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Abstract

Chromosomal instability (CIN) is a hallmark of solid tumor biology and is implicated in 

carcinogenesis. Preferentially eliminating malignant cells by targeting CIN and aneuploidy is an 

attractive anti-neoplastic strategy. We previously reported that CDK2 antagonism causes lung 

cancer cells to undergo anaphase catastrophe and apoptosis through inhibition of phosphorylation 

of the centrosomal protein CP110. Cells with activating KRAS mutations were particularly 

sensitive to CDK2 inhibition due to down-regulation of CP110 protein levels. This study 

investigated mechanisms of CDK2 antagonism that mediate anaphase catastrophe via changes in 

CP110 protein expression and how activated KRAS affects CP110 levels in lung cancers. Site-

direct mutagenesis revealed candidate CDK phosphorylation sites of CP110 (residues Ser 170 and 

Thr 194) critical for conferring anaphase catastrophe by altering centrosome clustering in mitosis. 

Intriguingly, KRAS mutation can promote CP110 protein degradation by upregulating the 

ubiquitin ligase SCFcyclinF, which targets CP110 protein for destabilization. Finally, CDK2 

inhibitor response was enhanced when combined with knockdown of the deubiquitinase USP33 

that in turn accelerates CP110 protein degradation. Thus, this study provides molecular 

pharmacologic insights into how CP110 expression regulates response to CDK2 inhibition. An 

improved understanding of in vitro antineoplastic mechanisms of combining CDK2 antagonism 

with induced CP110 repression provides a rationale for exploring clinical consequences of this 

Address Correspondence to: Ethan Dmitrovsky, M.D., Department of Pharmacology and Toxicology, Geisel School of Medicine at 
Dartmouth, Hanover, NH 03755, Phone: 603-650-1707 FAX: 603-650-1129, EDmitrovsky@mdanderson.org.
Current address: Ethan Dmitrovsky, MD Anderson Cancer Center, Departments of Thoracic and Head and Neck Medical Oncology 
and Cancer Biology, Houston, TX 77030

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest are disclosed.

HHS Public Access
Author manuscript
Mol Cancer Ther. Author manuscript; available in PMC 2016 November 01.

Published in final edited form as:
Mol Cancer Ther. 2015 November ; 14(11): 2576–2585. doi:10.1158/1535-7163.MCT-15-0443.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strategy. Taken together, preclinical findings obtained from combining CDK2 inhibition with 

USP33 repression have implications for treating patients with non-small cell lung cancers.
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Introduction

Chromosomal instability (CIN) is a hallmark of solid tumor biology and is one feature that 

differentiates normal and malignant cells (1). CIN is a driver of tumor initiation and growth 

since it facilitates tumor adaptation (2,3). A direct consequence of CIN is aneuploidy, which 

has long been studied for its effect on tumorigenesis and correlation with aggressiveness and 

tumor stage (1).

While gain of CIN can accelerate tumorigenesis, excessive instability is physiologically 

intolerable and cytotoxic (4–6). Therapeutic targeting of CIN and aneuploidy have been 

proposed by either suppressing or critically elevating the CIN rate (1). Strategies that target 

CIN include regulating proteins or pathways that are essential for CIN, but dispensable for 

normal cells. Tumor cells rely on several pathways to tolerate aneuploidy including the 

ubiquitin-proteasome, autophagy, metabolic stress response and energy stress inducing 

pathways (7). Several CIN targets are undergoing preclinical testing, including Aurora B 

kinase (7–12), HSET (7,13,14), heat shock protein (HSP) chaperone, autophagy and the 

ubiquitin-proteasome (15–18), but none have yet been FDA-approved. Alternative methods 

of targeting CIN should be investigated.

Our prior lung cancer work found that CDK2 inhibition causes anaphase catastrophe, a 

lethal event where cells with supernumerary centrosomes segregate chromosomes into more 

than two daughter cells, resulting in non-viable daughter cells (19). CP110, a centrosomal 

protein, was uncovered as a mediator of CDK2-inhibitor-induced anaphase catastrophe (20). 

Furthermore, KRAS mutations sensitized lung cancers to CDK2-inhibitor-mediated anaphase 

catastrophe by down-regulating CP110 levels (20). This study further investigates the 

CP110 role in anaphase catastrophe.

CP110 is a centrosomal protein that critically regulates centrosome duplication and 

separation, chromosome segregation and cilia formation (21–33). It is a direct substrate of 

cyclin E-CDK2, cyclin A-CDK2, and cyclin B-CDK1 (21). CP110 has ten putative CDK 

phosphorylation sites and CP110 with eight of these CDK phosphorylation sites mutated 

(CP110-MUT) conferred polyploidy (21). Notably, CP110-MUT was no longer a substrate 

for CDKs as confirmed by kinase assays although centrosomal localization of CP110-MUT 

was unaffected (21). Low CP110 protein level or loss of CP110 phosphorylation promoted 

unscheduled centrosome separation (21). Roles of individual CP110-CDK phosphorylation 

sites in anaphase catastrophe were not previously determined.

CP110 protein levels are tightly regulated through the cell cycle. Levels are low in quiescent 

cells (G0 phase) or early G1 phase, but markedly increase as cells progress through the G1-S 
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transition. CP110 levels start to decline in the G2 cell cycle phase and diminish after cells 

complete mitosis (21). CP110 levels are controlled transcriptionally, post-translationally and 

by miRNAs (21–28) to prevent centriole duplication, cytokinesis and primary cilia 

formation errors (21,22,29–32). In G2, CP110 complexes with the F-box protein cyclinF and 

is ubiquitinated by the SCFcyclinF E3 ubiquitin ligase complex and degraded. The siRNA-

mediated depletion of cyclin F in G2 induces centrosomal and mitotic abnormalities, which 

can be reverted by co-silencing CP110 (22). SCFcyclinF mediated degradation of CP110 is 

required for fidelity of mitosis and genomic integrity (22).

CP110 deubiquitinases also regulate CP110 protein levels (22). Both USP33 and USP20 are 

deubiquitinases that recognize CP110 and counteract SCFcyclinF ubiquitin ligase activity. 

USP33 was determined to exert marked effects on CP110 protein expression (22). USP33 

depletion did not inhibit centriole duplication, but inhibited centrosome re-duplication, 

which is similar to the effect of CP110 depletion (24).

Since centrosome amplification is associated with tumorigenesis in multiple human cancers 

and USP33 directly affects centrosome duplication by regulating CP110 protein expression, 

the role of USP33 in cancer biology is under active investigation. This study assesses the 

relationship between KRAS mutation and CP110 degradation by titrating USP33 levels.

The current study tested the hypothesis that lung cancer cells were sensitized to CDK2-

inhibitor-mediated anaphase catastrophe by targeting for repression the CP110 

deubiquitinase, USP33. The obtained findings provide a mechanistic understanding of 

CP110 CDK phosphorylation site functions and also the relationship between KRAS 

mutation and a specific CP110 protein degradation pathway. Therapeutic intervention is 

proposed where antagonism of CDK2 along with engaging a specific CP110 degradation 

pathway would exert substantial antitumor activity in aneuploid lung cancers.

Materials and Methods

Chemicals and antibodies

Seliciclib (CYC202, R-roscovitine) was provided by Cyclacel, Ltd (10mM stock solution in 

dimethyl sulfoxide, DMSO). The seliciclib dosage used (10μM) is clinically achievable (34) 

and biological effects of seliciclib at 10μM were due to CDK2 inhibition rather than 

CDK7/9 blockade in lung cancer cells (19). Antibodies used were: α-tubulin (T6199, Sigma 

Aldrich, (1:1000 immunofluorescence and 1:10000 immunoblot), α-tubulin (YL1/2) 

(NB600-506, Novus Biologicals, 1:1500), γ-tubulin (T5326, Sigma Aldrich, 1:1000), CP110 

(12780-1-AP, Proteintech, 1:750), HA.11 clone 16B12 monoclonal antibody (MMS-101P, 

Covance, 1:3000), cyclin F (C-20) (SC-952, Santa Cruz Biotechnology, 1:500), CEP76 

(A302-326A, Bethyl Laboratories, 1:1000), USP33 (A300-925A, Bethyl Laboratories, 

1:1000 in 5%BSA) and KRAS (ab55391, Abcam, 1:1000). Secondary antibodies used were: 

Texas red anti-mouse IgG (H+L) (TI-2000, Vector Laboratories.), Fluorescein anti-mouse 

IgG (H+L) (FI-2000, Vector Laboratories.), Alexa fluor 594 donkey anti-rat IgG (H+L) 

(A21209, Invitrogen), ECL anti-rabbit lgG (NA934V, GE Healthcare), ECL anti-mouse lgG 

(NA931V, GE Healthcare) and horseradish peroxidase–conjugated donkey anti-goat IgG 

(sc-2020, Santa Cruz Biotechnology.). Hoechst 33342 (62249, Thermo Scientific, 1:25000) 
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stained DNA. Pro-Long Gold anti-fade reagent (P36934, Invitrogen) preserved 

immunofluorescence.

Cell culture

Human lung cancer cell lines A549, H1703, SW900, H2122, H460 and H522 were 

purchased from American Type Culture Collection (ATCC) between 1998 and 2012. 

HOP62 cells were purchased from the National Cancer Institute in 2012. These different cell 

lines were not independently authenticated. Murine lung cancer cell lines LKR13, 344P and 

393P were kindly provided by Dr. Johnathan Kurie, (MD Anderson Cancer Center) between 

2014 and 2015 and were authenticated by immunoblot analyses expression of the engineered 

KRAS species (20). ED-1 murine lung cancer cell line were developed in our laboratory 

(Geisel School of Medicine at Dartmouth) in 2009. Frozen stocks of this original cell line 

were prepared and used in this study after authentication (35).

Expression plasmids and transient transfection

Expression vectors HA-tagged wild-type pcDEF3-CP110 (CP110-WT) and CP110 with 8 

phosphorylation sites mutated, pcDEF3-CP110 (CP110-MUT) were previously reported 

(21). Logarithmically growing ED-1, LKR13, Hop62 and H522 cell lines were each 

transiently transfected using Lipofectamine 2000 reagent (Invitrogen). Each experiment was 

independently replicated at least three times.

Indicated lung cancer cells were transfected with small interfering RNAs (siRNAs) using 

Lipofectamine 2000 (Invitrogen). The siRNA-mediated silencing was confirmed by 

immunoblot analyses. The siRNA sequences appear in Supplemental Table S1. Each 

experiment was independently replicated at least three times.

Site-directed mutagenesis

To generate specific mutations of CP110-MUT where eight potential serine and threonine 

phosphorylation sites were mutated to alanine residues (Ser 45, Ser 170, Thr 194, Ser 366, 

Ser 372, Ser 400, Ser 516 and Thr 566), each site was replaced by a serine or threonine 

residue to restore wild-type sequences at individual or multiple sites using the QuikChange 

II XL Site-Directed Mutagenesis Kit (Stratagene). To confirm effects of specific 

phosphorylation sites on anaphase catastrophe and centrosome clustering, Ser 170, Thr 194 

of CP110-WT were replaced by alanine residues individually and independently at both 

sites.

Multipolar anaphase assay

Following treatments of the indicated lung cancer cells, cells were fixed in cold methanol, 

incubated with the anti-α-tubulin–specific antibody and independently mounted with Pro-

Long Gold anti-fade reagent (Invitrogen). Stained cells were examined using an Eclipse TE 

2000-E microscope (Nikon). Anaphase cells that contained three or more spindle poles were 

scored as multipolar. Data were expressed as percent multipolar versus total anaphase cells.
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Effective centrosome clustering analysis assay

The indicated lung cancer cells were fixed in cold methanol, incubated with anti-α-tubulin–

specific antibody and anti-γ-tubulin-specific antibody, and independently mounted with Pro-

Long Gold anti-fade reagent (Invitrogen). Stained cells were examined using an Eclipse TE 

2000-E microscope (Nikon). Anaphase cells that contained two spindle poles, but had more 

than one centrosome at either pole were scored as effective bipolar centrosome clustering. 

Data were expressed as percent effective centrosome clustering versus total anaphase cells.

Generation of stable KRAS transfectants

Logarithmically growing ED-1 (3 × 106) and H522 (5 × 106) cells were individually plated 

onto 10 cm tissue culture dishes 24 hours before transfection. Twelve μg each of the pCGN 

K-RasG12V, 188L plasmid (Addgene) with the pPUR expression plasmid (Clontech) or an 

empty vector with the pPUR plasmid were individually transfected into ED-1 or H522 cells 

using Lipofectamine 2000 (invitrogen) and Opti-MEM medium (Gibco). Puromycin 

selection began 24 hours after transfection. Engineered KRAS overexpression was confirmed 

by immunoblot analysis.

CP110 protein stability assay

To assess CP110 protein stability in cells with or without KRAS mutation, respectively, cells 

were transfected with CP110-WT expressing vectors 24 hours before treatment with or 

without cycloheximide (CHX, 40μg/ml, Sigma) for indicated time periods. Cells were 

collected and processed for immunoblot analysis.

Proliferation assay

Logarithmically growing cells were plated onto individual 12-well tissue culture plates (8 × 

103 cells/well). Twenty-four hours later, cells were transfected with siRNAs targeting 

USP33 or control siRNAs. Twenty-four hours after transfection, cells were treated with 

10μM seliciclib versus vehicle controls. Three independent wells were seeded in each 

experiment with triplicate independent replicates. Proliferation was measured using the 

CellTiter-Glo Assay Kit (Promega), as described (37). Trypan blue viability assays were 

performed (35).

Immunoblot analyses

Cells were lysed with ice-cold radioimmunoprecipitation (RIPA) buffer supplemented with 

protease inhibitors (Biosciences), and immunoblot analyses were done, as before (38). 

Lysates were size-fractionated using previously optimized methods (38) by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose 

membranes (Schleicher and Schuell Bioscience) and incubated with the indicated antibodies.

Statistical analyses

Results of independent experiments were pooled to assess statistical significance. Two-tailed 

t-tests were used. Statistical significance was noted with these symbols: *, P < 0.05 and **, 

P < 0.01.
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Results

Mutation of CDK phosphorylation sites of CP110 and anaphase catastrophe

To determine the role of potential CDK phosphorylation sites of CP110 in CDK2 inhibitor-

mediated anaphase catastrophe, a CP110 expression vector was generated with all ten 

putative CDK phosphorylation sites replaced by alanine residues (CP110-ALL MUT). 

While CP110-WT protected cells from CDK2 inhibitor-mediated anaphase catastrophe in 

lung cancer cells, neither CP110-MUT nor CP110-ALL MUT did. (Supplemental Fig. S1).

To determine which CDK phosphorylation site(s) is/are critical in mediating anaphase 

catastrophe, each of the eight potential phosphorylation-sites in CP110-MUT were restored 

to the wild-type sequence with serine or threonine residues, respectively. ED-1 cells were 

independently transfected with the indicated CP110 mutants, CP110-WT or an insertless 

vector, and then treated with seliciclib. Anaphase catastrophe was quantified 24 hours after 

these treatments. Restoration of the Ser 170 and Thr 194 sites, but not of other CP110 sites 

significantly recovered the ability of CP110 to prevent anaphase catastrophe from being 

induced by seliciclib treatment as compared to transfection of the CP110-MUT expression 

vector in murine (Fig. 1A) or in human (Supplemental Fig. S2A) lung cancer cells. 

Combined restoration of Ser 170 and Thr 194 from the alanine residues of the CP110-MUT 

vector to wild-type sequences restored the ability of CP110 to reduce anaphase catastrophe 

after seliciclib treatment (Fig. 1B and Supplemental Fig. S2A, structure seen in Fig. 1D).

To confirm the effects of modification of residues Ser 170 and Thr 194 of CP110 in 

mediating anaphase catastrophe, Ser 170 and Thr 194 were individually or both substituted 

for an alanine residue within the CP110-WT expression vector. Inactivation of Ser 170 

somewhat impaired how CP110 antagonized anaphase catastrophe after treatment with the 

CDK2 inhibitor seliciclib, while inactivation of both sites disrupted the ability of CP110 to 

antagonize anaphase catastrophe formation in murine (Fig. 1C) and human (Supplemental 

Fig. S2B) lung cancer cells. Taken together, candidate CDK phosphorylation sites of CP110 

Ser 170 and Thr 194 were found to be critical for protecting cells from anaphase catastrophe 

caused by CDK2 inhibition.

CDK phosphorylation of CP110 regulates centrosome clustering

CP110 regulates centrosome maturation and separation during mitosis (20–22,24,27,29,30). 

Our prior work established that anaphase catastrophe occurs after CDK2 inhibition and that 

CP110 CDK phosphorylation sites are critical for these functions (20). Antagonism of 

anaphase catastrophe is achieved by inhibiting centrosome overduplication or by clustering 

supernumerary centrosomes to form bipolar spindles during mitosis. It was hypothesized 

that CP110 would decrease anaphase catastrophe by clustering extra centrosomes to form 

bipolar spindles during mitosis and that specific CDK phosphorylation sites are critical for 

centrosome clustering. Effective centrosome clustering was scored as cells undergo bipolar 

anaphase with more than one centrosome on either or both ends of the spindle (Fig. 2A).

To investigate whether CP110 directly affects centrosome clustering in lung cancer cells, 

ED-1 and Hop62 cells were independently transfected with CP110-WT, CP110-MUT or an 

insertless expression vector, and treated with seliciclib for 24 hours before quantification of 
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centrosome clustering and anaphase catastrophe. Expression of CP110-WT, but not of a 

CP110-MUT expression vector significantly increased effective centrosome clustering and 

decreased anaphase catastrophe rates after CDK2 inhibition in both murine (P < 0.01) and 

human (P < 0.05) lung cancer cells (Fig. 2B).

Since residues Ser 170 and Thr 194 proved critical for regulating anaphase catastrophe, their 

potential roles in regulating centrosome clustering were next investigated. ED-1 and Hop62 

cells were independently transfected with the indicated CP110 mutant, CP110-WT or an 

insertless expression vector, and treated with seliciclib. Effective centrosome clustering was 

quantified 24 hours later. Restoration of Ser 170 or Thr 194 or both residues to wild-type 

sequences, but not two randomly chosen CDK phosphorylation sites of the CP110-MUT 

expression vector, significantly recovered the function of CP110 in promoting effective 

centrosome clustering when treated with seliciclib treatment (P < 0.05) (Fig. 3A and B, left 

panel). Consistently, inactivation of Ser 170 or Thr 194 or both sites of the CP110-WT 

expression vector significantly decreased effective centrosome clustering occurrence rates 

after CDK2 inhibition (P < 0.05) (Fig. 3A and B, right panel).

Thus, CP110 controlled anaphase catastrophe caused by CDK2 inhibition in lung cancer 

cells by promoting effective centrosome clustering. Also, candidate CP110 CDK 

phosphorylation sites and specifically residues Ser 170 and Thr 194 were involved in 

conferring this regulation.

KRAS decreases CP110 protein expression by promoting its degradation

KRAS mutation sensitized lung cancer cells to anaphase catastrophe by decreasing CP110 

protein, but not mRNA expression levels, indicating that this down-regulation was post-

transcriptional (20). Yet, the level of this post-transcriptional regulation was not determined. 

To investigate whether KRAS mutation directly affects CP110 degradation, KRAS or an 

insertless expression vector was each stably and individually transfected into ED-1 (KRAS-

ED-1 and EV-ED-1) and H522 (KRAS-H522 and EV-H522) cells. Cells were then 

independently transfected with the CP110-WT expression vector. Degradation rates were 

determined using a cycloheximide (CHX) treatment time course to inhibit de novo protein 

synthesis 24 hours after transfection. The CP110-WT species was degraded more rapidly in 

KRAS-ED-1 and KRAS-H522 cells as compared with EV-ED-1 and EV-H522 transfectants 

(Fig. 4A and 4B).

To investigate whether CP110 phosphorylation affected the CP110 degradation rate, CP110-

WT or CP110-MUT was independently transfected into KRAS wild-type ED-1 cells. The 

degradation rates were determined with or without cycloheximide (CHX) treatment 24 hours 

after transfection. There was no appreciable difference between the half-life of CP110-WT 

and CP110-MUT in ED-1 cells (Supplemental Fig. S3). Thus, KRAS mutation accelerates 

the CP110 degradation rate in lung cancer cells and this is independent of CP110 

phosphorylation status.
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KRAS decreases CP110 levels by regulating its degradation machinery

To explore mechanisms responsible for activated-KRAS-conferred CP110 degradation, 

proteins involved in CP110 degradation were investigated in murine (Fig. 5A) lung cancer 

cells. The basal level of cyclin F, a key player in CP110 level regulation (22), is lower in 

KRAS wild-type murine lung cancer cells as compared to KRAS mutant ones (Fig. 5A). The 

basal levels of USP33 and CEP76, two proteins that regulate CP110 expression (24,33), did 

not show a trend in KRAS wild-type versus KRAS mutant murine lung cancer cells (Fig. 

5A). Cyclin F basal levels were also upregulated in KRAS-ED-1 cells as compared to EV-

ED-1 cells (Fig. 5B).

To confirm and extend analyses of the role of KRAS in regulating expression of cyclin F, 

transient KRAS knockdown was achieved in LKR13 and Hop62 cells using siRNAs. 

Decreased KRAS expression was detected at 48 and 72 hours after transfection (Fig. 5C). 

Decreased cyclin F expression was detected at both 48 and 72 hours after transfection and 

increased CP110 expression was evident 72 hours after transfection in both cell lines (Fig. 

5C). This order of changes of KRAS, cyclin F and CP110 expression profiles implied that 

KRAS down-regulates CP110 level by up-regulating cyclin F.

Combining CDK2 antagonism and USP33 depletion augments anaphase catastrophe

Since both CDK2 inhibition and KRAS mutation affect CP110 pathways and anaphase 

catastrophe, it was determined if lung cancer cells are sensitized to CDK2 inhibition by 

combining this with induced repression of CP110 levels. It was hypothesized that dual 

targeting of these pathways would augment anaphase catastrophe. USP33 is a 

deubiquitinating enzyme of CP110 that can antagonize SCFcyclinF-mediated CP110 

ubiquitination and stabilize CP110 (24). To discern effects of USP33 knockdown along with 

CDK2 inhibition on anaphase catastrophe in lung cancer cells, two different siRNAs 

targeting murine Usp33 and human USP33 and a scrambled control siRNA were each used. 

Marked knockdown of USP33 was achieved in murine and human cells as validated by 

immunoblot analyses (Fig. 6 and Supplemental Fig. S4). As expected, after 48 hours of 

USP33 knockdown, reduced levels of CP110 were achieved in A549 and Hop62 human 

lung cancer cells (Fig. 6A and 6B). Knock-down of Usp33 did not affect CP110 levels in 

ED-1 murine lung cancer cells (Supplemental Fig.S4). A549 and Hop62 were treated with 

seliciclib for 24 hours after USP33 knockdown before anaphase catastrophe analyses. 

Knockdown of USP33 significantly (P <0.01) augmented anaphase catastrophe in A549 and 

Hop62 cells. When combined with CDK2 inhibition, USP33 knockdown increased anaphase 

catastrophe caused by seliciclib treatment in both lung cancer cell lines (Fig. 6A and 6B). 

USP33 knock-down increased growth inhibition conferred by seliciclib treatment in human 

lung cancer cell lines (Supplemental Fig. S5).

Discussion

Prior work revealed that CDK2 antagonism caused multipolar cell division and this led to 

anaphase catastrophe in lung cancers (19). Also CP110, a direct target of cyclin E-CDK2, 

was found as a mediator of this effect (20). That prior work was built upon here by showing 

specific CP110 CDK phosphorylation sites were involved in anaphase catastrophe. Specific 
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sites promoted centrosome clustering in lung cancer cells and thereby protected these cells 

from undergoing anaphase catastrophe. CP110 is not known to have enzymatic activity, but 

serves a structural role in regulating centrosome duplication and separation, chromosome 

segregation and cilia formation by interacting with several distinct protein complexes 

(21,22,24,27–33). Residues Ser 170 and Thr 194 of CP110 are located between the coiled-

coil and destruction box (D-box) domains (21). It is likely that these two sites are required 

for interactions between CP110 and by this other centrosomal proteins that regulate 

centrosome clustering.

Centrosomes represent an attractive target for anti-cancer therapy since centrosome 

abnormalities are found in diverse malignancies and are associated with aberrant 

proliferation that is characteristic of carcinogenesis (39). CDK2 antagonism prevents 

centriole overduplication and reduces the extent of genomic instability while not disrupting 

centriole duplication and cell cycle progression (40–42). This study found that CDK2 

antagonism also inhibits centrosome clustering via CP110. This is a way to target 

centrosomes. Pathways involved in centrosome clustering are usually dispensable in normal 

diploid cells since such cells, with a few exceptions like hepatocytes, do not have 

supernumerary centrosomes (39). This difference can be exploited therapeutically in 

aneuploid cancer cells versus normal diploid cells. Future translational research should 

explore this possibility in the context of clinical trials.

This study determined that KRAS mutations accelerate CP110 degradation rates by 

upregulating ubiquitin ligase SCFcyclinF. This sensitized lung cancer cells to CDK2 

antagonism. This finding leads to the proposal that targeting lung cancers by upregulating 

CP110 degradation and inhibiting CDK2 activity would augment anti-neoplastic effects. 

Indeed, knockdown of the CP110 deubiquitinase USP33 along with CDK2 inhibition 

markedly increased anaphase catastrophe in human lung cancer cells, as in Fig. 6. This 

would overcome the potential limitation that lung cancers with reduced CP110 expression 

are particularly sensitive to CDK2 antagonism. Further studies are needed to determine the 

optimal ways to exploit anaphase catastrophe and centrosome functions for lung cancer 

therapy or prevention.

Seliciclib is an orally bioavailable inhibitor of CDK activity that reversibly competes for 

binding to the ATP pocket of the kinase catalytic subunit (19,43). Seliciclib prominently 

inhibits CDK-2, but affects CDK-1, CDK-7, and CDK-9 much less (19,43). Antitumor 

activity is reported against many human cancer cell lines, including those of breast, prostate, 

and lung cancer origins (19). Seliciclib has been tested in Phase I and Phase II clinical trials 

sponsored by Cyclacel Pharmaceuticals for treatments of non–small cell lung cancer 

(NSCLC) and nasopharyngeal carcinoma (43). Seliciclib is undergoing clinical testing in 

combination with the nucleoside analogue Sapacitabine (CYC682) (43) and with an 

epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) (43).

Recently, roles of deubiquitinases in cancer biology and therapeutics were examined in 

multiple cancers and inhibitors designed to target deubiquitinases are being studied in 

oncology (44,45). Antitumor effects of inhibitors targeting USP7, USP8 and USP14 are 

being tested in different cancer models and preclinical results are promising (44,45).
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In this study, USP33 knockdown was achieved as a proof-of-concept because USP33 can 

antagonize cyclin F actions on CP110 in regulating centrosome duplication, maturation and 

separation (24). USP33 is reported as down-regulated in human lung cancers and reduced 

USP33 expression is associated with an unfavorable clinical outcome (46). Yet, USP33 is 

upregulated in pancreatic cancers where centrosome amplification and KRAS mutations are 

often detected (24). Hence, more studies are needed to reveal cancer-type-specific roles of 

USP33 in human cancers.

Another promising strategy to sensitize lung cancers to CDK2 inhibition is by targeting the 

cyclin F degradation pathway. Cyclin F is necessary for maintaining chromosome stability 

and genome stability (22,47). Thus, up-regulating cyclin F should augment anti-tumor 

effects in combination therapies. Degradation of cyclin F is signaled through ATR by a 

mechanism that is not yet well understood (48). Further investigation of the degradation 

pathway of cyclin F is needed to identify potential targets that would increase cyclin F levels 

in cancer cells.

In summary, this study identified CP110 sites that mediate anaphase catastrophe and 

centrosome clustering following CDK2 inhibition. KRAS mutation can down-regulate 

CP110 protein expression by accelerating its degradation rate by upregulating the ubiquitin 

ligase SCFcyclinF. This study provided evidence for SCFcyclinF and USP33 affecting CP110 

expression in human lung cancer cells. This in turn sensitized lung cancer cells towards 

CDK2 antagonism in a mechanism that is independent of CP110 phosphorylation. Thus, this 

is a tractable combination therapeutic approach. Combining CDK2 inhibition with 

repression of CP110 protein augments anti-neoplastic effects against human lung cancers. 

Taken together, the findings presented here exploit insights of the mechanism through which 

KRAS mutation can regulate CP110 expression. This helps elucidate the link between 

CP110, centrosome clustering and anaphase catastrophe. Future work should explore the 

relevance of these findings in the lung cancer clinic.
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Fig. 1. 
Effects of individual CP110 phosphorylation sites on Cdk2-inhibition-mediated anaphase 

catastrophe in murine lung cancer cells. (A) ED-1 cells were transfected with the CP110-

MUT expressing vector with the indicated phosphorylation sites restored to wild-type 

sequences. Twenty-four hours after transfection, cells were treated with seliciclib (10μM) 

for 24 hours and fixed and scored for multipolar anaphases. (B) Transfection effects of 

CP110-MUT with both Ser 170 and Thr 194 restored to wild-type sequences on CDK2-

inhibition-mediated anaphase catastrophe in ED-1 cells. (C) Transfection effects of CP110-

WT expressing vector having Ser 170 and Thr 194 individually or together replaced with 

alanine residues on CDK2-inhibition-mediated anaphase catastrophe in ED-1 cells. (D) 

Schematic of CP110-WT, CP110-MUT (8 sites) and CP110-MUT with Ser 170 and Thr 194 

restored to wild-type sequences. All experiments were independently replicated at least three 

times.
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Fig. 2. 
Effects of different candidate CP110 phosphorylation sites on centrosome clustering when 

independently challenged with a CDK2 inhibitor in murine and human lung cancer cells. (A) 

Representative examples of normal bipolar anaphase with one centrosome at each end of 

spindles (upper panel); anaphase with supernumerary centrosomes clustered to form bipolar 

spindles (middle panel) and anaphase with multiple centrosomes and that also form 

multipolar spindles (bottom panel) in ED-1 murine lung cancer cells. (B) ED-1 and Hop62 

cells were each transfected with an empty vector, a CP110-WT or a CP110-MUT expressing 

plasmid. Twenty-four hours after transfection, cells were treated with seliciclib (10μM) for 

24 hours and fixed and scored for effective centrosome clustering and multipolar anaphases. 

All experiments were independently replicated at least three times.
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Fig 3. 
Effects of Ser 170 and Thr 194 CP110 phosphorylation sites on centrosome clustering when 

independently challenged with a CDK2 inhibitor in murine and human lung cancer cells. (A) 

ED-1 and (B) Hop62 cells were transfected with (left panel) the CP110-MUT expression 

vector with indicated phosphorylation sites restored to wild-type residues or (right panel) the 

CP110-WT expression vector or with a vector having the indicated phosphorylation sites 

replaced with alanine or aspartic acid. Twenty-four hours after transfection, cells were 

treated with seliciclib (10μM) for 24 hours and fixed and scored for effective centrosome 

clustering. All experiments were independently replicated at least three times.
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Fig. 4. 
CP110 protein stability assays done independently in human (H522) and murine (ED-1) 

lung cancer cells that respectively had or not a KRAS mutation introduced. Empty vector or 

KRAS stably transfected (A) ED-1 and (B) H522 cells were transfected with the CP110-WT 

expression vector. Twenty-four hours later, cells were treated with or without cycloheximide 

(CHX, 40μg/ml) for the indicated time periods. Expression of CP110 protein at each time 

point was shown using immunoblot analyses and ImageJ quantification. Experiments were 

independently replicated at least three times. Quantifications by ImageJ were achieved by 

pooling independent experimental results.
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Fig. 5. 
Effects of KRAS on expression of cyclin F and CP110 in human and murine lung cancer 

cells. (A) Respective CP110, cyclin F, CEP76, USP33 and RAS protein levels in murine 

lung cancer cell lines. (B) Respective CP110, cyclin F, CEP76, USP33 and RAS protein 

levels in empty vector or KRAS expression vector stably transfected ED-1 cells. (C) LKR13 

and Hop62 cells were independently transfected with each of two different KRAS targeting 

siRNAs or control siRNA. Effects of KRAS knock-down at 48 and 72 hours on CP110 and 

cyclin F expression. Expression of CP110 and cyclin F protein at each time point was shown 

using immunoblot analyses and ImageJ quantification. Experiments were independently 

replicated at least three times. Quantification by ImageJ was achieved by pooling 

independent experimental results.
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Fig. 6. 
Effects of USP33 knock-down on CP110 protein levels and anaphase catastrophe in human 

lung cancer cells. (A) A549 and (B) Hop62 cells were independently transfected with each 

of two different USP33 targeting siRNAs or control siRNA. Forty-eight hours after USP33 

knockdown, cells were treated with seliciclib (10μM) for 24 hours and fixed and scored for 

multipolar anaphases. Expression of CP110 protein at each time point was shown using 

immunoblot analyses and ImageJ quantification. Experiments were independently replicated 

at least three times. Quantifications by ImageJ were done by combining for analyses all 

independent experimental results.
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