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Abstract

Background: Unlike normal cells, cancer cells frequently have multiple cen-
trosomes that can cluster to form bipolar mitotic spindles and allow for success-
ful cell division. Inhibiting centrosome clustering, therefore, holds therapeutic
promise to promote cancer cell-specific cell death.

Methods: We used confocal microscopy, real-time PCR, siRNA knockdown, and
western blot to analyze centrosome clustering and declustering using normal
lung bronchial epithelial and nonsmall-cell lung cancer (NSCLC) cell lines. Also,
we used Ingenuity Pathway Analysis software to identify novel pathways associ-
ated with centrosome clustering.

Results: In this study, we found that exposure to cigarette smoke condensate
induces centrosome amplification and clustering in human lung epithelial cells.
We observed a similar increase in centrosome amplification and clustering in
unexposed NSCLC cell lines which may suggest a common underlying mecha-
nism for lung carcinogenesis. We identified a cyclin D2-mediated centrosome
clustering pathway that involves a sonic hedgehog-forkhead box protein M1 axis
which is critical for mitosis. We also observed that cyclin D2 knockdown induced
multipolar mitotic spindles that could eventually lead to cell death.
Conclusions: Here we report a novel role of cyclin D2 in the regulation of centro-
some clustering, which could allow the identification of tumors sensitive to cyclin
D2 inhibitors. Our data reveal a pathway that can be targeted to inhibit centro-
some clustering by interfering with the expression of cyclin D2-associated genes.
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1 | INTRODUCTION through a well-understood general mechanism, however,
alterations in the centrosome dynamics are not known.
The generation of more than two centrosomes, termed

supernumerary centrosomes, is common in human

Cigarette smoking is responsible for 90% of lung can-
cer cases. Cigarette smoke induces genomic instability
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cancers and correlates with chromosomal instability.'™
Supernumerary centrosomes can cause cancer cells to die
because of multipolar spindles and the resulting mitotic
catastrophe and high levels of aneuploidy."* Alternatively,
cancer cells can evade this process and form viable prog-
eny by grouping their centrosomes into two polar groups,
termed centrosome clustering, resulting in a functional
pseudo-bipolar structure."*® Spindle formation time is
prolonged in cells undergoing centrosome clustering. A
pseudo-bipolar spindle is often formed in these cells, with
individual kinetochores attaching to microtubules com-
ing from different poles, leading to lagging chromosomes
during anaphase and playing a role in chromosomal in-
stability.”® Missegregation and aneuploidy in tumors with
supernumerary centrosomes suggest that this process
could increase mutation rates and thus contribute to can-
cer development and progression.®

Several studies have reported that inducing centrosome
amplification increases tumor formation in Drosophila
melanogaster’ and mice.'®* Centrosomal abnormalities
have been reported in prostate, breast, ovarian, pancre-
atic, and colon cancer'*'® but have not been investigated
in nonsmall-cell lung cancer (NSCLC). Because super-
numerary centrosomes are found almost exclusively in
cancer cells, preventing their clustering during mitosis,
and therefore inducing mitotic defects leading to mitotic
catastrophe, could represent a novel approach to promote
cell death of cancer cells but not normal cells."

We have previously reported that two major carcino-
gens present in cigarette smoke, Benzo[a]pyrene (BaP) and
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK),
perturb the mitotic spindle apparatus and induce centro-
some amplification in human lung epithelial cells.'®"’
Since cigarette smoke contains a cocktail of chemical car-
cinogens that is not limited to NNK and BaP, in the current
study, we investigate whether cigarette smoke exposure in-
duces centrosomal abnormalities. While there are several
reports of cigarette smoke-induced DNA adducts in lung
cancer, no studies have reported aberrant formation of cen-
trosomal structure. In the current study, we hypothesized
that cigarette smoke condensate (CSC) exposure induces
centrosome clustering in normal lung epithelial cells al-
lowing the identification of key molecular players involved
in centrosome clustering and revealing a mechanistic link
between cigarette smoke and lung cancer. Our results iden-
tified aberrant activation of the sonic hedgehog-cyclin D2
(SHH-CCND?2) signaling axis and centrosome clustering
in CSC-exposed human bronchial epithelial cells. We ob-
tained similar results in lung adeno- and squamous cell
carcinoma cell lines not exposed to CSC. Analysis with real-
time-polymerase chain reaction (RT-PCR) showed a differ-
ential expression of genes in both normal and NSCLC cell
lines. Finally, using Ingenuity Pathway Analysis software

(Qiagen), we have identified a novel pathway associated
with the SHH-CCND?2 axis that could play a role in centro-
some clustering.

2 | MATERIALS AND METHODS

2.1 | Celllines and culture

Beas-2B human bronchial epithelial cells, two lung ade-
nocarcinoma cell lines (H23 and HCC827), one squamous
lung cancer cell line, H1703, and a large cell lung carci-
noma cell line (H460) were obtained from ATCC® (cata-
log numbers: CRL-9609, CRL-5800, CRL-2868, CRL-5889,
and HTB-177). The lung adeno, squamous, and large cell
carcinoma cell lines were maintained in an RPMI-1640
medium according to the recommended protocol. Beas-2B
cells were cultured as described in our previous study.™
Briefly, the flasks, plates, and dishes for Beas-2B culture
were coated with 0.03mg/ml PureCol (Sigma®), 0.01 mg/
ml fibronectin (Sigma®), and 0.01 mg/ml bovine serum al-
bumin (Sigma®) dissolved in BEBM for at least 2 h at 37°C,
which was vacuum aspirated to dry. A BEGM-completed
growth medium containing the same concentrations of
PureCol, fibronectin, and bovine serum albumin was
used for culture of the cells at 37°C in 95% air and 5% CO,
atmosphere, which were incubated until reaching 80%
confluence.

2.2 | XTT cell proliferation assay

Beas-2B cells were seeded at 1 x10* cells/well in a 96-well
plate. Different percentages of CSC (10%, 20%, 40%, 60%,
80%, and 100%) were added to the medium for 72h. Next,
50 pl of XTT labeling mixture was added to each well (pur-
chased from ATCC?®, Cat. no. 30-1011K). Optical density
was measured in triplicate wells at 490nm with a refer-
ence wavelength of 650nm using a Biotech® microplate
reader.

2.3 | Preparation of CSC media

In the smoke extraction preparation, cigarettes were
burned for 4-5 min/cigarette to mimic smoke exposure.
For the preparation of CSC media, a burned cigarette
was bubbled through a 100ml BEBM medium in a spe-
cial chamber. The resulting medium was termed 100%
CSC cell culture media. After obtaining results from the
XTT assay where cell viability with 10% CSC was 90%
(Figure 1), we used 10% CSC for all subsequent experi-
ments. Beas-2B cells were the only cells exposed to CSC.
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FIGURE 1 Determination of the ICs, of CSC in Beas-2B cells.
Cytotoxicity was analyzed in Beas-2B cells treated with different
percentages of CSC (10%, 20%, 40%, 60%, 80%, and 100%) for 72 h.
GraphPad prism software was used to calculate the ICs, (16.9%).
We selected 10% CSC for further experiments which showed more
than 90% of cell viability in order to provide an accurate evaluation
of mitotic alterations.

2.4 | Preparation of cells for
immunofluorescence

Beas-2B and NSCLC cells were synchronized in mitosis
using a double thymidine block as detailed in our previ-
ous study.'” Briefly, cells were treated with 2.5mM thy-
midine (Cat# T1895, Sigma-Aldrich) for 24h, incubated
in a medium without thymidine for 14h, and incubated
with 2.5mM thymidine for another 24 h, all at 37°C. After
washing cells with PBS, they were then allowed to grow
for 72h. The mitotic abnormalities (multipolar spindles)
were examined and compared between CSC-treated cells
and untreated (control) cells.

2.5 | Spindle visualization via
immunofluorescence

Immunofluorescent staining was conducted using stand-
ard protocols.'® Briefly, cells were incubated on no. 1.5
coverslips in tissue culture plates to adhere overnight.
PHEMO buffer, which consisted of 3.7% formaldehyde,
60 mM piperazine-N,N’-bis(2-ethanesulfonic acid), 25 mM
HEPES, 0.05% glutaraldehyde, 10mM EGTA, and 4mM

Open Access.

MgSO,, was used to fix cells for 10min. After washing
in PBS, cells were blocked with 2.5% normal goat serum
for 15min, then incubated overnight with primary anti-
body (1:1000) at 4°C. After washing with PBS, cells were
incubated with 1:500 Alexa Fluor-conjugated secondary
antibody at room temperature for 2h. For each pair of
primary-secondary antibodies, the same steps were se-
quentially repeated.

Primary antibodies used include Rabbit polyclonal
antipericentrin (Abcam® Cat. no. ab 4448) and mouse
monoclonal anti-a-Tubulin (Sigma® Cat. no. T-9026).
Secondary antibodies used include Alexa Fluor 488
or 555 (Invitrogen®). Nuclei were stained by incu-
bating cells with mounting media containing DAPI
(4',6-diamidino-2-phenylindole; Vectashield®).

2.6 | Confocal microscopy

Fluorescence imaging was conducted on the Nikon A1R®
confocal imaging system equipped with a Nikon® oil im-
mersion Plan-APO 60x numerical aperture 1.40 lens.
The Nikon® NIS Elements software was used for imag-
ing control and projections. With acquisition settings
kept constant, Z-stacks of images at 0.2-mm intervals
were acquired, and maximum intensity projections were
created.'®™"

2.7 | Measuring centrosome clustering
As centrosome clustering may be very tight, counting
exact centrosome numbers in each cluster is difficult. An
acceptable alternative for measuring centrosome cluster-
ing is measuring the volume of each centrosome cluster
using a published protocol.”” One hundred mitotic cells
were scored to determine the percentage with centrosome
clustering, and a two-tailed Fisher exact test was used to
determine significant differences between CSC-treated
and untreated experimental conditions using GraphPad
Prism software.

2.8 | Measuring misaligned or lagging
chromosomes

Metaphase, anaphase, and telophase cells were scored
for the presence or absence of lagging chromosomes and
bridges (as we previously detailed in 19, 20). A total of 50
cells were scored to determine the chromosome segrega-
tion errors and a two-tailed Fisher exact test was used to
analyze group differences.
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2.9 | Real-time-polymerase chain
reaction (RT-PCR)

To identify genes associated with centrosome clus-
tering, we used a custom-designed plate with mitotic
spindle-associated genes'® selected based on our previ-
ously published study (Figure S1).” The RNeasy plus
mini kit (Qiagen® Cat# 74104) was used to extract total
RNA from Beas-2B and NSCLC cell lines according to
the manufacturer's instructions. The iScript cDNA syn-
thesis kit (Bio-Rad Cat# 1708841) was used for reverse
transcription, using 500ng RNA and SSO advanced
Universal SYBR® Green Supermix (Cat# 172-5271). The
CFX96 Touch RT-PCR Detection System (Bio-Rad®) was
used with the following cycle: 95°C for 10 min (1 cycle),
95°C for 15s, 60°C for 1min, 95°C for 15s for 40cy-
cles followed by 95°C for 155, and 60°C for 1 min. PCR
product specificity was confirmed by melt curve analy-
sis. Data analysis was performed using CFX Manager
Software (Bio-Rad®). Data were normalized that of actin
and GAPDH from the same sample, and fold changes
in gene expression were calculated using the AACt
method.

210 | Western blot analysis

To assess protein expression, western blot analysis was
conducted for selected genes identified in our RT-PCR
analysis. Equal amounts of protein (50 pg) from each
cell lysate sample were separated by SDS-PAGE and
transferred onto a PVDF membrane by electroblot-
ting (Bio-Rad). All primary and secondary antibod-
ies used in the western blot analysis were purchased
from Abcam®. Membranes were exposed to X-ray film
after incubation with enhanced chemiluminescence.
Western blots shown are representative of at least three
replicates.

211 | RNAIi gene silencing

To silence CCND2, SHH, and FOXM1, Beas-2B cells
were transiently transfected with SMARTpool siRNA
(Dharmacon®, Thermo Scientific) using the transfec-
tion reagent Lipofectamine according to the manu-
facturer's instructions (Thermo Fisher Scientific®,
Cat# 52887). siRNAs-targeting CCND2 (E-003211-
00-0020), SHH (E-006036-00-0020), and FOXM1 (L-
009762-00-0020) as well as nonspecific control siRNA
were used.

2.12 | Ingenuity pathway analysis

We used ingenuity pathway analysis (IPA) network analy-
sis (Qiagen) based on our previously published study'”*
to identify the pathway that may control centrosome
clustering. Two scores were used: the enrichment score
assesses the extent of overlap between the observed and
predicted gene sets (Fisher's exact test p value). The z-
score measures how well the observed and predicted pat-
terns of up- and downregulation match.

2.13 | Statistical analysis

Prism 7 (GraphPad® Software Inc.) was used for statistical
analyses. CSC-treated cells, untreated control cells, and
NSCLC (adeno and squamous cell carcinoma) cell lines
were compared using two-way ANOVA analysis. The sig-
nificance of differences between cell lines was assessed
with Bonferroni's multiple comparison test, with differ-
ences considered significant with a p value of <0.05.

3 | RESULTS
3.1 | Cytotoxicity of CSC on normal lung
epithelial cells

We have previously reported that BaP and NNK induce
mitotic abnormalities such as centrosome amplification,
misoriented spindles, and misaligned chromosomes at
metaphase.m’17 Based on these studies, we treated lung
broncho-epithelial cells (Beas-2B) with CSC to mimic
exposure to the cocktail of chemicals found in cigarette
smoke. We used the XTT cytotoxicity assay for Beas-2B
cells treated with media containing different percentages
of CSC to calculate the ICs, value. Figure 1 shows an ICy,
of 16.9%, with over 90% cell viability at 10% CSC concen-
tration thus allowing for the accurate evaluation of mi-
totic alterations.

3.2 | Effects of CSC on
centrosome clustering

We focused on centrosome clustering, based on our pre-
vious studies showing that centrosome amplification was
one of the major mitotic abnormalities associated with BaP
and NNK'®'7 as well as recent evidence from in vitro and
in vivo models showing a strong correlation of centrosome
clustering with tumor recurrence and metastasis.*"** We
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assessed whether mitotic centrosome clusters are induced
in Beas-2B cells exposed to CSC, compared to vehicle-
treated control. The centrosomes in CSC-treated cells
(Figure 2B) appeared significantly larger than centrosomes
in the vehicle-treated control (Figure 2A) (CSC >20vs. 7 for
control, p<0.0001). We determined centrosomes volumes
by measuring pericentrin intensity using Nikon Elements
5.1 software according to our previously published pro-
cedure (Figure 2D).' If the volume of a centrosome was
above the maximum observed in vehicle-treated Beas-2B
cells (6.3 pm3), it was considered centrosome amplifica-
tion. CSC-exposed Beas-2B cells showed an increased vol-
ume of centrosome compared with vehicle-treated control
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(Figure 2D). This result was well correlated with the am-
plification of centrosome cluster in 20% of cells (two-way
ANOVA, p<0.0002) in response to CSC (Figure 2E). We
compared CSC-induced centrosome volume and cluster-
ing in Beas-2B cells with lung squamous cell carcinoma
(H1703) and adenocarcinoma (H23 and HCC827) and
a large cell carcinoma cell lines and observed increased
centrosome volume (>15pm, p <0.0001, Figure 2D) and
clustering (50%-60% cells, two-way ANOVA, p<0.0001)
(Figure 2E) in cancer cell lines. This suggests that CSC-
induced centrosome clusters in Beas-2B cells were similar
to those in adeno and squamous cell carcinoma cells and
that identifying the molecular players responsible for this

HCC827

H460
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*kkk
*kkk
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FIGURE 2 Centrosome clustering and centrosome volume in CSC exposed and untreated Beas-2B with three NSCLC cell lines.
Immunofluorescence microscopy was used to visualize Beas-2B cells stained for tubulin (red; spindle), pericentrin (green; centrosomes),
and DNA (DAPI-blue). Scale bar = 10 pm. (A) Control mitotic cell (no CSC exposure) shows two centrosomes (white arrows) at opposite
poles that lead to bipolar spindles that organize chromosomes along the metaphase plate, (B) CSC exposed mitotic cell showing clustered
centrosomes (white arrows) on both poles, (C) four NSCLC cell lines, H1703, H23, HCC827, and H460 show clustered centrosomes (White
arrows, pericentrin) similar to CSC-exposed Beas-2B cells in contrast to unexposed Beas-2B cells, (D) differences in centrosome volume

in the unexposed and CSC-exposed Beas-2B cells compared with three NSCLC cell lines. Centrosome volume in CSC-exposed Beas-2B
cells was significantly increased compared with unexposed Beas-2B cells (p <0.0001). Similarly, all four NSCLC cell lines exhibited a

significant increase in the centrosome volume compared with unexposed Beas-2B cells. The data shown represent the mean + SD from three
independent experiments with 50 total cells scored, (E) significantly increased percentage of centrosome clustering in CSC exposed and
unexposed Beas-2B cells compared with four NSCLC cell lines. The extent of centrosome clustering was significantly higher in CSC exposed
and NSCLC cell lines compared with unexposed Beas-2B cells (p <0.0001). The data shown represent the mean +SD from three independent
experiments with 50 cells scored.
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centrosome clustering could uncover novel pathways that
can be therapeutically targeted.

3.3 | Overexpression of similar genes in
CSC-treated lung epithelial cells and
NSCLC

Since similar genes were upregulated in CSC-treated
Beas-2B and vehicle-treated human NSCLC cell lines
(two adenocarcinomas and one squamous cell carci-
noma), we analyzed the expression of 20 mitotic genes by
RT-PCR analysis in these cell lines to identify genes that
play a key role in centrosome clustering. We observed
a marked increase of CCND2, FOXM1, and SHH (>2-
fold) in both CSC-treated Beas-2B and NSCLC cell lines
(Figure 3A-D). The remaining genes showed common
expression patterns in all cell lines (Figure S2). CCND2
expression was increased in all cell lines with a higher
increase in cancer cell lines (>7-15 fold) compared with
CSC-treated Beas-2B cells (>5-6 fold) (Figure 3A-D).
This observation was further confirmed by western blot
analysis (Figure 3E). Increased expression of FOXM1 and

(A) (B)

SHH proteins was predominantly observed in H1703 and
HCC827 cell lines, respectively, in contrast to untreated
Beas-2B cells. CCND2 was the only common gene signifi-
cantly upregulated in NSCLC and CSC-treated Beas-2B
cell lines, suggesting a role of CCND2 in promoting cen-
trosome clustering to help cancer cells divide and con-
tinue generating progeny.

3.4 | Targeting centrosome clustering to
inhibit normal cell division

As we observed CCND2, SHH, and FOXM1 overexpression
in response to CSC and a similar or higher level in NSCLC
cancer cell lines, we, therefore, treated Beas-2B cells with
short interfering RNAs (siRNAs) for all the three genes in
order to determine the effect of silencing these genes in
centrosome clustering. The siRNA knockdown was con-
firmed by western blot analysis (Figure 4A-F). We found
that following CCND2 knockdown, the protein expression
of CDK2 (downstream targets of CCND2) was reduced
(Figure 4A,D). Similarly, SHH and FOXM1 (upstream tar-
gets of CCND2) knockdown also reduced the expression
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FIGURE 3 Effect of CSC on gene expression. Beas-2B cells were treated with CSC for 72h and compared with untreated Beas-2B cells
and four NSCLC cell lines (H1703, H23, HCC827, and H460). (A) Unique expression of CCND2, SHH, and FOXM1 (>2 fold) in CSC exposed
and (B-D) NSCLC cell lines in contrast to untreated Beas-2B cells. CCND2 expression increased more than six folds in CSC exposed and
NSCLC cell lines compared with untreated Beas-2B cells. Upstream targets of CCND2, such as SHH and FOXM1, also showed a more than
a two-fold increase in CSC exposed and NSCLC cell lines (A-D) compared with unexposed Beas-2B cells. Western blot (E) shows increased
protein expression of CCND2 in three NSCLC cell lines (HCC827, compared with untreated Beas-2B cells). Increased protein expression of
SHH and FOXM1 was predominantly observed in H1703 and HCC827, respectively (E).
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FIGURE 4 Effect of CCND2 knockdown in inducing declustering of centrosomes. (A) CCND2 expression in unexposed, CSC exposed,
and siRNA knockdown Beas-2B cells. CSC-exposed Beas-2B cells showed a higher expression of CCND2 compared with untreated and
siRNA knockdown cells (A, D). Knockdown of CCND2 showed a corresponding decrease of CDK2 in Beas-2B cells (A, D). Similarly, B, E
and C, F show a higher increase of SHH and FOXM1 in CSC-exposed Beas-2B compared with untreated and siRNA knockdown Beas-2B
cells alone and with CSC, respectively. SHH and FOXM1 knockdown also decreased CDK2 expression as shown in B, E and C, F. (G, H) The
suppression of SHH, CCND2, and CDK2 in SHH knockdown Beas-2B cells in the presence or absence of CSC compared with CSC-exposed

Beas-2B cells.

of CDK2 (Figure 4B,E and C,F), suggesting that CCND2 presence or absence of CSC. Furthermore, knockdown of
could be another potential drug target to inhibit the activ- CCND2 induced declustering of centrosomes as evidenced
ity of CDKs. To further explore whether SHH regulates by the formation of disengaged centrosomes in metaphase
CCND2, we assessed the expression of CCND2 and CDK2 or multipolar or tripolar spindles (Figure 5C) compared
in Beas-2B cells after knocking down SHH and found that with CSC-exposed (Figure 5B) and untreated Beas-2B cells
both CCND2 and CDK2 expression were suppressed in the (Figure 5A). Silencing of CCND2 showed a marked increase
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FIGURE 5 Effect of CCND2 knockdown and proposed pathway for regulation of centrosome clustering in normal lung broncho
epithelial cells. Representative immunofluorescence confocal micrographs showing normal centrosomes, (A) Clustered centrosomes in
unexposed and CSC-exposed Beas-2B cells (B) showing normal centrosomes and centrosome clusters in metaphase cells (white arrows)
visualized by immunostaining for pericentrin (green; centrosomes) and a-tubulin (red; microtubules), and DAPI staining (blue; DNA). (C)
CCND2 knockdown induced declustered centrosomes that led to the formation of disengaged centrosomes (white arrows), multipolar, and
tripolar spindles (white arrows). (D) Bar graphs representing the percentage of cells showing centrosome declustering in CCND2, SHH,
and FOXM1 siRNA knockdown in Beas-2B cells compared with untreated cells. The CCND2 knockdown induced a significant increase of
disengaged, multipolar, and tripolar spindles in contrast to the knockdown of SHH and FOXM1 (p <0.0001). The declustered centrosomes
were scored from randomly selected fields totaling 50 cells per sample. Scale bar: 5pm. (E) CCND2 is an intermediate regulator that directly
activates CDKs (solid arrows) to induce centrosome clustering in CSC-exposed and NSCLC cell lines and siRNA interference with CCND2
inhibits the activity of CDKs and induce centrosome declustering that could lead to multipolar spindles. SHH and FOXM1 act as upstream
regulators of CCND2 and interfering with siRNA also inhibited CDKs.

in centrosome declustering compared with silencing the
expression of SHH and FOXM1 as shown in Figure 5D
(p<0.0001). This suggests that interfering with CCND2
could disrupt the centrosome clustering mechanism.

3.5 | Novel pathway that targets
centrosome clustering

We observed CCND2 overexpression in both CSC-treated
Beas-2B cells and NSCLC cell lines, and studies have shown
overexpression of CCND2 in gastric cancer that is associ-
ated with tumor progression and metastasis.”* We identified
genes upstream and downstream to CCND2 by Ingenuity

Pathway Analysis using two scores, as described in our
previous study'’: one that measures how well the observed
regulated gene sets match those predicted and another that
measures how observed up- and downregulation patterns
with those predicted. Our data unraveled a pathway that
contains 15 total genes including CCND2, 12 downstream
targets that interact directly or indirectly with CCND2, and
2 upstream FOXM1 and SHH as shown in Figure 5E.

4 | DISCUSSION

In the present study, we report centrosome clustering
in human lung epithelial cells in response to cigarette
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smoke, for the first time to our knowledge. We have iden-
tified a pathway involving SHH-FOXM1-CCND2 which
was elevated in response to exposure to CSC, and the
genes associated with this pathway could play a role in
centrosome clustering in NSCLC cell lines. Our previous
studies showed that NNK and BaP, two major carcinogens
present in cigarette smoke, perturb the mitotic spindle ap-
paratus and induce centrosome amplification in lung epi-
thelial cells."®' In this study, Beas-2B-treated cells with
CSC showed aberrant activation of the SHH-FOXM1-
CCND2 signaling axis and centrosome clustering. SHH
is one of the predominant ligands in the hedgehog path-
way and was reported to contribute to airway inflam-
mation induced by cigarette smoke via inflammatory
cytokine regulation in A549 cells.” Our findings are sup-
ported by a recent study reporting that mice exposed to
cigarette smoke showed a higher expression of SHH.*
Transcription factor FOXM1 plays a multifaceted role in
pulmonary disease*?® and is required for both the G1/S
and G2/M transitions as well as M phase progression.”
We observed increased FOXM1 and SHH RNA expres-
sion in NSCLC cells and CSC-treated Beas-2B cells, even
though the protein expression of both were predominant
in H1703 (squamous cell carcinoma) and HCC827 (adeno-
carcinoma) cell lines, respectively. Consistent with this, a
recent study reported high FOXM1 expression in NSCLC
tissues and cell lines.”> CCND2 is overexpressed in gastric,
ovarian, and testicular cancer’®?”® and its overexpres-
sion in NSCLC tumor formation is not completely under-
stood despite a report showing that miR-4317 suppresses
NSCLC growth through inhibition of CCND2.*’ In our
study, CCND2 expression in CSC-treated Beas-2B cells
correlated with a higher fold increase in all the NSCLC
cell lines tested, suggesting a possible pathway for lung tu-
morigenesis through induction of centrosome clustering.

The presence of multiple centrosomes in a cell, known
as centrosome amplification, has been accepted as a hall-
mark of cancer. These supernumerary centrosomes can
cause a mitotic catastrophe,* but some cancer cells group
these centrosomes into two clusters that allow cell cycle
progression and the production of viable progeny.® We
observed centrosome amplification in Beas-2B cells in re-
sponse to CSC that is comparable to that seen in NSCLC
cell lines, therefore, inhibition of centrosome clustering
may serve as a potential strategy to push cancer cells to-
ward mitotic catastrophe and subsequent cell death. As
previous reports have suggested that cells with centrosome
amplification have metastatic potential, one potential
mechanism to suppress metastasis is antagonizing centro-
some clustering. CCND2 inhibition prevents the prolifera-
tion and metastasis of NSCLC.***! In our study, inhibiting
CCND2 expression induced centrosome declustering as
evidenced by the formation of disengaged centrosomes
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and multipolar spindle apparatus (Figure 4I), suggesting
a new mechanism by which CCND2 inhibitors may ther-
apeutically target NSCLC cells. We envision that inhibit-
ing CCND2 would derail centrosome clustering and cause
spindle multipolarity (as shown in Figure 4I), leading to
nonviable progeny. Because centrosome clustering occurs
in metaphase, disrupting the cluster might interfere with
cell division, revealing a novel therapeutic approach.

In addition, we also observed other genes that were
differently expressed in NSCLC cells (Figure S2). We iden-
tified a pathway containing 12 downstream genes that
directly or indirectly interact with CCND2 and could po-
tentially serve as a therapeutic target for NSCLC (Figure 5).
Among 12 genes, a few CDKs (CDK2, CDK4, and CDK6)
are downstream of the CCND2 pathway and are critical
for cell cycle regulation, suggesting this pathway could
be targeted in future treatment approaches. A series of
preclinical and clinical studies have been conducted with
CDK4/6 inhibitors in NSCLC with promising results.** It
has recently been shown that CDK2 is targetable, and se-
liciclib (CYC202), a CDK2/7/9 inhibitor, induces apopto-
sis in lung cancer cells with supernumerary centrosomes
through multipolar anaphase, which is termed anaphase
catastrophe.®

Disrupting the clustering of centrosomes is thought to
have great potential as a therapeutic strategy.***> However,
the signaling pathway that regulates centrosome cluster-
ing and its function in cancer therapy remain largely un-
known. A previous study>> showed that in the context of
DNA damage stress, such as oxidative stress induced by
cigarette smoke, centrosome clustering can lead to ther-
apeutic resistance and tumor recurrence.*® Centrosome
declustering drugs (such as Griseofulvin, Reduced-9-
bromonoscapine, and PJ-34) have been reported to scatter
centrosomes leading to increased spindle multipolarity
and therefore metaphase catastrophe.’’”® This suggests
that treatment with centrosome de-clustering drugs,
preventing centrosome clustering in NSCLC cell lines,
could be a viable option for inhibiting the proliferation of
NSCLC cells.

This study shows for the first time a CSC-induced cen-
trosome clustering pathway representing a novel mecha-
nism by which cancer cells may progress through the cell
cycle and survive with continued proliferation. CCND2
overexpression may have a key role in the development
of NSCLC and inhibiting CCND2 could be a novel ther-
apeutic strategy to suppress the proliferation and sur-
vival of lung tumor. Previous studies show that CDK2 is
the major conductor of the centrosome cycle and that it
mediates centrosome amplification.39 In addition, CDKs,
downstream targets of CCND2, may play a major role in
lung carcinogenesis, and developing CCND2 inhibitors
that suppress CDKs may also have therapeutic potential.
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Future studies on CCND2 amplification in lung tumor bi-
opsies and tissues are warranted to investigate if patients
whose tumors contain cells undergoing centrosome am-
plification would benefit from treatment with CCND2
inhibitors.

AUTHOR CONTRIBUTIONS

Jose Thaiparambil: Conceptualization (lead); data cu-
ration (lead); formal analysis (lead); investigation (lead);
methodology (lead); project administration (lead); re-
sources (lead); software (lead); supervision (lead); valida-
tion (lead); visualization (lead); writing — original draft
(lead); writing — review and editing (lead). Chandra
Sekhar Amara: Methodology (supporting); writing - re-
view and editing (supporting). Subrata Sen: Methodology
(supporting); writing — review and editing (supporting).
Nagireddy Putluri: Methodology (supporting); writ-
ing - review and editing (supporting). Randa El-Zein:
Conceptualization (lead); data curation (lead); formal
analysis (lead); funding acquisition (lead); investigation
(lead); project administration (lead); resources (lead); su-
pervision (lead); visualization (lead); writing — review and
editing (lead).

FUNDING INFORMATION

This research was supported by the NIH/NCI
U01CA189240 (REZ), NIH/NCI R01CA216426 (N.P./
REZ), NIH/NCI R01CA220297 (N.P), DOD W81XWH-21-
1-0613 (N.P), P30ES030285, and P42ES027725.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

DATA AVAILABILITY STATEMENT
The data related to this article are available upon reason-
able request to a corresponding author.

ETHICAL STATEMENT

No human or animal studies are presented in this manu-
script. No potentially identifiable human images or data
are included in this study.

ORCID

Jose Thaiparambil (© https://orcid.
org/0000-0002-5038-7114

Nagireddy Putluri ©© https://orcid.
org/0000-0003-4488-7400

Randa El-Zein (@ https://orcid.org/0000-0002-0750-4143

REFERENCES
1. Godinho SA, Pellman D. Causes and consequences of centro-
some abnormalities in cancer. Philos Trans R Soc Lond B Biol
Sci. 2014;369:20130467.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Silkworth WT, Nardi IK, Scholl LM, Cimini D. Multipolar
spindle pole coalescence is a major source of kinetochore mis-
attachment and chromosome mis-segregation in cancer cells.
PLoS ONE. 2009;4:€6564.

Lingle WL, Barrett SL, Negron VC, et al. Centrosome amplifi-
cation drives chromosomal instability in breast tumor develop-
ment. Proc Natl Acad Sci. 2002;99:1978-1983.

Ganem NJ, Godinho SA, Pellman D. A mechanism link-
ing extra centrosomes to chromosomal instability. Nature.
2009;460:278-282.

Ogden A, Rida PC, Aneja R. Heading off with the herd: how
cancer cells might maneuver supernumerary centrosomes for
directional migration. Cancer Metastasis Rev. 2013;32:269-287.
Godinho SA, Kwon M, Pellman D. Centrosomes and cancer:
how cancer cells divide with too many centrosomes. Cancer
Metastasis Rev. 2009;28:85-98.

Kwon M, Godinho SA, Chandhok NS, et al. Mechanisms to
suppress multipolar divisions in cancer cells with extra centro-
somes. Genes Dev. 2008;22:2189-2203.

Kriamer A, Maier B, Bartek J. Centrosome clustering and chro-
mosomal (in)stability: a matter of life and death. Mol Oncol.
2011;5:324-335.

Basto R, Brunk K, Vinadogrova T, et al. Centrosome amplifica-
tion can initiate tumorigenesis in flies. Cell. 2008;133:1032-1042.
Sercin O, Larsimont J-C, Karambelas AE, et al. Transient PLK4
overexpression accelerates tumorigenesis in p53-deficient epi-
dermis. Nat Cell Biol. 2016;18:100-110.

Coelho PA, Bury L, Shahbazi MN, et al. Over-expression of
Plk4 induces centrosome amplification, loss of primary cilia
and associated tissue hyperplasia in the mouse. Open Biol.
2015;5:150209.

Lingle WL, Lutz WH, Ingle JN, Maihle NJ, Salisbury JL.
Centrosome hypertrophy in human breast tumors: implications
for genomic stability and cell polarity. Proc Natl Acad Sci U S A.
1998;95:2950-2955.

Pihan GA, Purohit A, Wallace J, et al. Centrosome defects
and genetic instability in malignant tumors. Cancer Res.
1998;58:3974-3985.

Hsu LC, Kapali M, De Loia JA, Gallion HH. Centrosome abnor-
malities in ovarian cancer. Int J Cancer. 2005;113:746-751.

Sato N, Mizumoto K, Nakamura M, et al. Centrosome ab-
normalities in pancreatic ductal carcinoma. Clin Cancer Res.
1999;5:963-970.

Thaiparmbil J, Mansour O, El-Zein R. Effect of Benzo[a]
pyrene on spindle mis-orientation and fidelity of chromo-
some segregation in lung epithelial BEAS-2B cells. Toxicol Sci.
2017;162:167-176.

Thaiparambil J, Dong L, Jasso D, Huang J, El-Zein RA. Mitotic
spindle apparatus abnormalities in chronic obstructive pulmo-
nary disease cells: a potential pathway to lung cancer. Cancer
Prev Res. 2021;13:923-934. doi:10.1158/1940-6207.CAPR-19-0557
Thaiparambil JT, Eggers CM, Marcus AI. AMPK regulates mi-
totic spindle orientation through phosphorylation of myosin
regulatory light chain. Mol Cell Biol. 2012;32(16):3203-3217.
El-Zein R, Thaiparambil 7, Abdel-Rahman  SZ.
2-methoxyestradiol sensitizes breast cancer cells to taxanes by
targeting centrosomes. Oncotarget. 2020;11:4479-4489.

Shan YS, Hsu HP, Lai MD, et al. Cyclin D1 overexpression cor-
relates with poor tumor differentiation and prognosis in gastric
cancer. Oncol Lett. 2017;14(4):4517-4526.


https://orcid.org/0000-0002-5038-7114
https://orcid.org/0000-0002-5038-7114
https://orcid.org/0000-0002-5038-7114
https://orcid.org/0000-0003-4488-7400
https://orcid.org/0000-0003-4488-7400
https://orcid.org/0000-0003-4488-7400
https://orcid.org/0000-0002-0750-4143
https://orcid.org/0000-0002-0750-4143
https://doi.org//10.1158/1940-6207.CAPR-19-0557

THAIPARAMBIL ET AL.

.. 8509
Cancer Medicine “WI LEYJ—

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Guo'Y, Shi GC, Wan HY, Zhou M. Hedgehog signaling regulates
the expression levels of inflammatory mediators in cigarette-
induced airway inflammation. Mol Med Rep. 2018;17:8557-8563.
Lu FY, Chen R, Zhou M, Guo Y. Hedgehog signaling modu-
lates cigarette-induced COPD development. Exp Ther Med.
2021;22(1):729. d0i:10.3892/etm.2021.10161

Wang IC, Chen YJ, Hughes D, et al. Forkhead box M1 regu-
lates the transcriptional network of genes essential for mitotic
progression and genes encoding the SCF (Skp2-Cks1) ubiquitin
ligase. Mol Cell Biol. 2005;25(24):10875-10894.

Lam EW, Brosens JJ, Gomes AR, Koo CY. Forkhead box pro-
teins: tuning forks for transcriptional harmony. Nat Rev Cancer.
2013;13(7):482-495.

Wang IC, Zhang Y, Snyder J, et al. Increased expression of
FoxM1 transcription factor in respiratory epithelium inhibits
lung sacculation and causes Clara cell hyperplasia. Dev Biol.
2010;347(2):301-314.

Zhang Y, Qiao WB, Shan L. Expression and functional char-
acterization of FOXM1 in non-small cell lung cancer. Onco
Targets Ther. 2018;11:3385-3393. doi:10.2147/0TT.S162523

He X, Chen SY, Yang Z, et al. miR-4317 suppresses non-small
cell lung cancer (NSCLC) by targeting fibroblast growth fac-
tor 9 (FGF9) and cyclin D2 (CCND?2). J Exp Clin Cancer Res.
2018;37(1):230. doi:10.1186/s13046-018-0882-4

Choi D, Yoon S, Lee E, Hwang S, Yoon B, Lee J. The expression
of pseudogene cyclin D2 mRNA in the human ovary may be
a novel marker for decreased ovarian function associated with
the aging process. J Assist Reprod Genet. 2001;18:110-113.
Bartkova J, Rajpert-De Meyts E, Skakkebaek NE, Bartek J. D-
type cyclins in adult human testis and testicular cancer: rela-
tion to cell type, proliferation, differentiation, and malignancy.
J Pathol. 1999;187:573-581.

Yao Y, Zhou Y, Fu X. miR6713p is downregulated in non-
small cell lung cancer and inhibits cancer progression by di-
rectly targeting CCND2. Mol Med Rep. 2019;19(3):2407-2412.
doi:10.3892/mmr.2019.9858

WangJ, Shu H, Guo S. MiR-646 suppresses proliferation and metas-
tasis of non-small cell lung cancer by repressing FGF2 and CCND2.
Cancer Med. 2020;9(12):4360-4370. doi:10.1002/cam4.3062

Zhang J, Xu D, Zhou Y, Zhu Z, Yang X. Mechanisms and im-
plications of CDK4/6 inhibitors for the treatment of NSCLC.
Front Oncol. 2021;30(11):676041. doi:10.3389/fonc.2021.676041
Kawakami M, Mustachio LM, Rodriguez-Canales J, et al. Next-
generation CDK2/9 inhibitors and anaphase catastrophe in lung

34.

35.

36.

37.

38.

39.

Open Access.

cancer. J Natl Cancer Inst. 2017;109(6):djw297. doi:10.1093/
jnci/djw297

Sabat-Pospiech D, Fabian-Kolpanowicz K, Prior IA, Coulson
JM, Fielding AB. Targeting centrosome amplification, an
Achilles' heel of cancer. Biochem Soc Trans. 2019;47(5):1209-
1222. doi:10.1042/BST20190034

Fan G, Sun L, Meng L, et al. The ATM and ATR kinases regu-
late centrosome clustering and tumor recurrence by targeting
KIFC1 phosphorylation. Nat Commun. 2021;12:20. doi:10.1038/
$41467-020-20208-x

Barreiro E, Peinado VI, Galdiz JB, et al. Cigarette smoke-
induced oxidative stress: a role in chronic obstructive pulmo-
nary disease skeletal muscle dysfunction. Am J Respir Crit Care
Med. 2010;182(4):477-488. d0i:10.1164/rccm.200908-12200c
Pannu V, Rida P, Celik B, et al. Centrosome-declustering drugs
mediate a two-pronged attack on interphase and mitosis in
supercentrosomal cancer cells. Cell Death Dis. 2014;5:e1538.
doi:10.1038/cddis.2014.505

Ogden A, Cheng A, Rida PC, et al. Quantitative multi-
parametric evaluation of centrosome declustering drugs:
centrosome amplification, mitotic phenotype, cell cycle
and death. Cell Death Dis. 2014;5(5):€1204. doi:10.1038/
cddis.2014.164

Adon AM, Zeng X, Harrison MK, et al. Cdk2 and Cdk4 regulate
the centrosome cycle and are critical mediators of centrosome
amplification in p53-null cells. Mol Cell Biol. 2010;30(3):694-
710. doi:10.1128/MCB.00253-09

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Thaiparambil J, Amara
CS, Sen S, Putluri N, El-Zein R. Cigarette smoke
condensate induces centrosome clustering in
normal lung epithelial cells. Cancer Med.
2023;12:8499-8509. d0i:10.1002/cam4.5599



https://doi.org//10.3892/etm.2021.10161
https://doi.org//10.2147/OTT.S162523
https://doi.org//10.1186/s13046-018-0882-4
https://doi.org//10.3892/mmr.2019.9858
https://doi.org//10.1002/cam4.3062
https://doi.org//10.3389/fonc.2021.676041
https://doi.org//10.1093/jnci/djw297
https://doi.org//10.1093/jnci/djw297
https://doi.org//10.1042/BST20190034
https://doi.org//10.1038/s41467-020-20208-x
https://doi.org//10.1038/s41467-020-20208-x
https://doi.org//10.1164/rccm.200908-1220oc
https://doi.org//10.1038/cddis.2014.505
https://doi.org//10.1038/cddis.2014.164
https://doi.org//10.1038/cddis.2014.164
https://doi.org//10.1128/MCB.00253-09
https://doi.org/10.1002/cam4.5599

	Cigarette smoke condensate induces centrosome clustering in normal lung epithelial cells
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Cell lines and culture
	2.2|XTT cell proliferation assay
	2.3|Preparation of CSC media
	2.4|Preparation of cells for immunofluorescence
	2.5|Spindle visualization via immunofluorescence
	2.6|Confocal microscopy
	2.7|Measuring centrosome clustering
	2.8|Measuring misaligned or lagging chromosomes
	2.9|Real-­time-­polymerase chain reaction (RT-­PCR)
	2.10|Western blot analysis
	2.11|RNAi gene silencing
	2.12|Ingenuity pathway analysis
	2.13|Statistical analysis

	3|RESULTS
	3.1|Cytotoxicity of CSC on normal lung epithelial cells
	3.2|Effects of CSC on centrosome clustering
	3.3|Overexpression of similar genes in CSC-­treated lung epithelial cells and NSCLC
	3.4|Targeting centrosome clustering to inhibit normal cell division
	3.5|Novel pathway that targets centrosome clustering

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICAL STATEMENT
	REFERENCES


