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The therapeutic effect of DX2 inhibition
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Alternative splicing products of AIMP2 and AIMP2-DX2
(DX2) have been reported to be associated with human lung
cancer. In fact, DX2 expression is elevated in human lung can-
cers, and DX2 transgenic mice also develop lung cancer, in
particular small cell lung cancer (SCLC). However, the mecha-
nism by which DX2 is induced during cancer progression has
not been clearly elucidated. Here, we show that DX2 is induced
by nicotine, the main component of smoking-related chemi-
cals, which can stabilize the human epidermal growth factor re-
ceptor 2 (HER2) protein and transcriptionally increase sonic
hedgehog (Shh). Indeed, nicotine showed tumorigenicity via
DX2 by promoting spheroid formation and in vivo lung and
kidney cancer progression. Moreover, the elimination of DX2
using small interfering RNA (siRNA) or an optimized inhibitor
(SNU-14) blocked the induction of HER2 and Shh and
completely suppressed tumor sphere formation in response
to nicotine. These results indicate that DX2 is critical for
lung cancer progression, and a specific DX2 inhibitor would
be useful for the treatment of human cancers, including
SCLC and non-SCLC (NSCLC).

INTRODUCTION
Human lung cancer is the most aggressive malignancy. Worldwide,
1,760,000 patients die of lung cancer, with a very low survival rate.1

Human lung cancers are divided into two main types, non-small
cell lung cancer (NSCLC) and SCLC, based on their histological prop-
erties.2 For SCLC, which occupied 10%–15% of all lung cancers, its
molecular pathogenesis is largely unknown due to rapid progression
and a lack of surgical specimens. Therefore, proper treatment has not
been developed for decades, and the overall survival rate is still only
7%.3,4 It is also well known that smoking increases lung cancer inci-
dence and is strongly associated with SCLC.5,6

In general, human cancer progression is achieved by an initiator and
promoter. Initiators contribute to cancer initiation by inducing ge-
netic mutations, so almost all initiators are mutagens.7 Under smok-
ing conditions, some chemicals, including benzo-(a)-pyrene and
smoking tar, have been suggested as mutagens.8–10 Indeed, the genetic
mutation pattern of TP53 in smokers with lung cancer is quite similar
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to that in non-smokers who have been exposed to smoky coal.11

These results imply that a similar mutagen, such as benzo-(a)-pyrene,
functions as an initiator in lung cancer.

In contrast, a promoter of smoking-related lung cancer has not yet
been proposed. In other cancer models such as breast cancer, in which
estrogen functions as a promoter, the promoter exhibits a dose-
related sigmoidal curve without genetic mutations.12 Considering
that the incidence of SCLC tends to mirror the smoking rate, it
may contain a promoter for lung cancer. In addition, smoking habits
also increase bladder, kidney, and gastric cancers, indicating that wa-
ter-soluble and well-circulated chemicals can function as promoters
of smoking-related human cancers.8–10 These features strongly sug-
gest that nicotine is a putative candidate promoter of smoking-related
cancers.13,14

In our previous study, DX2, an aberrant alternative splicing product
of AIMP2, promoted lung cancer progression, in particular SCLC, by
inhibiting p14/ARF.15 DX2 is stabilized by oncogenes such as human
epidermal growth factor receptor 2 (HER2)/Neu, AKT, or K-ras and
promotes the degradation of p14/ARF. Thus, DX2 inhibitors can
induce cell death in lung cancer cell lines and xenograft models. How-
ever, we did not reveal how DX2 is induced in the early stages of can-
cer without oncogenic mutations. Unlike NSCLC, which shows
frequent mutation rates in KRAS or ERBB2, SCLC does not showmu-
tations in these oncogenes but mostly shows genetic abnormalities in
tumor suppressor genes.3

Therefore, we hypothesized that smoking is an important promoter of
SCLC and that nicotine and DX2 might be linked to each other. To
test this hypothesis, we monitored the effect of nicotine on DX2
expression in SCLC cells and human lung cells. We found that the
nicotine-DX2 axis promotes cell proliferation via stabilizing HER2
herapy: Oncology Vol. 32 December 2024 ª 2024 The Author(s).
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Figure 1. Induction of DX2 expression by nicotine in pulmonary cells

(A) Nicotine induces DX2 expression in a dose-dependent manner in human diploid lung fibroblasts (WI-26). Cells were treated with nicotine at the indicated concentrations

for 24 h, and DX2 expression was measured by western blotting. Actin was used as a loading control. (B and C) Nicotine induced DX2 expression only at the protein level.

NSCLC (H460) and SCLC (H209) cells were treated with nicotine at 30 mM for the indicated times, and immunoblot or RT-PCR was performed. Actin and GAPDH were used

(legend continued on next page)
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in NSCLC and inducing sonic hedgehog (Shh) ligands in SCLC.
Notably, nicotine shows tumorigenic abilities in tumor spheroid for-
mation assays and in vivo. Therefore, the optimized DX2 inhibitor
could be a highly potent drug candidate against smoking-induced
cancers.

RESULTS
Nicotine induces DX2 expression

In our previous study, we revealed that DX2 contributes to lung can-
cer progression, in particular SCLC.15 Thus, we speculated that nico-
tine may be related to DX2 expression. To address this, we first
checked the expression of DX2 in human pulmonary epithelial-like
cells, WI-26. From 10 mM, DX2 expression was increased without
AIMP2 alteration (Figure 1A). We also observed the same response
in the SCLC cell line H69 (Figure S1A). DX2 induction in response
to nicotine was detected in other SCLC cell lines, NCI-H209 (Fig-
ure 1B) and NCI-H146 (Figure S1B), as well as NSCLC cells, NCI-
H460 (Figure 1C), from 2 to 24 h without transcriptional induction.
Since the origin of SCLC has been suggested to be a neuroendocrine
cell,5 we examined the effect of the neuroblastoma cell lines SK-N-
MC and SK-N-SH. In both cell lines, nicotine induced DX2 expres-
sion without transcriptional induction (Figure S1C) in a time- and
dose-dependent manner (Figure S1D). To address the cellular effects
of nicotine, wemonitored the proliferation ofWI-26 cells using a real-
time cell counting microscope and found that nicotine promoted cell
proliferation (Figure 1D). Consistently, nicotine induced the expres-
sion of cyclin D1, a cell cycle inducer (Figure 1E).16 We also observed
an increase in cell viability following nicotine treatment of SK-N-MC
(Figure S1E), NCI-H446 (Figure S1F), and 253 J, a human bladder
cancer cell line (Figure S1G). Additionally, cyclin D1 induction was
detected in NCI-H460 and 253 J cells (Figures S1H and S1I), whereas
the elimination of DX2 blocked the induction of cyclin D1 by nicotine
(Figure S1J).

Nicotine stabilizes DX2 by phosphorylation

To determine how nicotine induces DX2 expression, wemeasured the
expression of ectopically expressed DX2 and AIMP2. Nicotine treat-
ment increased exogenous DX2 without altering AIMP2 expression
(Figure S2A), indicating that nicotine-mediated DX2 increases can
be achieved at the post-translational level. Therefore, we monitored
the stability of DX2 under nicotine treatment. Nicotine could increase
DX2’s half-life from 2 to 4 h in WI-26 (Figures 1F and 1G). Similarly,
the extension of the DX2 half-life was observed in the SK-N-SH cell
system (Figures S2B and S2C). Since nicotine can activate Ca2+
for loading. (D) Nicotine induced proliferation of WI-26 cells. Using live-cell imaging anal

standard deviations (SD). **p < 0.005. (E) Nicotine elevated DX2 expression in a time-de

(30 mM) for the indicated time, and immunoblotting was performed. Actin was used as a l

(F) Cycloheximide (CHX) chase assay showed prolonged nicotine-induced DX2 protein s

for the indicated time. Immunoblotting was performed. Actin was used for the loading. (G

encoding wild-type DX2 and DX2 Y47F were transfected into theWI-26 cells. After 24 h,

was used for the loading. (H) Src kinase inhibitor (PP2) blocks nicotine-mediated DX2 in

wild-type DX2 and DX2 Y47F were transfected into the WI-26 cells. Subsequently, cells

analysis was performed. Actin was used as a loading control. L.E and S.E indicate lon
signaling,17,18 we checked the expression of DX2 under BAPTA, a cal-
cium chelator, and found that Ca2+ is required for nicotine-induced
DX2 stabilization (Figure S2D). Therefore, we searched for a newly
generated motif in DX2 by exon 2 skipping and found that the
QDY motif was uniquely produced by alternative splicing (Fig-
ure S3A). Since the QDY motif is predicted to be phosphorylated
by the Src kinase family (Figure S3B), we generated a phosphoryla-
tion-defective DX2mutant (DX2 Y47F). This mutant had a very short
half-life (2 h) compared to that of wild-type DX2 (4 h; Figure 1G). In
addition, DX2 Y47F levels were not increased by nicotine treatment
(Figures 1H and S3C). Moreover, the Src inhibitor PP2 blocked the
induction of DX2 by nicotine (Figure 1H). These results suggest
that phosphorylation of DX2 by the Src family could increase the pro-
tein stability of DX2.
DX2 increases HER2 expression

In our previous study, we showed that nicotine and DX2 promoted
cell proliferation (Figure 1D; Govind et al.14). To verify the molecular
mechanism underlying this effect, we examined the expression of
HER2, which is critical for lung cancer progression and cell cycle
regulation. In addition, it has been reported that a considerable
portion of patients with NSCLC show high HER2 expression without
genetic alteration or mRNA induction.19–21 As expected, nicotine
induced HER2 expression in the WI-26 cells (Figure 2A). We
confirmed the induction of surface HER2 using fluorescence-acti-
vated cell sorting (FACS) analysis (Figure 2B). SK-N-MC cells
showed a similar pattern of nicotine-induced total and surface
HER2 expression (Figures 2C and 2D) without transcriptional induc-
tion (Figures S4A–S4C). Under the same conditions, we observed the
induction of DX2 (Figure S4C). Interestingly, the elimination of DX2
completely blocked HER2 induction in response to nicotine and
reduced basal HER2 expression (Figure 2E). Considering our previ-
ous report that HER2 can increase DX2 expression,15 there would
be a positive feedback loop between HER2 and DX2. Since HER2
can be localized in the nucleus when it is overexpressed,22,23 we
checked HER2 through immunofluorescence (IF). From this experi-
ment, we found that nuclear and surface HER2 was also increased by
nicotine (Figures 2F, S4D, and S4E). Additionally, we observed an in-
crease in HER2 stability after nicotine treatment (Figure 2G). Among
E3 ligases, Beta-Transducin Repeat Containing E3 Ubiquitin Protein
Ligase (b-TrCP) blocked HER2 expression (Figure 2H), and nicotine
treatment and DX2 ectopic expression promoted the dissociation of
HER2 and b-TrCP (Figures 2I and S4F), which is reported to be
responsible for HER2 degradation.24 Instead, nicotine treatment
ysis, the proliferation of WI-26 cells was measured every 4 h. Error bars indicate the

pendent manner in human diploid lung fibroblasts. Cells were treated with nicotine

oading control. L.E and S.E indicate long exposure and short exposure, respectively.

tability. After incubation with nicotine at 30 mM for 12 h, cells were treated with CHX

) The half-life of DX2 Y47F is shorter than that of wild-type DX2. Myc-tagged vectors

cells were treated for the indicated times. Immunoblot analysis was performed. Actin

duction and does not occur in the DX2 Y47F mutant. Myc-tagged vectors encoding

were co-treated with PP2 (10 mM) and nicotine (30 mM) for 12 h. Then immunoblot

g exposure and short exposure, respectively.
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increased the DX2-HER2 interaction (Figure S4G). Collectively, the
stabilization of DX2 by nicotine may be associated with HER2 and
block b-TrCP-mediated HER2 degradation, resulting in HER2 activa-
tion. These results indicate that nicotine-induced DX2 expression
contributes to cancer progression through HER2-mediated onco-
genic signaling.

Nicotine activates Shh signaling

As shown in a previous study, the subcellular localization of DX2 was
determined by p14/ARF.15 DX2 localized in the nucleus and nucleolus
in p14/ARF-intact cell lines (WI-26 andH1299; Figures S5A and S5B)
and in the cytoplasm in p14/ARF-null cell lines (A549 and H460;
Figures S5C and S5D). Also, the knockdown of p14/ARF induced
the translocation of DX2 from the nucleus to the cytoplasm
(Figures 3A and 3B). As more than 90% of SCLC has inactivating mu-
tations of TP53, p14/ARF and DX2 may conduct another role at the
nucleus in SCLC.5,25 Besides, HER2 activation is well established in
the progression of NSCLC but not critical in SCLC. In fact, SCLC
cell lines did not express HER2 (Figure S5E). Considering our and
other’s previous studies that DX2 transgenic mice bear SCLC as well
as NSCLC15 and that smoking is a critical risk factor for SCLC,3 nico-
tine would also be critically involved in SCLC. To address this, we first
checked the expression of Shh, which has been shown to be elevated
and secreted in SCLC without detailed molecular mechanisms26 and
regulated by p14/ARF.27 As expected, nicotine induced Shh expres-
sion in WI-26 cells in a dose-dependent manner (Figure 3C). In
SCLC cell lines, nicotine also increased Shh levels (Figures 3D and
3E) within 1 h. Since SCLC is known to be derived from neuroendo-
crine cells,5 wemonitored the effect of nicotine in SK-N-MC neuronal
cells and found that Shh was induced at the transcriptional level by
nicotine treatment (Figure S5F). Ectopic expression of DX2 also
increased Shh expression (Figure 3F), whereas the elimination of
DX2 by small interfering RNA (siRNA) abolished nicotine-induced
Shh expression (Figures 3G, S5G, and S5H), indicating that DX2
was essential for nicotine-mediated Shh induction. The DX2 inhibi-
tor15 reduced Shh expression in SCLC (Figure 3H) and SK-N-MC
(Figure S5I). To examine the role of elevated Shh by nicotine, we
collected conditioned medium from nicotine-treated neuronal cells
and treated them with WI-26 (Figure 3I). The conditioned media of
SK-N-MC (Figure 3J) and SK-N-SH (Figure S5J) induced cyclin D1
Figure 2. Induction of HER2 by nicotine in a DX2-dependent manner

(A) Expression of HER2 is induced by nicotine. WI-26 cells were treated with nicotine at

loading control. (B) Cell surface HER2 expression is elevated by nicotine. WI-26 cells w

without permeabilization. Then, cell surface HER2 expression was measured using flo

treated with nicotine at 30 mM for the indicated time, and immunoblot was performed.

exposure, respectively. (D) Cell surface HER2 expression is elevated by nicotine. SK-N-

nicotine-mediated HER2 induction. SK-N-MC cells were transiently transfected with con

and HER2 was measured by western blot, and actin was used as a loading control. (F)

30 mM for 6 h. Subsequently, PFA fixing was conducted without permeabilization. For im

used for nuclei staining. Scale bar, 20 mm. (G) Half-life of HER2 is prolonged by nicotine. A

time. Then, immunoblot analysis was performed. Actin was used as a loading control

reduces HER2 expression. WI-26 cells were transiently transfected with b-TrCP and S

loading control. (I) Nicotine inhibits the interaction of HER2 and b-TrCP. To detect the int

HER2 antibody. PPT indicates proteins that co-precipitate with HER2, and SUP indica
expression in WI-26 cells. These results suggest that Shh released by
nicotine-exposed cells might promote cell proliferation and may be
an important feature for nicotine-induced tumorigenesis. To elimi-
nate the effect of the nicotine that remained in themedium, we treated
the conditioned medium with UV. Even after treatment with UV, the
conditioned medium induced cyclin D1 expression (Figure S5K).
Therefore, it is assumed that secreted Shh, not remaining nicotine, af-
fects the proliferation of the surrounding cells.

Nicotine promotes tumorigenesis via DX2 induction

Next, we checked tumor sphere formation to obtain more direct ev-
idence of nicotine and carcinogenesis. WI-26 cells were grown in sus-
pension without attachment with or without nicotine. In contrast to
the small spheroids in the control group, nicotine enhanced spheroid
formation in a dose-dependent manner (Figure S6A). We observed
clearer features after staining with phalloidin (Figure 4A). Compared
with the control, the 30 mM nicotine-treated cells formed enlarged
spheroids (Figure 4B). In these spheroids, we observed the induction
of DX2, Shh, and HER2 (Figure 4C). To determine the relationship
between spheroid formation and DX2 expression, we performed a
spheroid formation assay in DX2-transfected and DX2-eliminated
WI-26 cells. DX2-transfected cells could easily form spheroids
regardless of nicotine treatment (Figure S6B). In contrast, DX2-defi-
cient cells could not form spheroids, even under nicotine-treated con-
ditions (Figures 4D and 4E). In fact, the elimination of DX2
completely blocked tumor sphere formation (Figures 4F and 4G).
These results suggest that DX2 is critical for nicotine-induced tumor-
igenesis. To confirm the tumorigenic ability of nicotine in vivo, we
administered nicotine intraperitoneally (i.p.) to wild-type mice (Fig-
ure S7A). Compared to the vehicle-treated group, the nicotine group
developed Ki-67-positive highly proliferative tumors in lung (Fig-
ure 4H). Additionally, nicotine induces clear cell renal cell carcinoma
(CCRCC) in another major nicotine-affected organ, the kidney
(Figures S7C and S7D). Therefore, nicotine itself appears to have
oncogenic capacity, which occurs through DX2.

Optimization of DX2 inhibitor

Since DX2 is essential for nicotine-induced tumorigenesis, an in-
hibitor of DX2 would be useful as an anti-cancer drug. Through
ELISA-based chemical screening, we found a promising DX2
30 mM for the indicated time, and immunoblot was performed. Actin was used as a

ere treated with nicotine at 30 mM for 6 h. Subsequently, PFA fixing was conducted

w cytometry. (C) Nicotine induces HER2 expression in SK-N-MC cells. Cells were

Actin was used as a loading control. L.E and S.E indicate long exposure and short

MC cells were treated with nicotine at 30 mM for 6 h. (E) Knockdown of DX2 blocks

trol siRNA or DX2-specific siRNA. After 48 h, nicotine was treated. Expression of DX2

Nicotine induces cell surface HER2 expression. Cells were treated with nicotine at

munofluorescence (IF) assay, cells were stained with HER2 antibody, and DAPI was

fter being incubatedwith nicotine at 30 mM for 6 h, CHXwas treated for the indicated

. L.E and S.E indicate long exposure and short exposure, respectively. (H) b-TrCP

iah1. Expression of HER2 was measured by western blot, and actin was used as a

eraction HER2 and b-TrCP, an immunoprecipitation (IP) assay was conducted using

tes the supernatant.
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inhibitor, SLC-B050, in our previous study.15 However, because SLC-
B050 has a very high half maximal inhibitory concentration (IC50)
value (>20 mM), chemical optimization is required. To identify a
more effective candidate chemical, we generated 15 derivatives and
examined their effect on DX2 expression. Compared to SLC-B050,
3 kinds of chemicals (SNU-10, -11, and�14) reduced DX2 expression
more effectively (Figure 5A). SNU-14 clearly reduced DX2 expression
at 2 mM (Figure S8A). The IC50 of SNU-14, based on a 3-(4,5-
dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay, was less than 10 mM (Figure 5B). In contrast to the incomplete
inhibition of SLC-B050 (Figure S8B), SNU-14 completely blocked
nicotine-induced cell proliferation at a concentration of 5 mM (Fig-
ure S8C). Next, we examined the effects of SNU-14 on SCLC cell lines.
In H446 cells, 1 mM SNU-14 seemed to be sufficient to reduce DX2
expression (Figure 5C). In addition, SNU-14 showed a very low
IC50 in theMTT assay after 96 h (approximately 1–2 mM; Figure S8D).
To obtain further evidence, we monitored the effect of SNU-14 on
H146, another SCLC cell line. From the MTT assay, we found that
2 mM SNU-14 was sufficient to eliminate these cancer cells
(Figures 5D and 5E). SNU-14 was even more effective at suppressing
HER2 expression (Figure S8A) and Shh (Figures S8E and S8F) than
SLC-B050. However, SNU-14 and SLC-B050 did not alter the viability
of the normal fibroblasts (Figure 5F). This result implied that SNU-14
did not cause severe adverse effects when applied to cancer drugs.

Anti-tumoral effect of SNU-14

To confirm the anti-tumor effect of SNU-14, we treated it with nico-
tine-induced spheroids. Compared to SLC-B050, spheroids were
diminished in the SNU-14-treated group (Figure 6A). Indeed, the
size and number of spheroids were clearly reduced in the SNU-14-
treated group (Figures 6B and 6C). Next, we examined the effect of
our chemicals on nicotine-induced HER2 expression. The increased
HER2 expression was inhibited by chemical treatment (Figures 6D
and 6E). Considering our results, the inhibition of DX2 by chemicals
could block nicotine-mediated tumorigenesis (Figure 6F).

DISCUSSION
Smoking is a well-documented risk factor for lung cancer.3 Indeed, a
reduction in the smoking rate can pull down the death rate of lung
cancer.28 Despite well-known epidemiological facts, the ultimate
carcinogen in smoking has not been clearly suggested. Although
tars and benzo-(a)-pyrene have been suggested as carcinogens in
smoking, they have not fully elucidated smoking-related cancer for-
deviations (SD). (C) Nicotine induces Shh expression in WI-26 cells. Cells were treated

analysis was performed. Actin and GAPDH were used as loading controls. (D and E) Nic

nicotine at 30 mM for the indicated time. Then, immunoblot or RT-PCT analysis was perfo

DX2 induces Shh. SK-N-SH cells were transiently transfected by Myc-tagged vector e

control. (G) Nicotine-mediated Shh induction is blocked by elimination of DX2 using siRN

After 48 h, nicotine was treated for 24 h. Then, immunoblot was conducted, and actin w

were treated with SLC-B050 for 24 h. Subsequently, immunoblot was conducted. Act

treatment was given to neuronal cells (SK-N-MC). After incubation, the conditioned me

incubated with conditioned medium for 24 h. (J) In nicotine-treated SK-N-MC cells, exp

D1 was elevated. SK-N-MC cells were treated with nicotine at 30 mM for the indicated tim

After 24 h, immunoblot was conducted. Actin was used as a loading control.
mation because smoking is also closely associated with kidney and
bladder cancer.8–10,29 Therefore, water-soluble and circulating factors
are related to smoking-related cancers. In this study, we demonstrated
that nicotine is an important factor in smoking-related human can-
cers. Nicotine can induce DX2 (Figure 1A), an alternative splicing
product of AIMP2 and an inhibitor of p14/ARF.15 Nicotine-induced
cell proliferation was completely blocked by the DX2 inhibitor (Fig-
ure S8B), suggesting that the tumorigenic potential of nicotine can
be achieved by DX2 induction. In particular, the administration of
nicotine induces lung and kidney cancer in wild-type mice. Therefore,
we confirmed that nicotine acts as an ultimate carcinogen.

Nicotine can stabilize DX2 via a Ca2+-mediated signaling cascade.
Although we could not clearly demonstrate the signaling compo-
nents, phosphorylation of the QDY motif, which is newly generated
by alternative splicing, would be important for nicotine-mediated
DX2 stabilization (Figure S3). Since Src has been proposed as a
responsible kinase, a more intensive study will pinpoint a protein
for DX2 stabilization and phosphorylation.

In this study, we also showed evidence that nicotine induced HER2
expression (Figures 2A–2D). HER2 is stabilized by DX2, which is sup-
pressed by b-TrCP-mediated proteasomal degradation (Figures 2G–
2I). Although HER2 is frequently amplified in NSCLC, a considerable
proportion of patients with NSCLC show higher protein expression
levels without genetic alternation.19–21 Our findings provide a molec-
ular basis for these patients. Although we did not perform a compar-
ative analysis of HER2 expression between smokers and non-
smokers, it would be useful for understanding smoking-induced
cancer progression. In addition, we observed Shh induction in
response to nicotine. Shh has been suggested to be associated with
SCLC and glioblastoma.30–32 Considering that SCLC has been sug-
gested to originate from neuroendocrine cells, the connection be-
tween SCLC and Shh seems to be reasonable. Indeed, Shh induced
by nicotine promoted neighbor cell proliferation (Figure 3J).

Considering these results, nicotine may contribute to NSCLC and
SCLC through the induction of HER2 and Shh (Figure 6F). Indeed,
smoking is a risk factor for both NSCLC and SCLC. Furthermore,
SCLC sometimes displays mixed features with NSCLC, a condition
known as combined SCLC (C-SCLC), and approximately 20% of pa-
tients with SCLC have C-SCLC.33,34 In addition, HER2 and Shh were
induced by DX2 stabilization. The elimination of DX2 completely
with nicotine of the indicated concentration for 24 h. Then, immunoblot or RT-PCT

otine induces Shh expression in SCLC cells (H146 and H69). Cells were treated with

rmed. Actin andGAPDHwere used as loading controls. (F) Exogenous expression of

ncoding DX2. After 24 h, immunoblot was conducted. Actin was used as a loading

A.WI-26 cells were transiently transfected with control siRNA or DX2-specific siRNA.

as used as a loading control. (H) DX2 inhibitor reduces Shh expression. H446 cells

in was used as a loading control. (I) Diagram summarizing the experiment. Nicotine

dium was collected and given to WI-26 cells as treatment. Then, WI-26 cells were

ression of Shh is induced. In conditioned-medium-treated cells, expression of cyclin

e. Then, conditioned mediumwas collected and given toWI-26 cells as a treatment.
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blocked HER2 and Shh expression (Figures 2E and 3G). Indeed, the
newly generated strong DX2 inhibitor SNU-14 suppressed nicotine-
induced tumor spheroid formation (Figure 4A) and SCLC cell
viability (Figure 5). Although we have to test the effect of this chem-
ical in animal models, the inhibition of DX2 by new chemicals would
be a very promising strategy for smoking-related carcinogenesis (Fig-
ure 6F). Moreover, considering the safety of our chemical (Figure 5F),
it would be useful for the prevention of smoking-related cancers,
including bladder, kidney, and lung cancer.

MATERIALS AND METHODS
Cell culture and reagents

NSCLC cell lines (A549, H1299, and H460) and an SCLC cell line
(NCI-H446) were obtained from the American Type Culture Collec-
tion (ATCC; Manassas, VA, USA) and maintained in RPMI-1640 or
DMEM containing 10% fetal bovine serum (FBS) and 1% antibiotics.
Human embryonic kidney (HEK293), human diploid lung fibroblast
(WI-26), neuroblastoma (SK-N-SH and SK-N-MC), bladder carci-
noma (253 J), and SCLC (NCI-H146, NCI-H128, NCI-H209, and
NCI-H82) cell lines were purchased from the Korean Cell Line Bank
(KCLB; Seoul, South Korea). SK-N-SH cells were maintained in mini-
mal essential medium (MEM) containing 10% FBS, 1% antibiotics,
25 mM HEPES, and 300 mg/L L-Glu. HEK293, WI-26, SK-N-MC,
and 253 J cells were cultured in DMEM containing 10% FBS and 1%
penicillin-streptomycin. SCLC cells were maintained in RPMI-1640
medium containing 10% FBS and 1% antibiotics. The unaffected con-
trol (GM00038, 9-year-old female, N9) was obtained from Coriell Cell
Repositories (Camden, NJ, USA) and maintained in Eagle’s MEM
(EMEM) supplemented with 15% FBS and 2 mM glutamine without
antibiotics. The cell lines were maintained at 37�C with 5% CO2 and
certified by short tandem repeat analysis. Nicotine, BAPTA, and cyclo-
heximide were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Actinomycin D, ALLN, MG132, PP2, and MTT were obtained from
Calbiochem (Darmstadt, Germany).

Transfection of mammalian expression plasmids and siRNA

The Myc-fused AIMP2/p38 and DX2 vectors were obtained from Dr.
Kim (Seoul National University, Seoul, Republic of Korea). The
FLAG-tagged Siah-1 vector was provided by Dr. Lashuel (Qatar
Foundation, Doha, Qatar). HER2/Neu and Myc-fused b-TrCP vec-
tors were obtained from Addgene (Cambridge, MA, USA). Transfec-
tion was performed for 24 h using jetPEI (Polyplus Transfection, Ill-
kirch, France) or Viafect reagent (Promega, Madison, WI, USA)
Figure 4. Enhancement of tumor spheroid formation by nicotine

(A) Nicotine facilitates tumor spheroid formation. WI-26 cells were seeded in a non-coate

observe the spheroid. Phalloidin and DAPI were used for actin filaments and nuclei sta

measured. **p < 0.005. Error bars indicate the standard deviations (SD). (C) In nicotin

treatment was given toWI-26 spheroids for 3 weeks. Subsequently, immunoblot was per

short exposure, respectively. (D and E) Nicotine-mediated tumor spheroid formation is

siRNA or DX2-specific siRNA. After 48 h, cells were transported to a non-coated cell plate

monitored using a microscope. Scale bar, 1 mm. (F and G) Knockdown of DX2 blocks

spheroids and diameter of spheroids was measured. **p < 0.005. N.S. indicates no sign

staining of Ki-67 expression in lung. Compared to vehicle-treated mice, tumor regions
according to the manufacturer’s protocol. Briefly, the vectors were
mixed with jetPEI in 150 mM NaCl solution or Viafect reagent in
serum-free medium. After incubation, the mixtures were added to
cells and incubated for 24 h. For in vitro gene knockdown, siRNAs
against target proteins, including DX2, were generated by a custom
service (Cosmo Genetech, Seoul, Republic of Korea). The sequences
of si-DX2 were 50-CTGGCCACGTGCAGGATTA-30 (#1) and 50-
GCTGTCAACGCAACCCTTA-30 (#3). The INTERFERin reagent
(Polyplus Transfection) was used for siRNA transfection according
to the manufacturer’s protocol.

Chemical synthesis

The compounds used in chemical screenings were synthesized by Dr.
Kwon (Seoul National University). The derivatives were developed
based on the core parent structure of SLC-B050.

Immunoblot analysis

Proteinswere extracted using radioimmunoprecipitation assay (RIPA)
buffer (50 mmol/L Tris-Cl, 150 mmol/L NaCl, 1% NP-40, 0.1% SDS,
and 10% sodium deoxycholate) and inactivated with sample buffer
(heated at 95�C for 7 min). Protein samples were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked with 3% skim milk, 1% bovine serum albu-
min (BSA), or 0.1% gelatin from cold water fish skin for 1 h and incu-
bated with specific primary antibodies for 2 h. The membranes were
washed thrice and incubated with horseradish peroxidase (HRP)-con-
jugated goat anti-mouse or goat anti-rabbit secondary antibodies for
1 h at room temperature (RT). Protein bands were detected by chem-
iluminescencewith an ECL kit (iNtRONBiotechnology, Gyeonggi-do,
Korea). The following antibodies were used in this study: HER2
(1:1,000; 2165s; Cell SignalingTechnology,Danvers,MA,USA), cyclin
D1 (1:1,000; 2978s; Cell SignalingTechnology), p-ERK (1:3,000; 4377s;
Cell Signaling Technology), p-AKT (1:1,000, 4051s, Cell Signaling
Technology), Actin (1:5,000; 66009-1-Ig; Proteintech, Chicago, IL,
USA), Gli1 (1:3,000, 66905-1-Ig, Proteintech), Shh (1:10,000;
ab53281; Abcam, Cambridge, UK), FLAG (1:1,000; F3105; Sigma-
Aldrich), c-Myc (1:1,000; M5546; Sigma-Aldrich), and DX2
(1:10,000; HPAB-M0004-YC; Creative Biolabs, Shirley, NY, USA).

Protein-protein interaction analysis

Co-immunoprecipitation (coIP) assays were performed to analyze
protein-protein interactions. For endogenous IP assays, whole-cell
d cell plate and treated with nicotine for 7 days. Then, an IF assay was conducted to

ining. Scale bar, 100 mm. (B) Based on Figure S6A, the diameter of spheroid was

e-treated tumor spheroids, DX2, HER2, and Shh expression is elevated. Nicotine

formed. Actin was used as a loading control. L.E and S.E indicate long exposure and

blocked by elimination of DX2. WI-26 cells were transiently transfected with control

and treated with nicotine. After incubation for 3 days, tumor spheroid formation was

nicotine-mediated tumor spheroid formation. Based on Figure 4E, the number of

ificance. Error bars indicate the standard deviations (SD). (H) Immunohistochemical

were detected in nicotine-treated mice (n = 3). 20�. Scale bar, 100 mm.
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lysates were incubated with anti-HER2 or anti-Myc antibody at 4�C
overnight, followed by incubation with protein A/G-conjugated
agarose beads (Invitrogen, Waltham, MA, USA) at 4�C for 1 h. After
centrifugation and washing with phosphate-buffered saline (PBS), the
precipitated proteins were detected by SDS-PAGE and immunoblot-
ting with antibodies that bind the putative associated proteins.

IF staining

Cells were cultured on coverslips, transfected with the indicated vec-
tors, or treated with the indicated chemicals. Cells on coverslips
were fixed with 1% paraformaldehyde (PFA) for 1 h at RT and then
permeabilized with 0.1% Triton X-100/PBS for 5 min. After blocking
with goat serum solution (diluted 1:400 in PBS) for 1 h, cells were incu-
bated with specific primary antibodies in blocking solution overnight
at 4�C. Then, the cells were incubated with fluorescein isothiocyanate
(FITC) and/or rhodamine-conjugated secondary antibodies at 4�C for
8 h. Nuclei were stained with DAPI (4, 6-diamidino-2-phenylindole)
at RT for 10 min. After washing with PBS, coverslips were mounted
with mounting solution (H-5501; Vector Laboratories, Burlingame,
CA, USA) and analyzed using a fluorescence microscope (CELENA
S, Logos Biosystems, Gyeonggi-do, Korea). The following antibodies
were used for IF staining: HER2 (1:200) and anti-c-Myc (1:400). To
detect cell surface HER2, an IF assay was performed without permea-
bilization. To obtain tumor spheroid IF images, spheroids in uncoated
dishes were transferred onto coverslips and fixed. After staining with
DAPI and phalloidin, the spheroids were monitored using fluores-
cence microscopy (CELENA X, Logos Biosystems). z stack images
were acquired, and multiple focal planes were merged.

RNA isolation and RT-PCR

For reverse transcription polymerase chain reaction (RT-PCR), total
cellular RNAwas extracted using an RNA extraction kit (Qiagen, Hil-
den, Germany). Using M-MLV (Moloney murine leukemia virus)
reverse transcriptase (Invitrogen) and random hexamers, 1 mg of total
RNA was reverse transcribed to cDNA. Gene expression studies were
performed using the following primers.

hDX2 (forward): 50-TACCTGGACCTCCCGAAGTGC-30

hDX2 (reverse): 50-GGAGAGGCCATCAACTGCAGC-30

hHER2 (forward): 50-GTGTGGACCTGGATGACAAGG-30
Figure 5. Improved effect of SLC-B050 derivatives

(A) Some SLC-B050 derivatives inhibit the expression of DX2 and HER2 more effectively

vector encoding DX2. After 24 h, SLC-B050 and its derivatives were treated at 10 or 20 m

control. (B) SNU-14 more effectively inhibits H446 cell viability than SLC-B050. H446 ce

Then, cell viability was measured by MTT assay. *0.005 < p < 0.05 and **p < 0.005. Er

more effectively than SLC0B050 in H446 cells. Cells were treated with SLC-B050 and

performed. Actin was used as a loading control. (D) Cell viability measured byMTT assay

treatment with chemicals of the indicated concentration for 96 h in serum-containing co

two-tailed Student’s t test). *0.005 < p < 0.05 and **p < 0.005. Error bars indicate the st

14. After treated with chemicals of the indicated concentration for 96 h, using MTT so

Student’s t test). (F) Both SLC-B050 and SNU-14 do not show cytotoxicity to normal

centration for 48 h. Then, cell viability was measured by MTT assay (n = 3 independent
hHER2 (reverse): 50-GCTCCACCAGCTCCGTTTCCTG-30

hSHH (forward): 50-CCCTTTAGCCTACAAGCAGT-30

hSHH (reverse): 50-CCACTGGTTCATCACAGAG-30

hGAPDH (forward): 50-ATCTTCCAGGAGCGAGATCCC-30

hGAPDH (reverse): 50-AGTGAGCTTCCCGTTCAGCTC-30

Measurement of cell viability

The cells were treated with varying concentrations of the drug for the
indicated durations. To determine the cellular viability, cells were
incubated with 0.5 mg/mL of MTT solution (475989; Merck, Darm-
stadt, Germany) for 4 h at 37�C. After removing the supernatant, the
precipitate was dissolved in 200 mL DMSO and quantified by
measuring the absorbance at 540 nm. After incubation with the indi-
cated chemicals, cell proliferation was measured by live-cell time-
lapse imaging (Incucyte Live-Cell Analysis Systems, Sartorius, Göt-
tingen, Germany).

Flow cytometry analysis

Flow cytometry was performed to detect HER2 expression on the cell
surface. After incubation with nicotine, the cells were suspended in
EDTA. Then, the cells were fixed with 1% PFA without permeabiliza-
tion and stained with HER2 antibody. After washing, FITC-conju-
gated secondary antibodies were added, and the FITC signal of
each cell was measured by flow cytometry (Attune NxT Acoustic
Flow Cytometer, Thermo Fisher Scientific, Waltham, MA, USA).

Tumor spheroid-forming assay

The cells were cultured in a non-coated cell plate and treated with the
indicated chemicals. Under floating conditions, cells with the ability
to transform gradually generated cell aggregates and eventually pro-
duced tumor spheroids. The diameters of the spheroids were
measured using a CELENA X Imaging System.

In vivo experiment

Animal experiments were performed in a facility certified by the As-
sociation for Assessment and Accreditation of Laboratory Animal
Care in compliance with animal policies approved by Pusan Natio-
nal University. All mice were maintained under temperature- and
at the same concentration. WI-26 cells were transiently transfected by Myc-tagged

M for 24 h. Subsequently, immunoblot was performed. Actin was used as a loading

lls were treated with SLC-B050 or SNU-14 of the indicated concentration for 48 h.

ror bars indicate the standard deviations (SD). (C) SNU-14 reduces DX2 expression

SNU-14 of the indicated concentration for 12 h. Subsequently, immunoblot was

indicates that SNU-14 wasmore effective than SLC-B050 for SCLC treatment. After

nditions, cell viability was measured by MTT assay (n = 4 independent experiment;

andard deviations (SD). (E) Cell death of H146 occurred more excessively with SNU-

lution, formazan crystal was observed (n = 4 independent experiment; two-tailed

fibroblasts. Cells were treated with SLC-B050 and SNU-14 of the indicated con-

experiment; two-tailed Student’s t test). **p < 0.005. N.S. indicates no significance.
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light-controlled conditions (20�C–23�C, 12/12 h light/dark cycle) and
provided with autoclaved food and water. Wild-type mice (C57BL/6)
were administered an i.p. injection of vehicle (PBS; n = 3) or nicotine
(0.5 mg/kg, n = 4), three times per week for 12 weeks.

For histology analysis, lung and kidney tissues were fixed using 4%
PFA for 48 h and embedded in paraffin blocks according to a basic
tissue processing procedure. After deparaffinization and rehydration,
hematoxylin and eosin (H&E) staining or immunohistochemistry
(IHC) for Ki-67 was performed.

Statistical analysis

Data were analyzed using an unpaired or paired Student’s t test. Sta-
tistical significance was set at p < 0.05. Error bars indicate standard
deviation (SD). Data are expressed as the mean ± SD of at least two
independent experiments.
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as used for nuclei staining. (F) Summary diagram. DX2 is stabilized by nicotine, which

act state, DX2, stabilized by nicotine, transports to the nucleus. DX2 in the nucleus

wn or surrounding cells and, consequently, promotes SCLC. In p14/ARF-null cells,

R2 localizes on the cell surface or transports to the nucleus, probably to act as a

-14 may inhibits the progression of lung cancer, particularly SCLC.
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