greatest differences in score between unirradiated and
irradiated cells were given the highest ranking as radiosensitizers.

Secondary screen for radiosensitizing gene hits and
caspase 3/7 assays

96-well white, clear bottom polystyrene tissue culture plates
(#3903, Corning) were seeded with NSCLC cells in 100 ml
media to achieve 20% confluence. Twenty-four h after seeding,
cells were transfected with 2 nM siGenome siRNAs (Dharma-
con) or AllStars negative control (Qiagen) using Lipofectamine
RNAiMax (Life Technologies). Twenty-four h after transfection,
cells were irradiated with single doses of 4 or 8 Gy. Twenty-four
h after irradiation, CellTiter-Glo cell viability assays (Promega)
were performed. Alternately, 6 hours after irradiation, Caspase
3/7 assays (Promega) were performed. Results were normalized
relative to those of the negative control.

USP9X inhibition, irradiation and cell survival assays
Twenty-four h prior to transfection or drug treatment,

1 £ 105 NSCLC cells were plated in 6-well tissue culture plates
(Corning). For RNAi knockdown, cells were transfected with
20 nM pooled or individual USP9X siRNAs (Dharmacon) or
AllStars negative control (Qiagen) using RNAiMax (Life Tech-
nologies) according to manufacturer’s instructions. For drug
inhibition, cells were treated with 1 mM or 2.5 mM of WP1130
or DMSO control, which was maintained on subsequent days.
Starting 24 h later, cells were treated with 0–6 Gy. For clono-
genic assays, 6 hours after IR, cells were trypsinized, counted,
and seeded into 10 cm dishes in triplicate to generate isolated
colonies. Once colonies became visible by eye, plates were stained
with 1% crystal violet (Sigma-Aldrich) and colonies of at least 50
cells were counted by eye.

Annexin FITC staining
The Annexin FITC V staining kit II (BD PharMingen, San

Jose, CA) was used per manufacturer’s instructions. Adherent
and NSCLC cells treated with WP1130 or USP9X siRNA were
collected together. Cells were washed with cold PBS and resus-
pended 1 £ 106/mL in cold binding buffer containing propi-
dium iodide and annexin FITC. Flow cytometry was performed
on at least 104 cells on a BD LSR Fortessa flow cytometer (BD
Biosciences). FITC and PtdIns fluorescences were passed through

520 nm and 630 nm bandpass filters, respectively. All results
were normalized to cells treated with DMSO vehicle control for
WP1130 treatment or negative control siRNA for RNAi
knockdown.

Western immunoblots
To generate whole cell lysates, 1 ml/107 cells of ice-cold RIPA

buffer containing 50 mM Tris, pH 8.0 (Bio-Rad), 150 mM
NaCl (Sigma-Aldrich), 1.0% IGEPAL CA-630 (Sigma-Aldrich),
0.5% sodium deoxycholate (Sigma-Aldrich), 0.01% SDS
(Bio-Rad), and Complete proteasome inhibitor (11 836 153
001, Roche Diagnostics), was used. Semi-dry transfer was per-
formed using the Trans-Blot SD apparatus (Bio-Rad) onto
PVDF membrane (Bio-Rad) per manufacturer’s instructions.
Western Lightning Plus enhanced chemiluminesence substrate
(Perkin-Elmer) was used for visualization on Amersham Hyper-
film (GE Healthcare).

Quantitative RT-PCR
For gene expression analyses, total RNA was extracted from

cell lines using the RNeasy kit (Qiagen) following manufacturer’s
instructions. First strand cDNA synthesis was performed with
0.5 ug total RNA using a mix of random primers and oligo dT
primers using the iScript cDNA synthesis kit (Bio-Rad). cDNA
was purified using a PCR purification kit (Qiagen) following
manufacturer’s instructions. Quantitative RT-PCR was per-
formed using a Chromo 4 DNA Engine Thermal Cycler (Bio-
Rad), withMCL1 and USP9X intron-spanning primers (Eurofins
MWG Operon) and SYBR Green (Bio-Rad) master mix; MCL1:
CATTCCTGATGC CACCTTCT (forward) and TCGTAAG-
GACAAAACGGGAC (reverse), USP9X: TTCTCCAAGTTT-
GGCATGGT (forward) and CACCCC TTAGAGATG-
GAGCA (reverse), GAPDH: TGCACCACCAACTGCTTAGC
(forward) and GGCATGGACTGTGGTCATGAG (reverse).
Data was normalized using GAPDH, with values reported as rela-
tive fold increases over control.
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