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We previously described four small molecules that reduced the
growth of lung adenocarcinoma cell lines with either epidermal
growth factor receptor (EGFR) or KRAS mutations in a high-
throughout chemical screen. By combining affinity proteomics
and gene expression analysis, we now propose superoxide dismu-
tase 1 (SOD1) as the most likely target of one of these small mol-
ecules, referred to as lung cancer screen 1 (LCS-1). siRNAs against
SOD1 slowed the growth of LCS-1 sensitive cell lines; conversely,
expression of a SODT cDNA increased proliferation of H358 cells
and reduced sensitivity of these cells to LCS-1. In addition, SOD1
enzymatic activity was inhibited in vitro by LCS-1 and two closely
related analogs. These results suggest that SOD1 is an LCS-1-bind-
ing protein that may act in concert with mutant proteins, such as
EGFR and KRAS, to promote cell growth, providing a therapeutic
target for compounds like LCS-1.

chemical biology | target discovery and validation | gene interaction network

ung cancer is the leading cause of cancer-related deaths in the

United States and worldwide (1). Efforts to characterize the
four histological forms of lung cancers by genetic and bio-
chemical methods have increased our understanding of this
disease and offered opportunities for development of targeted
therapies. For example, many lung adenocarcinomas carry so-
matic mutations affecting components of known signaling path-
ways (2, 3), and these mutations make the tumors more
vulnerable to treatment with small molecules or antibodies that
interfere with the mutated target proteins.

Other potentially fruitful approaches, including high through-
put screens for responses of cancer cells to small molecules or to
inhibitory RNAs (4) may identify unsuspected vulnerabilities in
cancer cells that depend on known or unrecognized mutations,
changes in gene expression, or alterations in signaling pathways
that create novel dependencies, a phenomenon called “synthetic
lethality” (5).

In a previous report (6), we selected four compounds (referred
to as lung cancer screen 1-4, LCS-1-4), which showed selectivity
toward some or all of lung adenocarcinoma cell lines, were not
similar to traditional kinase inhibitors, and offered other favor-
able properties for further study (6). In the current study, we
have sought to identify the molecular target of LCS-1. By in-
tegrating data from affinity chromatography with two LCS-1
derivatives and from gene expression arrays, we propose that
superoxide dismutase 1 (SOD1) is a target of LCS-1 (4,5-
dichloro-2-m-tolylpyridazin-3(2H)-one).

Results

Derivatives of LCS-1 Inhibit the Growth of Lung Adenocarcinoma Cell
Lines. In our previous screen of 189,290 compounds, we un-
covered several that inhibited the growth of one or more of four
human lung adenocarcinoma cell lines with epidermal growth
factor receptor (EGFR) or KRAS mutations more potently than
the growth of nontumor cells (6). The four selected for further
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analysis showed strong structure—activity relationships, had
chemical structures that can be readily modified to make affinity
reagents, were not structurally similar to traditional kinase
inhibitors, and were more potent against tumor cell lines than
against nontumorigenic cells.

To identify the molecular target of one of these candidate
compounds, LCS-1, we began by testing its effect on the growth
of a wider panel of human lung adenocarcinoma cell lines that
included lines with mutations in EGFR, ERBB2, KRAS, NRAS,
or MAP2K4 or amplification of MET or TITF (NKX2-1). Two
types of human noncancerous cells [normal human bronchial
epithelial (NHBE) cells and WI-38 human lung fibroblasts] were
used as controls (Table S1). The structures of several LCS-1
analogs (active and inactive) are displayed in Fig. S1. There was
a gradient of responses to LCS-1, with the two nontumor cells
being the least sensitive. A total of 10/27 adenocarcinoma cell
lines were ~10-fold more sensitive (median ICsy = 0.20 pM) to
the growth inhibitory effect of LCS-1 than NHBE cells (ICsq =
2.66 pM), and these were considered LCS-1 sensitive. There was
no apparent correlation between growth inhibition and known
mutations in the cell lines, suggesting that it was unlikely that
LCS-1 was targeting any of the proteins encoded by the known
mutant genes.

Identification of Superoxide Dismutase 1 (SOD1) as an LCS-1-Binding
Protein. We attempted to identify the targets of LCS-1 by
integrating the data obtained from two approaches: affinity chro-
matography combined with mass spectrometry (affinity proteo-
mics) and gene expression arrays combined with a comparison of
pathway signatures (expression analysis). The affinity proteomics
approach allowed us to isolate binding partners of the compound
by using the compound as an affinity reagent, as has been done
before (7). Next, to be able to form a ranked list of candidate small
molecule targets that can be systematically validated, we performed
transcription profiling of cells that were treated with compounds
for a short time to identify pathways that were modulated by the
small molecules. This approach was based on the idea that path-
ways regulated by the compound target would also be modulated by
the compound and thus reflected in the compound’s transcriptional
signature. Finally, to identify which small molecule-binding pro-
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teins were also linked to the expression signature of the compound,
we used a human gene interaction database that is based on known
pathways and protein—protein interactions obtained from curated
sources; these proteins were considered candidate small molecule
targets for further analysis.

We first validated the experimental strategy with gefitinib,
a known inhibitor of EGFR with higher activity against some mu-
tant forms of the protein (8) (SI Results and SI Materials and
Methods, Fig. S2, Table S2, and Dataset S1) and then applied the
same methods to try to identify possible target(s) of LCS-1. A fo-
cused library of 41 LCS-1 analogs was synthesized to identify
derivatives that could be modified to make affinity reagents that
still retain biological activity (6). We generated two LCS-1 affinity
reagents using LCS-1 and an analog that had almost identical
activity profile against human lung adenocarcinoma cell lines
{LCS-1.28 [4,5-dibromo-2-m-tolylpyridazin-3(2H)-one]|} (Fig. 14).
LCS-1- and LCS-1.28-interacting proteins from extracts of two
compound-responsive cell lines (H358 and H1975) were eluted
from the affinity columns with unbound compounds (0.5 pM).
Eluted proteins were identified by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). We expected valid LCS-1 targets
to bind to both affinity columns; proteins identified in at least three
of the four conditions were considered possible LCS-1 targets. A
list of the candidate LCS-1 targets is presented in Table S3 and
summarized in Fig. 1B. A total of 98 proteins were eluted from the
two LCS-1 columns. Sixty-four of these proteins were also eluted
from the gefitinib column and therefore were not considered likely
LCS-1 targets. The remaining 34 proteins that were eluted from
both LCS-1 affinity columns but did not bind to gefiitnib were
considered candidate LCS-1 targets for further validation and are
given in Fig. 1C.

The gene expression profiles of H358 and H1975 cells before and
after compound treatment were compared using the Illumina
Human HT-12 expression. For these experiments, the cells were
treated for 3 h with LCS-1.34 (an active LCS-1 derivative with in-
creased stability) (6). At the P < 0.01 level, the expression of 1,544
and 715 genes was significantly altered by LCS-1.34 treatment in
H358 and H1975 cells, respectively (Fig. 1 D and E), with an
overlap of 262 LCS-1.34-regulated genes (P = 1.6811e-11, Fisher’s
exact test). As observed with gefitinib treatment (Fig. S2), the

directionality of changes in expression of the overlapping genes was
consistent between the two cell lines (Fig. 1E). We used the human
gene interaction network (SI Results and SI Materials and Methods)
to screen for proteins that showed a significant link to the LCS-1.34
transcriptional signature. Of the 34 potential LCS-1 candidates
from affinity proteomics, only one, superoxide dismutase 1 (SOD1)
had a statistically significant connection to the LCS-1.34 gene sig-
nature (P = 0.007, Fisher’s exact test, Dataset S1).

siRNAs to SOD1 Inhibit the Growth of LCS-1-Sensitive Cell Lines. To
determine directly whether inhibition of the SOD1 gene can impair
cell growth, we reduced production of SOD1 with siRNAs. A pool
of four SOD1 siRNAs was introduced into two cell lines with high
sensitivity to LCS-1 (H358 and H1975) and two with low sensitivity
(A549 and H460). Cells were exposed to siRNAs for 96 h, and the
number of cells was counted by microscopy. Several control siR-
NAs were also used (nontargeting siRNAs and siRNAs specific for
EGFR,KRAS, and KIF11). siRNAs to KIF11 inhibited growth of all
cell lines, as expected, because this gene is an integral part of the
cell cycle machinery (9) (Fig. 24). EGFR siRNAs reduced the
growth of the EGFR-mutant cell line H1975 by ~70% (33 + 5% of
control, P < 0.05), without causing a significant reduction in the
growth of cell lines with oncogenic KRAS (Fig. 24). In contrast,
siRNAs to KRAS reduced the growth of the mutant KRAS cell
lines H358 (to 45 + 4%), A549 (to 58 + 2%), and H460 (to 18 +
11%) more than it did the growth of H1975 (to 70 + 18%). The
growth of H358 and H1975 was reduced to 50 + 5% and 48 + 8% of
control values by SOD1 siRNAs, respectively, whereas growth of
A549 (80 + 9%) and H460 (79 = 1%) was not as markedly affected
by these siRNAs. As an additional control, we also reduced pro-
duction of SFN, one of the proteins that bound to LCS-1 but was
considered unlikely to be a target of LCS-1 due to a lack of con-
nection to the LCS-1 gene expression signature. SFN siRNAs had
no statistically significant effect on the growth of any of the cell lines
(P <0.05, Fig. 24). As a precaution, we also tested siRNAs to 29/34
of the genes whose product showed specific affinity for LCS-1 (Fig.
1C). None of these siRNAs inhibited growth in a pattern that
mirrored the activity of LCS-1 (Fig. S3).

To ensure that the reduction in cell growth we observed in the
presence of SODI siRNAs was not likely to be due to any off-
target effects of the pool of siRNAs, we tested five individual

cl
A oH o A N° on o /@\ o
H
‘\/\)\/“\/\/\)]\N/\/\o N ‘\/\)\/N\/\/\)LN/\/\O N &
" LCS-1 \©/ "les12s
- . — , H358 o H1975
Drug-binding proteins | | ¢S-1-binding proteins LCS-1.34-responsive ¢ 0\ ooy a0 3 Control LCS-1.34 E

LS Gefitinib [AHCY [EWSRT [NPW
LCs-1.28(84 64 1 AHSA1 [FUs  [PA2G4
64 183 |\KR1B1 [HADH |PABPC1

ALDOA (HMGB1 |(PCBP1

l CALR |HMGB2 [RAN
CAPRIN1|HNRNPH3|SFN
34 Potential LCS-1 CDC37 |HNRNPK |SFRS7
targets CNN2 |HPRT1 |soD1

DDX5 |HSPE1 |TPM4

EEF1B2 [NACA |YWHAG
EEFID [NAGK |YWHAQ
EIF2S3

1282 .

Hgsé H1975

genes

0 10
Normalized o
expression

Log, Ratio
LCS-1.34/control

Fig. 1. Identification of superoxide dismutase 1 (SOD1) as a likely target of LCS-1. (A) Two biologically active 2-phenylpyridazin-3(2H)-one analogs (LCS-1 and
LCS-1.28) were immobilized to sepharose 6B beads (closed circles) and used to isolate binding partners in cell extracts of H358 and H1975 cells. (B) The
numbers of proteins eluted with unbound compounds (0.5 mM) from the LCS-1 and LCS-1.28 columns and identified by LC-MS/MS. Affinity chromatography
and MS identification were performed at least three times for each cell line. (C) The 34 proteins that were eluted from the LCS-1 and LCS-1.28 affinity
columns, but not from the gefitinib column were considered candidate targets of LCS-1. (D) H358 and H1975 cells were treated with 0.25 pM LCS-1.34 for 3 h
to generate expression signatures and the number of LCS-1.34-regulated genes is shown for each cell line. The 262 genes that were regulated in both H358
and H1975 comprise the LCS-1 gene signature. (E) “Heatmaps” of the altered expression of the 262 LCS-1 gene signature in H358 (Left) and H1975 (Right)
cells. The ratio (LCS-1/control) of the average expression of each gene in three replicates is shown in the last column of the heatmaps.
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Fig. 2. SiRNAs to SOD1 reduce the growth of cell lines relatively sensitive to LCS-1. (4) Cell lines that were relatively sensitive (H358 and H1975) or relatively
insensitive (A549 and H460) to LCS-1 were transfected with pools of four of the indicated siRNAs. Twenty-four hours after transfection, wells with nontargeting
control siRNAs (CONT) were also treated with 0.5 pM LCS-1.34. (B) H358 cells were transfected with the indicated individual siRNAs and 96 h later images of
Hoechst-stained cells were taken with an IN Cell Analyzer 2000 wide-field epifluorescence microscope and the total number of Hoechst-labeled nuclei in nine
fields per well counted using the object recognition function of Developer 1.7 software. Results represent the average + SD of two to five experiments in which
each condition was assayed in triplicate. In A, the results obtained with each siRNA are expressed relative to the control transfection (CONT) for the respective
cell line. (C) H358 cells were transfected with the same siRNAs as in B for 48 h, then extracts prepared and immunoblotted for SOD1 or ENO1 (loading control).

SOD1 siRNAs on cell growth. Four of the single SODI siRNAs
reduced growth of H358 cells, similar to the SODI siRNA pool
(Fig. 2B). We also observed a good correlation between in-
hibition of growth and reduction in SOD1 protein levels by
siRNAs; the only siRNA that did not block cell growth (SOD1-
sil) had little effect on SOD1 expression (Fig. 2C).

SOD1 Expression Correlates Inversely with Sensitivity to LCS-1. To
gain insight into any relationship between sensitivity to LCS-1
and SODI expression, we tested whether there was a correlation
between these two parameters. We analyzed 18 lung adenocar-
cinoma cell lines for which we had data for both SODI expres-
sion and sensitivity to LCS-1 (Table S1). Tumor cell lines that we
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Fig. 3. Expression of SODT1 correlates inversely with sensitivity to LCS-1 and promotes growth. (A) The ICso values shown in Table S1 for inhibition of growth
of 18 human adenocarcinoma cell lines by LCS-1 are plotted as a function of SODT mRNA levels. Spearman’s correlation test determined that there was
a significant correlation between SODT1 levels and sensitivity to LCS-1 (Spearman’s r = 0.6270, P = 0.0054). (B) H358 cells were transfected with a FLAG-tagged
SOD1 CDNA or pCMV6 empty vector and G418-resistant populations were selected. Cell extracts were immunoblotted with anti-FLAG (Top), anti-SOD1
(middle) or antitubulin-a (Bottom). (C) Equal number of H358 cells stably expressing SOD1 (H358-SOD1) or control vector (H358-pCMV6) were plated and cell
numbers determined daily, starting at day 2. Results represent the mean + SD of two experiments (performed several months apart) in which each condition
was assayed in duplicate. (D) *H-thymidine incorporation and caspase-3/7 activity were determined 24 h after plating equal numbers of the indicated cell lines
as described in S/ Materials and Methods. Results represent the mean + SD of two experiments in which each condition was assayed in triplicate. (E-/) H358-
SOD1 (open circle) or H358-pCMV6 (solid square) cells were plated in medium containing increasing concentrations of the indicated compounds; then the
numbers of viable cells remaining after 72 h were assessed using AlamarBlue viability dye. Results represent the mean =+ SD of at least two experiments in
which each condition was assayed in duplicate.
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considered “sensitive” had significantly lower levels of SODI
RNA compared with the lines we categorized as “insensitive”
(mean SODI RNA in sensitive lines was 1,563 + 236 relative
units, whereas the mean SODI RNA in insensitive lines was
2,793 + 232 relative units, P = 0.0199, two-tailed ¢ test). We
observed an inverse correlation between SODI RNA level and
sensitivity to LCS-1 (Fig. 34, Spearman’s r = 0.6270, P = 0.0054,
two tailed). A similar inverse correlation was also observed be-
tween SOD1 protein level and sensitivity to LCS-1 (Fig. S4).

Expression of a SOD7T cDNA Increases Cell Number, Decreases
Apoptosis, and Reduces Sensitivity to LCS-1 Analogs. To determine
whether SOD1 directly modulates growth and response of lung
cancer cell lines to LCS-1, we generated two stable H358 cell
lines, one expressing a SODI ¢cDNA encoding FLAG and MYC
epitope tags at the N terminus (H358-SOD1) and one with the
same pCMV expression vector lacking the SODI insert (H358-
pCMYV). Western blots with anti-FLAG and anti-SOD1 antisera
confirmed the expression of FLAG-tagged SOD1 (Fig. 3B),
which migrated more slowly in polyacrylamide gel electropho-
resis because of the two epitope tags. In two independent
experiments conducted several months apart, we observed that
H358-SOD1 cells grew at a faster rate than the control H358-
pPCMV6 cells (Fig. 3C), but there was no appreciable difference
in the rate of DNA synthesis (0.96 + 0.03-fold over control,
Fig. 3D). However, caspase-3/7 activity in H358-SOD1 cells was
0.58 + 0.08-fold of the activity in H358-pCM V6 cells (Fig. 3D),
suggesting that SOD1 expression may increase the number of
viable cells by inhibiting apoptotic pathways.

To test the effect of SOD1 overexpression on sensitivity to
LCS-1 analogs, we determined the ICsy for inhibition of the
growth of H358-SOD1 and H358-pCMYV cells by LCS-1, LCS-
1.28, and LCS-1.34. Growth of H358-pCMV6 cells was inhibited
by LCS-1, LCS-1.28, and LCS-1.34 with ICs, values of 0.8 pM,
0.8 uM, and 0.6 pM, respectively (Fig. 3 E-G). Cells over-
expressing SOD1 showed about a threefold reduction in sensi-
tivity to LCS-1 (ICsp = 3.5 pM), LCS-1.28 (ICs¢ = 3.0 uM), and
LCS-1.34 (ICso = 2.2 pM). This ability of high levels of SOD1 to
reduce sensitivity to LCS-1 analogs was not seen when cells were
challenged with the copper chelators ammonium tetrathiomo-
lybate (Fig. 3H) and triethylenetetramine tetrahydrochloride
(TETC), both of which inhibit SOD1 indirectly by chelating
copper or by etoposide (Fig. 3I). These results suggest that
sensitivity to LCS-1 is directly determined by SOD1 levels, with
higher SOD1 levels correlating with reduced sensitivity to LCS-1.

Only Biologically Active LCS-1 Analogs Inhibit SOD1 Activity in Vitro.
To further explore the relationship between SOD1 and LCS-1,
we tested whether LCS-1 can inhibit SOD1 activity directly, us-
ing an in vitro enzymatic assay. We tested three active LCS-1
analogs that inhibited the growth of lung cancer cell lines (LCS-
1, LCS-1.28, and LCS-1.34, Fig. S1), one analog that had little
effect on cell growth (LCS-1.11; Fig. S1) (6), and TETC. As
expected, TETC inhibited SOD1 activity in a dose-dependent
manner (Fig. 44, 1Cso = 1.86 mM). The three active LCS-1
analogs also inhibited SOD1 in a dose-dependent manner with
similar ICsq values (LCS-1, 1.07 pM; LCS-1.28, 0.95 pM; and
LCS-1.34, 1.05 pM; Fig. 4B). In contrast, the relatively inactive
LCS-1.11 inhibited SOD1 activity only at high concentrations
(>10 pM). These results support the proposal that SOD1 is
a direct target of LCS-1.

Most Human Lung Adenocarcinomas Express SOD1 at Higher than
Normal Levels. Because SODI appears to increase growth of
lung adenocarcinoma cells (Fig. 3C), we wanted to know whether
expression of the gene was altered in human lung cancers. We
compared SOD! transcript levels observed in normal lung and in
adenocarcinomas in two independent sample sets downloaded
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Fig. 4. Active LCS-1 analogs inhibit SOD1 enzymatic activity in vitro. (A and
B) SOD1 enzymatic activity was assayed in vitro in the presence of increasing
concentrations of (A) triethylenetetramine tetrahydrochloride or (B) LCS-1
analogs. Note that LCS-1.11 does not inhibit the growth of lung cancer cells.
Results represent the mean + SE of at least three experiments in which each
condition was assayed in duplicate.

from the Gene Expression Omnibus. Dataset GSE10072 con-
sisted of 58 lung adenocarcinomas and 49 normal lung tissue
samples (31 pairs), and dataset GSE7670 contained 26 lung
adenocarcinomas paired with adjacent normal lung samples.
SOD1 RNA levels were slightly but significantly higher in tumors
than in normal lung tissue in the GSE10072 dataset (Fig. S44;
mean expression tumors, 3,075 + 120; mean expression normals,
2,454 + 80; P = 0.0004, two-tailed Welch’s T test). This obser-
vation was confirmed through the pairwise analysis of the sam-
ples in the GSE7670 dataset (Fig. S4B; mean expression tumor,
1,148 + 80; mean expression normal, 956 + 36; P = 0.0051, two-
tailed paired T test). Taken together with the observation that
overexpressing SOD1 in cells in culture increases growth, these
findings support the notion that cells with increased SODI level
may have a selective advantage.

Discussion

We used two approaches—affinity chromatography combined
with mass spectrometry (affinity proteomics) and gene expres-
sion arrays combined with a comparison of pathway signatures
(expression analysis)—to identify SOD1 as a target of LCS-1,
after validating the approach with the EGFR inhibitor gefitinib.
In both cases, combining the results of the two approaches
pointed to only one target responsible for a biological action of
the compounds, namely, growth inhibition of lung adenocarci-
noma cell lines. Of course, LCS-1 may have targets other than
SOD1, just as gefitinib can inhibit tyrosine kinases other than
EGFR (10). It is possible that these additional LCS-1 targets
may contribute to the effect of the compound on cell growth.
SOD1, also known as Cu/Zn SOD, is a copper-dependent
enzyme that catalyzes the conversion of superoxide ion (O;")
into H,O, and O, to maintain low levels of reactive oxygen
species (ROS) (11). There are two additional SOD genes (SOD2
and SOD3) that encode enzymes functionally similar to SOD1
but localized in different cellular compartments (12); therefore,
they cannot substitute for each other in free radical de-
toxification. Our results imply SOD2 and SOD3 do not substitute
for SOD1 when this enzyme was inhibited by LCS-1. This could
be because LCS-1 inhibited all three SOD isoforms or that these
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proteins have additional unique functions. Given that we did not
detect binding of SOD2 or SOD3 to LCS-1 and that the three
proteins are very different chemically, it is unlikely that these two
isoforms are targets for LCS-1. The SODs maintain tight regu-
lation of ROS as these entities can either promote growth or
have antiproliferative effects, depending on cellular concentra-
tion. The activities of a variety of transcription factors (e.g., AP1,
p53, and NF-kB) have been shown to be regulated by the redox
status of a cell (13). In addition, ROS can induce post-
translational modification of proteins involved in growth factor
signaling pathways, leading to DNA damage and apoptosis (12).
The three superoxide dismutase genes have been implicated in
the pathophysiology of various diseases (12). For example,
mutations in SODI have been identified in ~20% of families with
amyotrophic lateral sclerosis (14). In addition, the copper che-
lator ATN-224, which interferes with the activation of SOD1
(and other cellular processes), inhibits growth of tumor cells and
blocks angiogenesis in animal models (15), suggesting a role for
SOD1 in regulating tumorigenesis and angiogenesis. ATN-224 is
currently being tested in clinical trials for the treatment of late
stage solid tumors (16). However, there has been no clear evi-
dence pointing to a specific role for SOD1 in tumorigenesis, and
we are unaware of any previously reported SOD1 inhibitors
known to be effective in cells, other than copper chelators.

Here we have demonstrated that overexpression of SODI in
lung cancer cells promotes growth without affecting cell cycle
progression. Instead, cells overexpressing SODI had a lower
frequency of basal apoptosis, implying that SOD1 promotes
growth by increasing survival. In agreement with this, we pre-
viously showed that the LCS-1 analog LCS-1.34 increased ap-
optosis in lung adenocarcinoma cell lines (6). It is unclear how
SODL1 is able to influence survival pathways in lung cancer cell
lines to permit growth. Recently, it was shown that the anti-
apoptotic protein XIAP (X-linked inhibitor of apoptosis) can
activate SOD1 by ubiquitinating and activating the copper
chaperone for superoxide dismutase (CCS), which delivers cop-
per to SOD1, thereby enhancing its enzymatic function (17). It
remains to be determined whether a similar process occurs in
cancer cells, because the XIAP study was done in mammalian
cell lines that were not derived from tumors. We have pre-
viously shown that LCS-1 can prevent serum-induced activation
of the ERK and PI 3-kinase/AKT signaling pathways (6). In
support of this, Juarez et al. reported that ATN-224-mediated
inhibition of SOD1 activity prevents growth factor-induced ac-
tivation of ERK (18). The authors speculated that, when SOD1
activity is low, there is an abundant supply of reactive oxygen
species that prevents the oxidation of tyrosine phosphates (18).
This causes the down-regulation of growth-promoting signals
from tyrosine kinase receptors and this may be the mechanism
by which ROS impair growth. In support of this antiproliferative
role of ROS, two studies have identified two different ROS-
inducing compounds from chemical screens that can inhibit the
growth of KRAS-transformed 3T3 cells (19) and cancer cells
(20). In addition, it was recently shown that the transcription
factor Nrf2 (which controls a antioxidant pathway) was required
for tumorigenesis in mice by oncogenes such as Kras (21).
Taken together, these results suggest that modulating the redox
status of a cell either by inhibiting SOD1 or by other mecha-
nisms, could be exploited as an effective therapeutic strategy for
treating cancer.

We report here that expression of SODI was significantly
higher in most lung tumors from two independent datasets
obtained from the Gene Expression Omnibus. Given our ob-
servation that overexpression of SODI1 leads to increased
growth, it seems likely that cells with high levels of SOD1 have
a selective advantage during tumorigenesis. Thus, SOD1 might
be a valuable therapeutic target and LCS-1 compounds might be
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candidate lead compounds for development. Because tumor cell
lines with higher levels of SOD1, like tumor cell lines engineered
to express additional SOD1, appeared less sensitive to the
growth inhibitory effects of LCS-1, SOD1 inhibitors (e.g., new
LCS-1 analogs) with more potency and efficacy would be needed
to overcome this inverse relationship between SOD1 expression
and sensitivity to LCS-1. In addition, sequencing of SOD1
c¢DNAs derived from five lung cancer cell lines with low or high
sensitivity to LCS-1 revealed no somatic mutations (data not
shown), suggesting that aberrant expression of the wild-type
protein itself may be involved in lung tumorigenesis.

Novel small molecules have not been widely used as probes to
identify new therapeutic targets. As we have shown in this study,
chemical biology approaches are valuable in identifying new
therapeutic targets and biological mechanisms.

Materials and Methods

Preparation of Cell Extracts, Affinity Chromatography, and Mass Spectrometry.
Preparation of cell extracts and affinity chromatography was carried out at
4 °C as described (7) and bound proteins were eluted with 600 pL lysis buffer
containing either 1 mM gefitinib, or 0.5 mM LCS-1, or LCS-1.28. Eluates were
collected and concentrated using a vacuum dryer at room temperature. LC-
MS/MS and protein identification was carried out as described in S/ Materials
and Methods.

SOD1 Enzymatic Assay. SOD1 activity was determined in vitro using a Super-
oxide Dismutase Assay kit from Cayman Chemicals according to the manu-
facturer’s instructions (22). See SI Materials and Methods for more
information.

Gene Expression Profiling of Cells Exposed to Small Molecules. Cells were
plated at a density of 200,000 cells per well (six-well plate) for 24 h and then
treated with fresh growth media containing either gefitinib (0.1 pM) or LCS-
1.34 (0.25 pM) for 3 h. Cells were then lysed with 1 mL TRIzol per well, and
RNA was extracted and profiled for expression analysis by the Memorial
Sloan-Kettering Cancer Center (MSKCC) Genomics Core Facility using the
Ilumina Human HT-12 array platform according to the manufacturer’s
instructions. Three biological replicates were profiled for each condition
with each experimental pair (control and compound treatment) prepared on
different days. See S/ Materials and Methods for more information on
data analysis.

Pathway Analysis to Find Genes Linked to Expression Signatures. A published
human gene interaction network (Netbox) that is based on known pathways
and protein—protein interaction data (23) was used to screen for genes that
had a significant connection to the expression signature of compound
treated cells. The network was created by combining interaction data from
Human Protein Reference Database (24), Reactome (25), National Cancer
Institute/Nature Pathway Interaction Database (26) and the MSKCC Cancer
Cell Map (27), and contains 9,264 proteins. Fisher's exact test was used to
assess whether a protein (e.g., a candidate target identified by MS) was
linked to more transcriptionally altered genes than expected by chance,
given its total number of neighbors in the network. For this we used the
“linker gene” functionality of the Netbox software.
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