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Abstract

Purpose—Most ovarian cancer patients receive paclitaxel chemotherapy, but less than half 

respond. Pre-treatment microtubule stability correlates with paclitaxel response in ovarian cancer 

cell lines. Microtubule stability can be increased by depletion of individual kinases. As 

microtubule stability can be regulated by phosphorylation of microtubule associated proteins 

(MAPs), we reasoned that depletion of pairs of kinases that regulate phosphorylation of MAPs 

could induce microtubule stabilization and paclitaxel sensitization.

Experimental Design—Fourteen kinases known to regulate paclitaxel sensitivity were depleted 

individually in 12 well-characterized ovarian cancer cell lines before measuring proliferation in the 

presence or absence of paclitaxel. Similar studies were performed by depleting all possible pairs of 

kinases in 6 ovarian cancer cell lines. Pairs that enhanced paclitaxel sensitivity across multiple cell 

lines were studied in depth in cell culture and in two xenograft models.

Results—Transfection of siRNA against 10 of the 14 kinases enhanced paclitaxel sensitivity in at 

least 6 of 12 cell lines. Dual knockdown of IKBKB/STK39 or EDN2/TBK1 enhanced paclitaxel 

Correspondence to: Robert C. Bast Jr, MD, and Zhen Lu, MD, Department of Experimental Therapeutics, University of Texas MD 
Anderson Cancer Center, Unit 1439, 1400 Pressler Street, Houston, TX, 77030, USA; phone: 713-792-7743; FAX: 713-792-7864, 
rbast@mdanderson.org and zlu@mdanderson.org.
*Co-senior authors:

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST
The authors have no conflicts of interest

HHS Public Access
Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2019 April 15.

Published in final edited form as:
Clin Cancer Res. 2018 October 15; 24(20): 5072–5084. doi:10.1158/1078-0432.CCR-18-0504.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensitivity more than silencing single kinases. Sequential knockdown was superior to concurrent 

knockdown. Dual silencing of IKBKB/STK39 or EDN2/TBK1 stabilized microtubules by 

inhibiting phosphorylation of p38 and MAP4, inducing apoptosis and blocking cell cycle more 

effectively than silencing individual kinases. Knockdown of IKBKB/STK39 or EDN2/TBK1 

enhanced paclitaxel sensitivity in two ovarian xenograft models.

Conclusions—Sequential knockdown of dual kinases increased microtubule stability by 

decreasing p38-mediated phosphorylation of MAP4 and enhanced response to paclitaxel in 

ovarian cancer cell lines and xenografts, suggesting a strategy to improve primary therapy.
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Introduction

Ovarian cancer continues to be the leading cause of gynecologic cancer deaths in the United 

States (1). Over the last three decades, the 5-year survival has improved significantly to 

approximately 50% with optimal care, but the rate of cure has not changed, remaining at less 

than 30% when all stages are included. Following cytoreductive surgery, most newly 

diagnosed ovarian cancer patients are treated with a combination of carboplatin and 

paclitaxel. While 70% of newly diagnosed ovarian cancers will respond to a platinum 

compound with or without paclitaxel, only 42% of cancers responded to paclitaxel alone in 

the Gynecologic Oncology Group (GOG) trial 132 (2,3). The addition of paclitaxel to 

platinum compounds did, however, improve survival in two of three pivotal studies (4). As 

synergy is not observed between platinum compounds and taxanes, less than half of patients 

benefit from the addition of paclitaxel to carboplatin. Better outcomes might be attained if 

the primary response to paclitaxel could be enhanced.

Paclitaxel binds to β-tubulin, stabilizes microtubules by inhibiting microtubule 

depolymerization, impairs mitotic spindle formation, arrests mitosis and induces apoptosis 

(5). Because paclitaxel only binds to preformed microtubules, the pre-treatment state of 

microtubules is an important determinant of the magnitude of paclitaxel-induced 

microtubule stabilization and cytotoxicity. For example, mutations outside the binding sites 

of paclitaxel that increases microtubule dynamic instability induces resistance to paclitaxel 

(6). In contrast, culturing ovarian cancer cells on TGFBI-coated plates enhanced microtubule 

stability and paclitaxel-induced cytotoxicity (7). Our previous studies documented that 

enhancing baseline microtubule stability increased paclitaxel-induced microtubule 

stabilization and the ability of paclitaxel to induce apoptosis (6,8). Depletion or inhibition of 

certain kinases could increase microtubule stability and enhance the apoptotic response to 

paclitaxel (8,9). As microtubule stability is regulated by microtubule associated proteins 

(MAPs) and phosphorylation of MAPs affects their binding to microtubules, it is likely that 

at least some of these effects might be regulated by kinases that regulate MAP 

phosphorylation (10).

From a previous siRNA kinome screen, 14 candidate kinases were selected for further study 

whose silencing enhanced paclitaxel sensitivity and in some cases enhanced microtubule 
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stability in SKOv3 ovarian cancer cells (11). These 14 target kinases were validated by 

measuring the IC50 in ovarian cancer cell lines with different molecular abnormalities. To 

identify combinations of kinases whose silencing would have an even greater effect on 

paclitaxel sensitivity, all possible pairs were tested against 6 ovarian cancer cell lines in the 

presence and absence of paclitaxel. Two pairs of siRNAs (IKBKB/STK39 and END2/TBK1) 

consistently increased paclitaxel sensitivity in multiple ovarian cancer cell lines. Sequential 

depletion of IKBKB and STK39 or END2 and TBK1 kinases significantly increased 

paclitaxel sensitivity in cell culture, enhanced microtubule stability and produced cell cycle 

arrest and apoptosis in the presence of paclitaxel. Silencing of IKBKB and STK39 or EDN2 

and TBK1 enhanced paclitaxel sensitivity in xenograft models, suggesting that silencing of 

these kinases with siRNA or small molecule inhibitors could provide a strategy to improve 

ovarian cancer patient outcomes in the clinic.

MATERIAL AND METHODS

Cells and culture conditions

The sources of ovarian cancer cell lines (A2780, CaOv3, EFO21, EFO27, HeyA8, IGORV1, 

OAW42, OC316, OVCAR3, OVCAR5, SKOv3ip, SW626 and UPN251) and culture media 

are listed in Table S1. All cell passage was between numbers 10 to 22. Culture media were 

supplemented with 10% FBS and 200 μM L-glutamine. Cells were incubated at 37°C with 

5% CO2, except for SW626 which was grown without CO2 supplementation. Cell lines were 

genetically fingerprinted by the MD Anderson CCSG Core Facility (supported by NCI 

P30CA016675) to assure their authenticity. All cell lines were mycoplasma free tested with 

a Universal Mycoplasma Detection Kit from ATCC. Genetic mutations of cell lines (p53, 

BRCA1 or BRCA2) were listed in Table S1.

siRNA transfection in cultured cells

Dharmacon siGENOME siRNA was transfected according to the manufacturer’s 

instructions. For single transfections, 3000–8000 cells were reversely transfected in each 

well of a 96-well plate. For two sequential transfections, 4500 SKOv3ip cells, 3500 HeyA8 

cells or 5000 OVCAR5 cells were reversely transfected on day 1 and then forwardly 

transfected on day 2. Final siRNA concentration was 25 nM per well in antibiotic-free 

media. The siRNA catalogue numbers are shown in Table S2.

Real-time PCR

RNA was extracted using the Trizol method (Life Technology). 1 μg cDNA was synthesized 

using iScript™ Select cDNA Synthesis Kit by Bio-Rad. qRT-PCR was performed using 

CFX Connect Real-time System (Bio-Rad, Hercules, CA). Data were calculated using the 

ΔΔCt method. GAPDH was used as a reference gene. Experiments were carried out in 

triplicate and repeated twice. Primer sequences are shown in Table S3.

Custom siRNA screen

To determine optimal transfection conditions, a variety of transfection reagents, non-

targeting control siRNAs and positive control siRNAs were tested on A2780, CaOv3, 

EFO27, HeyA8, OAW42 and SKOv3 cell lines. Paclitaxel was titrated in each cell line to 
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determine an IC25. The optimal reagents and paclitaxel concentration for screens for each 

cell line are listed in Table S4. Cells were reverse transfected with an initial siRNA in a 96-

well black-walled plates in triplicates. After 24 hrs, a second siRNA was transfected. Cells 

were treated with paclitaxel 48 hrs after the final transfection and incubated for another 72 

hrs. Cell viability was analysed using a sulforhodamine B assay as described below. All 

plates were normalized to values for untreated cells to eliminate plate differences. Sample 

values were averaged and the ratios of paclitaxel treated (+) to untreated (−) cultures were 

calculated. The ratio of paclitaxel treated to non-treated cells incubated with the targeted 

siRNA was compared to the ratio of paclitaxel treated to non-treated cells incubated with the 

non-targeted siRNA control. A difference of > 0.5 fold was selected for further evaluation. A 

heatmap was generated using median-centered fold changes for paclitaxel sensitivity. The 

fold-changes of each kinase siRNA were calculated using the ratio of the SRB assay value 

normalized to control siRNA with and without paclitaxel treatment. The heat map generated 

from normalized fold-changes displays the differences of the z-scores, which were 

calculated using Cluster 3 (Stanford University) and Treeview (Alok Saldanha’s) open 

source software.

Sulforhodamine B assay

Cells were transfected and treated with paclitaxel or diluent in 96-well plates as described in 

in vitro siRNA delivery, fixed with 30% (v/v) trichloracetic acid for 30 min at 4°C, and 

stained with 0.1% (w/v) sulforhodamine B in 1% (v/v) acetic acid. The dye was extracted 

using 100 uL of 10 mM Tris at pH 8.0 and the optical density read at 570 nm. Data were log 

transformed, normalized to the diluent control, and then fitted to a least squares curve using 

GraphPad Prism 6 software (GraphPad Software, Inc). Experiments were performed in 

quadruplicate and repeated at least twice.

Western blot

To measure knockdown efficiency and protein phosphorylation, cells were lysed for 30 min 

at 4°C. For microtubule stability experiments, to measure microtubule detyrosination, cells 

were washed with PBS at 37°C and lysed in boiling SDS lysis buffer. For microtubule 

fractionation assays, cells were lysed in a microtubule stabilizing buffer (20 mM Tris-HCl 

pH 6.8, 0.14 M NaCl, 2 mM EGTA, 1 mM MgCl2, 0.5% Triton X-100 and 4 μM paclitaxel) 

for 30 min on ice. Lysates were centrifuged at 12,000 g for 10 min at 4 ºC to separate 

microtubule polymers in pellet (P) and free soluble tubulin dimmers in supernatant (S). Both 

fractions were run side by side on SDS-PAGE gels. Tubulin and GAPDH were blotted using 

specific antibodies. The density of tubulin bands in S and P fractions were determined by 

Image J and the microtubule fraction (%) is calculated by P/(S+P) × 100%. GAPDH is 

soluble in the supernatant fraction. Here we used it to assure no contamination of 

supernatant and pellet fractions. All samples were separated by 8% SDS-PAGE. The source 

of antibodies is detailed in Table S5.

Apoptosis and cell cycle analyses

Cells transfected with targeted or control siRNA and treated with paclitaxel or diluent were 

detached with 0.25% trypsin. For apoptosis analysis, 1×105 cells were stained for 30 min at 

room temperature using Alexa 488 conjugated annexin V and propidium iodide (PI) from a 
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Dead Cell Apoptosis Kit from Fisher. For cell cycle analysis, 1×105 cells were stained with 

10 μg/ml PI after fixation in 70% ice cold ethanol. Cells were analyzed with a Gallios Cell 

Analyzer from Beckman Coulter, Inc. (Brea, CA).

siRNA liposomal preparation

siRNA for in vivo studies was incorporated into neutral liposomes, with 1,2-dioleoyl-sn-

glycero-3-phosphatidylcholine (DOPC) as described in (11). siRNAs (Sigma, custom siRNA 

duplex) and DOPC were mixed at a ratio of 1:10 (w/w) in excess tertiary butanol. Tween 20 

was added to the mixture in a ratio of 1:19 (v/v). The mixture was vortexed, frozen in 

acetone on a dry ice bath, and then lyophilized. siRNA-DOPC was reconstituted in 200 uL 

room temperature PBS without calcium or magnesium immediately before injection.

Xenograft studies

Experiments with athymic nu/nu-Foxn1 mice (Envigo) were reviewed and approved by the 

Institutional Animal Care and Use Committee of M. D. Anderson Cancer Center (IACUC 

ID: 00001052). Female mice of 6 weeks of age were injected i.p. with 1× 106 SKOv3ip or 

1×106 OVCAR5 (passage number 12 and 15 respectively) ovarian cancer cells. Mice were 

randomized into groups of 10. Treatment was initiated 1-week after cancer cell injection, for 

the following groups: 1) non-targeting control siRNA, 2) control siRNA and paclitaxel, 3) 

siRNA #1, 4) siRNA #1 and paclitaxel, 5) siRNA #2, 6) siRNA #2 and paclitaxel, 7) 

combination of both siRNAs, 8) combination of both siRNAs and paclitaxel. siRNA was 

administered i.p. biweekly at 10 ug per mouse. Paclitaxel was administered once a week at a 

dose of 1 mg/kg per mouse for SKOv3ip and 3 mg/kg for OVCAR5 immediately following 

siRNA treatment. Mice were treated for approximately 5 weeks until mice in any single 

group became moribund. All mice were sacrificed and assessed for tumor burden by 

excising and weighing i.p. tumor nodules.

Human tumor tissue arrays and their analysis

Tissue sections of normal ovary duplicate sections of ovarian cancer tissue arrays were 

acquired from the MD Anderson Pathology Core. Slides were incubated at 56°C for 1 hr, 

passed through xylene to remove paraffin, and rehydrated through decreasing concentrations 

of ethanol. Antigens were retrieved using Diva decloaker in a pressure cooker at 110°C for 

10 min and 90°C for 2 min. Samples were blocked with PeroxAbolish, according to 

manufacturer’s instruction. Samples were then blocked with 5% BSA in PBS for 30 min 

followed by incubation with primary antibody against either IKBKB at 1:20 dilution (Cell 

Signaling Technology) or STK39 at 1:500 dilution (Abcam) overnight at 4°C. After PBS 

wash, slides were incubated with 4PLUS biotinylated goat anti rabbit IgG and 4PLUS 

streptavidin HRP label. Slides were developed using Betazoid DAB chromogen kit and 

counterstained with CAT hematoxylin. All reagents were purchased from BioCare Medical. 

Slides were scored by two researchers independently (ZL and HY). Cores with no specific 

protein expression were recorded as 0, low expression as 1, moderate expression as 2 and 

high expression as 3. A total of 219 cases qualified for this analysis. The histotypes and 

stages of tumor cases was listed in Table S8.
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Statistical analysis

Data are represented as means +/− standard deviations unless otherwise specified. Statistical 

significance was determined by an independent sample Mann-Whitney U test or t-test. The 

minimal level of significance was p<0.05.

RESULTS

siRNA mediated knockdown of 14 distinct kinases potentiates paclitaxel sensitivity across 
multiple ovarian cancer cell lines with WT and mutant TP53, BRCA1 and BRCA2

From a previous siRNA kinome screen in SKOv3 ovarian cancer cells, 14 candidate kinases 

were identified whose knockdown enhanced paclitaxel sensitivity, including AATK, ACRBP, 

BMP2K, CHUK, EDN2, IKBKB, ILK2, RAPGEF3, RAPGEF4, SIK2, STK24, STK39, 

TBK1 and TRIM27. To validate the ability of these kinases to regulate paclitaxel sensitivity 

across multiple ovarian cancer cell lines, the IC50 of paclitaxel was measured after treatment 

with specific kinase siRNAs and with control siRNAs in each of 12 well characterized cell 

lines, including A2780, CaOV3, EFO21, EFO27, HeyA8, IGROV1, OAW42, OC316, 

OVCAR3, SKOv3ip, SW626 and UPN251. Different ovarian cancer cell lines expressed 

both wild type and mutant TP53, BRCA1 and BRCA2. These mutations are often viewed as 

the biomarkers for high-grade serous ovarian cancer (Table S1). When the ratio of control 

siRNA to kinase siRNA was calculated, knockdown of each of the 14 kinases significantly 

enhanced paclitaxel sensitivity from 2 cell lines (AATK) to all 12 cell lines (STK39) (Table 

S6). siRNAs against seven kinases (ACRBP, CHUK, EDN2, IKBKB, RAPGEF3, TRIM27 

and SIK2) increased paclitaxel sensitivity in more than half of ovarian cancer cell lines 

tested. The most marked potentiation (6.25 fold) was observed in OC316 cells with SIK2. 

TBK1 siRNA increased paclitaxel sensitivity >1.5 fold in 5 cell lines, siACRBP in 6 cell 

lines, siCHUK in 8 cell lines, siKBKB in 8 cell lines, siRAPGEF3 in 6 cell lines, siSIK2 in 

8 cell lines, siSKT39 in 8 cell line and siTRIM in 6 cell lines (Table S6). Previous reports 

suggest that 9 of the 14 Kinases (ACRBP, CHUK, EDN2, IKBKB, ILK2, TRIM27, SIK2, 

STK39 and TBK1) are overexpressed in different ovarian cancers (12–22), and similarly, 

TCGA analysis shows upregulation at the mRNA level for all 14 kinases ranging from 

1.6%-25% (cBioPortal). Modulating the activity of kinases that are overexpressed in ovarian 

cancers may provide a therapeutic window to improve the activity of paclitaxel in patients 

with ovarian cancer. Thus, several kinases show promise across diverse ovarian cancer cell 

lines. While the number of cell lines with particular mutations was small, there was no 

apparent correlation between the particular mutations and the effect of kinase knockdown on 

paclitaxel sensitivity.

Depletion of EDN2, IKBKB, SIK2 or STK39 expression enhances microtubule stability

Enhanced sensitivity to paclitaxel could arise through several different mechanisms 

including enhanced microtubule stability. To understand the underlying mechanisms by 

which 14 siRNAs enhancing paclitaxel sensitivity, we tested microtubule stability/dynamics 

in the SKOv3ip ovarian cancer cell line by knocking down each of the 14 kinases 

individually using pooled siRNAs (8). Detyrosinated α-tubulin (also called glu-tubulin) is a 

marker for stable microtubules that also increases following paclitaxel treatment in a dose-

dependent manner (23). To determine microtubule stability, we measured the levels of 
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detyrosinated tubulin by Western Blot in SKOv3 cells and found that siRNAs against EDN2, 

IKBKB, SIK2 and STK39 dramatically increased the levels of glu-tubulin, indicating that 

these siRNAs stabilized microtubules (Figure 1A and 1C). Downregulation of the other ten 

kinases (AATK, ACRBP, BMP2K, CHUK, ILK, RAPGEF3, RAPGEF4, STIK24, TBK1 

and TRIM27) using siRNA failed to affect microtubule stability (Figure 1B and 1C), 

although similar knockdown efficiency was achieved compared to siEDN2, siIKBKB, siIK2 

and siSTK39 (Figure 1D). Similar results were observed when HeyA8 cells were treated 

with individual siRNAs (Figure S1A–C). Thus, silencing of EDN2, IKBKB, SIK2 or STK39 

enhanced paclitaxel sensitivity and increased microtubule stability, whereas the other 10 

siRNAs apparently rely on other mechanisms to enhance paclitaxel sensitivity in ovarian 

cancers.

Depletion of pairs of kinases further enhances paclitaxel sensitivity

To test whether further stabilization of microtubules and enhancement of paclitaxel 

sensitivity could be attained by knockdown of multiple kinases, we extended our siRNA 

screen to study treatment with combinations of two siRNAs in six ovarian cancer cell lines 

(A2780, CaOv3, EFO21, HeyA8 OAW42 and SKOV3ip). We used a protocol that changed 

both the order and interval of dual siRNA addition, in which the first siRNA was reversely 

transfected for 24 hrs followed by the second siRNA transfection for 24 hrs, followed, in 

turn, by the addition of a single dose of paclitaxel for an additional 72 hrs. Use of siRNAs 

against two different kinases in combination enhanced paclitaxel sensitivity in some cases, 

but decreased paclitaxel sensitivity in others. A heat-map was generated to represent 

median-centered fold change of paclitaxel sensitivity in different ovarian cancer cell lines 

(Figure 2A and Table S7). By inspection of the heat-map it is apparent that silencing of 

IKBKB and STK39 or of EDN2 and TBK1 provided the most consistent enhancement of 

paclitaxel sensitivity across the 6 cell lines. IKBKB siRNA followed by STK39 siRNA 

(IKBKB-STK39) significantly enhanced paclitaxel activity in all six cell lines with a >1.5 

fold increase in paclitaxel sensitivity in 4 of the 6 (Table S7). Similarly, EDN2 siRNA 

followed by TBK1 siRNA (EDN2-TBK1) enhanced paclitaxel sensitivity in 3 of the 6 cell 

lines with a >1.5 fold increase in paclitaxel sensitivity in 3 of the 6. Based on these data and 

the fact that 3 of the 4 kinases regulated microtubule stability (IKBKB, STK59, EDN2 and 

TBK1), we chose IKBKB/STK39 siRNAs and EDN2/TBK1 siRNAs for further evaluation.

Sequential depletion of IKBKB and STK39 or EDN2 and TBK1 is more effective than 
concurrent depletion in sensitizing ovarian cancer cell lines to paclitaxel and in stabilizing 
microtubules

To validate results with pooled siRNAs for the two most active combinations, we first tested 

the knockdown efficiency of 4 individual siRNA oligomers (Figure S2A–D), and then 

determined the IC50 of paclitaxel with and without siRNA treatment in the HeyA8, SKOv3ip 

and OVCAR5 ovarian cancer cell lines. Each of the 4 siRNAs (siIKBKB, siSTK39, siEDN2 

and siTBK1) sensitized each cell line to paclitaxel (Figure 2B–C). Combined depletion of 

IKBKB/STK39 or EDN2/TBK1 had a greater effect in each case than knockdown of 

individual kinases (Figure 2B–C). Treatment with siIKBKB before siSTK39 or siEDN2 

before siTBK1 produced a greater reduction in IC50 than treatment in the opposite order. 

Moreover, concurrent depletion of the kinases produced less sensitization to paclitaxel than 
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sequential treatment in the optimal order. Used sequentially and in the optimal order, 

depletion of IKBK/STK39 enhanced paclitaxel sensitivity 1.6- to 4.8-fold (Figure 2B) and 

depletion of EDN2/TBK1 enhanced paclitaxel sensitivity 4.8- to 11.4-fold (Figure 2C) 

across different ovarian cancer cell lines when compared to the IC50 for paclitaxel of siRNA 

controls.

To determine the effect of dual kinase depletion on microtubule stability, we measured 

expression of glu-tubulin and quantified the microtubule and free-tubulin cellular fractions 

in HeyA8 and OVCAR5 cell lines to determine whether the effect of cell viability by 

siIKBKB/siSTK39 or siEDN2/siTBK1 treatment was inversely correlated with microtubule 

stability. We discovered that the sequential transfection of siIKBKB followed by siSTK39 

(siIKBKB-siSTK39) induced a greater stabilizing effect than 1) either single siRNA, 2) 

combinations in a reversed order (siSTK39-siIKBKB), or 3) simultaneous transfection of 

both siRNA in each of two ovarian cancer cell lines (Figure 3A, S3A, S4A and S4E). 

Similar results were also observed using EDN2 and TBK1 dual siRNA in each of two 

ovarian cancer cell lines (Figure 3B, S3B, S4B, and S4F). Enhanced microtubule stability 

correlated with enhanced sensitization to paclitaxel, consistent with the possibility that 

sequence dependent depletion of IBKB/STK39 or EDN2/TBK1 modulate paclitaxel 

sensitivity by regulating microtubule stability.

Increasing microtubule stability and paclitaxel sensitivity by depletion of IKBKB and 
STK39 or EDN2 and TBK1 is dependent upon p38-mediated phosphorylation of MAP4

To examine underlying mechanism(s) by which depletion of pairs of kinases enhances 

microtubule stability, we first tested whether p38 signalling is involved in kinase-induced 

phosphorylation of microtubule-associated protein-4 (MAP4) in ovarian cancer cells. HeyA8 

or OVCAR5 cells were reverse transfected with siControl or siIKBKB/siSTK39 or siEDN2/

siTBK1 for 24 hrs. Activities of p38 and MAP4 were assessed using Western blot analysis 

with a phospho-specific p38 antibody (Thr180/Tyr182) and a phospho-specific MAP4 

antibody (Ser696), respectively. The activity of p38 and MAP4 was significantly decreased 

after depletion of IKBKB/STK39 or EDN2/TBK1 (Figure 3C–D and S3C–D). We next 

tested whether p38/MAP4 signaling was essential for IKBKB/STK39- or EDN2/TBK1-

nduced enhancement of microtubule stability in ovarian cancer cells. Microtubule stabilities 

were measured in HeyA8 or OVCAR5 cells by transfecting of siMAP4 and siIKBKB/

siSTK39 or siEDN2/siTBK1 for 72 hrs. Knockdown of MAP4 using MAP4 siRNA partially 

blocked dual siRNA induced enhancement of microtubule stability (Figure 3E–F, S3E–F, 

S4C–D and S4E–F) and decreased dual siRNA induced paclitaxel sensitization when 

compared to the IC50 for paclitaxel of siIKBKB/siSTK39 or siEDN2/siTBK1 (Figure S5). 

These results indicate that IKBKB/STK39 or EDN2/TBK1 act upstream to promote p38 

activation-mediated MAP4 phosphorylation and to decrease microtubule stability as well as 

paclitaxel sensitivity in ovarian cancer.

Sequential depletion of IKBKB/STK39 or EDN2/TBK1 enhances paclitaxel induced-
apoptosis and cell cycle arrest

To delineate the mechanism(s) involved in the effect of dual kinase depletion on paclitaxel-

induced growth inhibition and cell death in ovarian cancer, SKOv3ip, HeyA8 and OVCAR5 
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cell lines were treated with two siRNAs sequentially or simultaneously followed by 

paclitaxel treatment as described above. Apoptosis was measured with Annexin V using 

flow cytometry. Sequential depletion of IKBKB/STK39 or EDN2/TBK1 greatly enhanced 

paclitaxel-induced apoptosis compared to depletion of the individual kinases or depletion by 

sequential siRNA transfection in reverse order, or simultaneous transfection of both siRNAs 

(Figure 4A and 4C). Importantly, these data confirm our previous observations with an SRB 

assay that sequential depletion of IKBKB/STK39 or EDN2/TBK1 enhances paclitaxel-

mediated growth inhibition. To determine whether dual kinase depletion affects cell cycle 

kinetics or modulates paclitaxel-induced G2/M cell cycle arrest (24), we performed cell 

cycle analysis and observed a slight but significant G2/M arrest in SKOv3ip, HeyA8 and 

OVCAR5 cells with single kinase knockdown and a more dramatic mitotic block in the cells 

sequentially transfected with dual siRNA (siIKBKB/siSTK39) which was consistent with 

the induction of apoptosis, however siEDN2/siTBK1 induced G1 arrest and did not increase 

paclitaxel-mediated G2/M arrest, although significant induction of apoptosis was observed 

(Figure 4B and 4D). Taken together, our data suggest that sequential kinase depletion 

promotes cell cycle arrest and paclitaxel induced apoptosis by enhancing microtubule 

stability.

Depletion of IKBKB/STK39 and EDN2/TBK1 sensitize human ovarian cancer xenografts to 
paclitaxel

To test whether studies with human ovarian cancer cells in culture would translate to human 

ovarian cancers growing in vivo, we examined whether depletion of IKBKB/STK39 or 

EDN2/TBK1 significantly enhanced paclitaxel sensitivity in human ovarian cancer 

xenografts in nu/nu mice using the well-characterized DOPC (1,2-dioleoyl-sn-glycero-3-

phosphatidylcholine) nanoliposomal delivery system (11). For each cancer cell line, 8 

groups of 10 mice were treated for 4 weeks as follows: 1) control siRNA-DOPC, 2) control 

siRNA-DOPC plus paclitaxel, 3) IKBKB (or EDN2) siRNA-DOPC, 4) IKBKB (or EDN2) 

siRNA-DOPC plus paclitaxel, 5) STK39 (or TBK1) siRNA-DOPC, 6) STK39 (or TBK1) 

siRNA-DOPC plus paclitaxel 7) IKBKB/STK39 (or EDN2/TBK1) siRNA-DOPC, 8) 

IKBKB/STK39 (or EDN2/TBK1) siRNA-DOPC plus paclitaxel. The combination of 

IKBKB/STK39 siRNAs with paclitaxel had a greater effect on tumor growth than any other 

group and exerted statistically significant inhibition of xenograft growth when compared to 

paclitaxel alone in SKOv3ip (p=0.0172) and OVCAR5 (p=0.0078) xenograft models (Figure 

5A), however mice treated with dual siRNAs plus paclitaxel showed no sign of toxicity as 

evidenced by no significant weight loss compared to control mice after 5-week treatment 

(Figure S6A). The combination of EDN2 and TBK1 with paclitaxel produced a similar trend 

in growth inhibition using SKOv3ip ovarian cancer model where significant inhibition 

(P=0.0471) was observed only with the combined treatment (Figure 5B and S6B). Together, 

these data confirm that depletion of IKBKB/STK39 or EDN2/TBK1 inhibits human ovarian 

cancer cell growth and enhances paclitaxel sensitivity not only in cultured cells, but also in 

ovarian cancer xenografts.
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IKBKB and STK39 are overexpressed in ovarian cancer and are associated with poor 
prognosis

Translation of these observations to the clinic will depend upon the expression of the 

relevant kinases in human ovarian cancers. We have measured the expression of IKBKB and 

STK39 in ovarian cancer patient specimens. Immunohistochemical analysis was performed 

with an ovarian cancer tissue microarray (TMA) staining for IKBKB and STK39 was 

quantitated on a scale of 0 to 3 for the intensity of the expression, with 0 to1 being negative 

and 2 to 3 be positive (Figure 6A). When compared to immunostaining of normal ovarian 

surface epithelial cells, overexpression of IKBKB and STK39 was observed in 54% and 

56% of ovarian cancers, respectively (Figure 6B and Table S8). Upregulation of both 

IKBKB and STK39 proteins correlated with a poor prognosis. Overexpression of IKBKB 

was associated with a decrease in overall survival of 13 months, overexpression of STK39 

with 11.3 months poorer survival and overexpression of both kinases with a decrease of 19 

months (Figure 6C and Table S8). Consequently, targeted siRNA therapy could benefit 

patients with overexpression of IKBKB, STK39 or both.

DISCUSSION

Primary resistance to paclitaxel is a major obstacle to successful treatment of ovarian cancer. 

Our study suggests that knockdown of 4 kinases can enhance sensitivity to paclitaxel by 

stabilizing microtubules and that dual kinase knockdown is more effective than silencing 

individual kinases. To enhance the efficacy of paclitaxel and provide a rationale for siRNA 

based therapy for ovarian cancer, we selected 14 candidates from a previous kinome screen 

that enhanced paclitaxel sensitivity (11) and validated these targets in 12 ovarian cancer cell 

lines with different molecular characteristics. We discovered that dual silencing of IKBKB/

STK39 or EDN2/TBK1 enhanced paclitaxel sensitivity by stabilizing microtubules through 

downregulation of p38 mediated phosphorylation of MAP4 that enhanced paclitaxel-induced 

apoptosis and arrested the cell cycle. We confirmed that the combination of IKBKB/STK39 

and EDN2/TBK1 siRNAs enhanced paclitaxel sensitivity in two ovarian cancer xenograft 

models.

Microtubule dynamics in cells relies in part on the intrinsic properties of α-β-tubulin dimer 

and its ability to bind and hydrolyze a GTP nucleotide (25). The tubulin dimer is subject to 

special posttranslational modifications such as glutamylation, tyrosination, and acetylation 

(26). Microtubule dynamics are also regulated by a number of microtubule effectors, 

including microtubule-associated proteins (MAPs), molecular motors such as kinesins, the 

Ras-like GTPase Ran-GTP, microtubule plus end-directed proteins and tubulin-binding 

proteins (27). These microtubule- or tubulin-associated proteins are themselves under the 

control of a balance of protein phosphatases and kinases. In our current study, stabilization 

of microtubules and sensitization to paclitaxel were achieved by knockdown of each of 4 

kinases that regulate p38-mediated phosphorylation of a common microtubule-associated 

protein, MAP4. Phosphorylation of the microtubule associated protein CRMP2 by FIR (9) 

and phosphorylation of MAP4 and MAP1B by SYK (28) have also been shown to modulate 

microtubule stability and paclitaxel sensitivity.
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Activation of p38 previously has been reported to lead to MAP4 phosphorylation, inducing 

microtubule destabilization (29). MAP4 is thought to affect microtubule dynamics by 

stabilizing the microtubule lattice (30). Phosphorylation of MAP4 disrupts this stabilization 

(30). We have found that down regulation of IKBKB/STK59 or EDNT2/TBK1 decreases 

phosphorylation of MAP4 after phosphor-p38 inhibition, stabilizing microtubules. Paclitaxel 

is a microtubule stabilizing drug and paclitaxel binds to specific pockets with β tubulin in α/

β tubulin dimers increasing microtubule polymerization and stability (31). While 

phosphorylation of MAP4 could reduce the microtubule-stabilizing potency of Taxol (32), 

inhibition of MAP4 phosphorylation could augment paclitaxel’s activity.

Modulating the NFκB pathway could aid in more effective cancer therapy. Through the 

canonical pathway, IKBKB, phosphorylates IκB, the inhibitor of the NFκB complex. IκB 

phosphorylation leads to proteasomal degradation, freeing the NFκB complex (33). The p65 

(RelA) subunit of NFκB is then translocated into nucleus and initiates transcription of a 

number of anti-apoptotic genes including TRAF-1, BCL2, BCL2L1 and the IAPs (34,35). 

NFκB activation has been observed in epithelial ovarian cancer. p65 (RelA) has been 

detected in 75% of ovarian cancer cases, compared to 27% of normal ovaries (36). STK39, 

Serine threonine kinase 39 (STK39), encoding a STE20/SPS1-related proline/alanine-rich 

kinase (SPAK), has been implicated association with several biological roles including cell 

differentiation (37), cell transformation (38), proliferation and cytoskeleton rearrangement 

(39). NFκB transcriptionally regulates the expression of STK39 gene by directly binding to 

the promoter of the STK39 or altering chromatin, recruiting transcription initiation 

machinery and enhancing peptide the elongation (40). More importantly, a linkage has been 

established between STK39 and the p38 pathway (41). Thus, the role of both STK39 and 

IKBKB to affect the NFkB signaling pathway and downstream p38 supports the results that 

dual kinase inhibition increases paclitaxel sensitivity in ovarian cancers.

Sequential administration of siRNAs against IKBKB before STK39 was more effective in 

enhancing paclitaxel activity than simultaneous treatment with both siRNAs or sequential 

treatment in the reverse order in vitro. As NFκB induces anti-apoptotic proteins, time would 

be required for these to be depleted prior to the initiation of apoptosis through inhibition of 

the p38 pathway by STK39 depletion, as well as through the enhanced paclitaxel activity 

produced by stabilization of microtubules by decreased phosphorylation of MAP4 after p38 

inhibition. For a clinical approach, as one could expect, there is a time dependent 

mechanism that one agent may simply reinforce the action of another agent in cancer 

treatment (e.g. sequential days of treatment). For example, treatment with a potent inhibitor 

of IKBKB and then followed with staggered targeted inhibition of STK39. Similarly, 

inhibition of EDN2 would then be followed by inhibition of TBK1. To confirm this 

hypothesis, animal models would need to be obtained and treated in a similar fashion once 

small molecules or other targeted therapies become available before this could be 

implemented in the clinical setting. In addition, depending on their pharmacokinetics and 

pharmacodynamics, sequential therapy may allow the optimal delivery of single-drug 

therapy and potentially reduces the risk of toxicity, which may improve quality of life

In our current study, overexpression of IKBKB and STK39 was documented in 54% and 

56% of ovarian cancers, respectively. Upregulation of both IKBKB and STK39 proteins 
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correlated with a poor prognosis and depletion of IKBKB/STK39 sensitizes ovarian cancer 

to paclitaxel by decreasing activity of p38 and MAP4 and enhancing microtubule stability. 

Thus, our data suggest that IKBKB/STK39 play an important role in oncogenic kinase-

mediated tumor cell proliferation and chemoresistance through the NFκB/STK39/p38/

MAP4 signaling pathway. Targeted siRNA therapy could benefit ovarian cancer patients 

with overexpression of IKBKB, STK39 or both.

The function of EDN2 is not well understood, although it has been implicated as protective 

of photoreceptor loss in mice predisposed to retinopathy (42). EDN2 (ET-2) differs from 

EDN1 (ET-1) by only two amino acids (43). It was considered that EDN2 would mimic the 

actions of EDN1 and current pharmacological interventions used to inhibit the EDN1 system 

would also block the actions of EDN2 (44). However, recent research suggests that although 

EDN2 is very similar in structure to EDN1, EDN2 has been shown to regulate cancer cell 

apoptosis and affect invasion and metastasis in breast cancer (45). EDN1-induced cell 

proliferation occurs primarily via its activation of the p38 signaling pathway (46). To our 

knowledge there has not been a prior report describing the role of EDN2 regulation of p38. 

Once again, siRNA therapy targeting EDN2 could be tested clinically if efficient delivery 

can be achieved.

TBK1, a non-canonical IKK, is activated by TLR3 and TLR4 signaling and functions 

together with IKKε as an intermediate in the activation of the transcription factor IRF3. 

Activated IKKε subsequently translocates into the nucleus and induces expression of IRF3-

dependent genes (47). There can be significant crosstalk between the NFκB-p62 (canonical) 

and IRF3 (non-canonical) pathways. NFκB can bind to the 5′ promoter region of the 

EDN1gene. Overexpression of the cytoplasmic inhibitor of NFκB or deletion of the NFκB 

binding site reduced EDN1 induction, whereas overexpression of NFκB p65 induced EDN1 

(48), but there is no report indicating that NFκB signaling induces EDN2 expression. BX795 

was the first TBK1 inhibitor to be patented (49). The JAK1 and JAK2 inhibitor momelotinib 

(CYT387) is also a potent inhibitor of TBK1 (50). Future studies can evaluate these drugs 

individually and in combination to potentiate paclitaxel sensitivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

Most patients with newly diagnosed ovarian cancer are treated with a combination of 

paclitaxel and carboplatin. While 70% of ovarian cancers respond to carboplatin, less 

than 50% respond to paclitaxel as a single agent and synergy is not observed between the 

two drugs. Thus, primary resistance to paclitaxel is a major obstacle to successful 

treatment. Our previous studies documented that resistance is relative and can be reduced 

by enhancing microtubule stability by silencing certain kinases. This study documents the 

impact of sequentially silencing IKBKB and STK39 or EDN2 and TBK1 on paclitaxel 

sensitivity, providing a rationale for siRNA-based therapy. Different siRNAs are in the 

developmental pipeline and more than a dozen are in phase I or II clinical trials. Our 

results also support the development of small molecule inhibitors of the NFkB pathway, 

EDN2 and TBK1. Either approach could enhance primary paclitaxel-based therapy for 

ovarian cancer and improve patient outcomes.
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Figure 1. Effects of single kinase siRNA on microtubule stability
(A) siEDN2, siIKBKB, siSIK2 and siSTK39 treatment enhanced microtubule stability in the 

SKOv3ip cell line. Cells were reversely transfected with kinase siRNA (siGENOME 

SMARTpool) for 48 hrs and lysed. Duplicate samples were loaded and immunoblots were 

performed with specific antibodies as indicated. (B) Treatment of other Kinase siRNAs 

exhibited little or no changes in microtubule stability. Cell treatment was carried out as 

described above. (C) The quantification of the band intensity for western blotting of (A) and 

(B). (D) siRNA knockdown efficiency was calculated using quantitation of mRNA. The 

columns indicate the mean ± S.D. (* p<0.05 and ** p<0.01 compared to paired siControl). 

Data were obtained from two independent experiments.
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Figure 2. Sequential treatment with siIKBKB followed by siSTK39 or with siEDN2 followed by 
siTBK1 enhances paclitaxel sensitivity in ovarian cancer cells
(A) A supervised heat-map represents medium-centered fold change of paclitaxel sensitivity 

after dual siRNA treatment. A2780, CaOv3, EFO21, HeyA8, OAW42 and SKOv3ip ovarian 

cancer -cells were treated with dual siRNA sequentially followed by paclitaxel treatment, 

and then cells were stained using SRB assay. A -hHeatmap was generated using median-

centered fold changes of paclitaxel sensitivity. The fold changes of each kinase siRNA were 

calculated using the ratio of the SRB assay value normalized to that of control siRNA, with 

and without paclitaxel treatment. A heat map generated from normalized fold changes 

displays the differences of the z-scores. (B) Combination of IKBKB and STK39 treatment 

was examined in SKOv3ip, HeyA8 and OVCAR5 cell lines. Cells were treated with dual 

siRNA followed by addition of paclitaxel for 72 hrs. Cell growth was examined using an 

SRB assay. Cell mass was reflected by absorbance at 570 nm and the percentage of 

paclitaxel-induced growth inhibition was calculated for each target siRNA relative to control 

siRNA. Dose response curves were generated using non-linear regression with the Least 

Squares fitting method (GraphPad). IC50 of paclitaxel and fold changes of IC50 were 

calculated. (C) Combination of EDN2 and TBK1 was tested in SKOv3ip and HeyA8 cell 
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lines. Cell treatments and growth curve plotting were conducted as described above. Data 

were obtained from three independent experiments. * p<0.05 and ** p<0.01 compared to 

siControl; # p<0.05 and ## p<0.01 compared to single siRNA against either IKBKB or 

EDN2; + p<0.05 and ++ p<0.01 compared to single siRNA against either STK39 or TBK1.
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Figure 3. Increasing microtubule stability by depletion of IKBKB and STK39 or EDN2 and 
TBK1 is dependent upon p38-mdiated phosphorylation MAP4
(A–B) Microtubule stability was examined in HeyA8 cells. Cells were treated with 

siIKBKB/siSTK39 or siEDN2/siTBK1 sequentially or simultaneously for 72 hrs. Cell 

lysates were collected and immunoblots were performed with specific antibodies as 

indicated. (C–D) p38-MAP4 signaling was examined in HeyA8 cells. Cells were treated 

with siIKBKB/siSTK39 or siEDN2/siTBK1 simultaneously for 24 hrs. Cell lysates were 

collected and immunoblots were performed with specific antibodies as indicated. (E–F) 

Microtubule stability was examined in HeyA8 cells. Cells were treated with siMAP4, 

siIKBKB and siSTK39 or siMAP4, siEDN2 and siTBK1 sequentially for 72 hrs. 

Immunoblots were carried out as described in (A). The columns indicate the mean, and the 

bars indicate the S.D. (*p<0.05 and ** p<0.01 compared with its own control). Data were 

obtained from three independent experiments. (C: Control; I: IKBKB; S: STK39; M: MAP4; 

E: EDN2; T: TBK1).
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Figure 4. Sequential treatment of siIKBKB followed by siSTK39 or siEDN2 followed by siTBK1 
enhanced paclitaxel induced-apoptosis and G2/M cell cycle arrest
(A and C) A combination of IKBKB and STK39 treatment was examined in SKOv3ip, 

HeyA8 and OVCAR5 cell lines. Cells were treated with dual siRNA followed by addition of 

paclitaxel treatment for 48 hrs (paclitaxel concentrations were 6 nM in HeyA8, 5nM in 

SKOv3ip and 6nM in OVCAR5, respectively), and then collected for cell cycle and 

apoptosis analysis (B and D) Combination of EDN2 and TBK1 was tested in SKOv3ip, 

HeyA8 and OVCAR5 cell lines. Cell treatments and cell cycle/apoptosis analysis were 

carried out as described above. The columns indicate the mean, and the bars indicate the 

S.D. For A and C, *p<0.05 and **p<0.01. For B, ** p<0.01 compared with siControl+Pac; +

+ p<0.01 compared to individual siRNA; ## p<0.01 compared to individual siRNA+Pac. For 

D, ** p<0.01 compared to siControl. Data were obtained from three independent 

experiments.
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Figure 5. Combination of IKBKB/STK39 and EDN2/TBK1 siRNAs sensitize paclitaxel in mice 
xenografts models
(A) Combination treatment with IKBKB/STK39 was examined in SKOv3ip and OVCAR5 

xenograft models. Athymic nude mice were injected intraperitoneally with 1.0 x 106 

SKOv3ip cells or 1x106 OVCAR5 cells and randomly assigned to groups of 10. Mice were 

treated with paclitaxel and/or DOPC-siRNA beginning 1-week after cell inoculation. 10 ug 

of siRNA was injected i.p. biweekly and 1 mg/kg of paclitaxel for SKOv3ip or 3 mg/kg for 

OVCAR5 or diluent were injected i.p. once a week. Tumor weight was assessed 

immediately after mice were euthanized. (B) Combination treatment of EDN2 and TBK1 

was examined in SKOv3ip xenograft models. Cell inoculation and mice treatment were 

conducted as described above. The columns indicate the mean, and the bars indicate the S.E. 

(*p<0.05 compared with control).
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Figure 6. IKBKB and STK39 are overexpressed in ovarian cancer and related to poor prognosis
(A) Ovarian cancer tissue microarrays (TMA) were examined using Immunohistochemical 

analysis. Representative images of normal and ovarian cancer TMAs are presented. (B) The 

percentage of negative and positive case for either IKBKB or STK39 were calculated and 

plotted. (C) Survival curves based on expression were generated using Kaplan-Meier 

method and the prognostic comparison of low vs high expression was calculated using 

Logrank Mantel-Cox test (Graphpad).
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