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1. INTRODUCTION:
The majority of deaths from ovarian cancer are related to disease recurrence and the subsequent
development of chemotherapy-resistant disease, which is inevitably fatal.  Elucidating mechanisms of
chemoresistance in ovarian cancer cells may identify critical therapeutic targets to prevent or treat
relapsed ovarian cancer. One feature that contributes to the chemotherapy resistance is quiescence.
Quiescence promotes chemotherapy resistance of adult stem cells.  Our data indicate that the master
transcription factor NFAT3 is highly expressed in a subset of ovarian cancer initiating cells with stem
cell characteristics and drives a quiescence in response to therapy; treatment of ovarian cancer cells
with chemotherapy is associated with translocation of NFAT3 from the cytoplasm (inactive) to the
nucleus (active). Furthermore, we have found that expression of a constitutively active NFAT3 is
associated with reductions in expression of CDK6 and numerous ribosomal proteins and significantly
restricts cellular proliferation. We have now confirmed our overarching hypothesis is that NFAT3
regulates ovarian cancer cell quiescence and chemotherapy resistance. Based on our studies we have
enrolled 32 (of a targeted 40) in a clinical trial targeting this pathway.  Further we have now identified
downstream targets of NFAT3 that drive chemotherapy resistance.

2. KEYWORDS:
Quiescence, Cancer Stem Cells, chemotherapy resistance, NFAT3, CDK4/6 inhibitors

3. ACCOMPLISHMENTS:
We have now completed all proposed tasks.  A manuscript is under review at Cancer Research.  A
clinical trial derived from these studies has now enrolled 19 of 38 patients.  

A. Major Task 1: Assess the effects of NFAT3 on ovarian cancer quiescence versus proliferation:
I. To evaluate NFAT3 expression in quiescent ovarian cancer cells.  Using qRT-PCR we have

found that NFAT3 is (i) enriched in ALDH+, CD133+ CSC, (ii) enriched in vital dye retaining
cells, and expression correlates with slower proliferation rates (Fig 1a-d).

II. To evaluate cNFAT-GFP cell growth in competition with control cells in vivo using In vivo
competition assays:  Using the cNFAT cell lines we have performed in vitro and in vivo mixing
studies.  GFP labeled cNFAT cells were mixed with DsRED or wild type controls.  Tumors were
resected when tumors reached 500mm3.  FACS evaluation of tumors with mixing demonstrated
resultant tumors are 99% derived from wild type cells (data not shown).
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Figure 1. NFATC4 is enriched in ovarian stem like cancer cells and expression correlates with a decrease 
in cellular proliferation and patient survival. a NFATC4 mRNA expression in ALDH+/CD133+ ovarian 
cancer stem-like cells and bulk ALDH-/CD133- cancer cells from 3 patients. b NFATC4 mRNA 
expression in CD133+ and CD133- ovarian cancer cell lines. c Representative growth curves of CD133+ 
and CD133- ovarian cancer cell lines. d NFATC4 mRNA expression levels in 4 cell lines stained with 
CFSE. CFSE intensity; bright=slowly dividing, medium=bulk cells, dim=rapidly dividing. T-tests and 
one-way ANNOVARs were performed to determine significance. e Kaplan-meier survival plots 
displaying Overall Survival (OS), Progression Free Survival (PFS), Post Progression Survival (PPS) of 
ovarian cancer patients expressing high or low NFATC4.All experiments were repeated a minimum of 3 
times with 3 technical replicates per experiment. *p<0.05, **p<0.01, ****p<0.0001. 

III. Construct inducible cell lines.  Inducible cNFAT3 (IcNFAT3) Hey1 and SKOV3cells were
generated. Interestingly, IcNFAT vectors lost inducibility in our HGSC cell lines.  We therefore
generated cNFAT A2780, CaOV3, COV362, and OVSAHO lines.  . We were unable to develop a
shRNA that knocked down >50% of NFAT expression and thus results with this approach were
all negative.  Knockdown with a gap-mir proved toxic.
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IV. Evaluate impact of inducible cNFAT3 proliferation, cell cycle, and senescence vs. apoptosis.
a. Proliferation – We have now demonstrated that cNFAT3 and IcNFAT3 cell grow
approximately 3-X slower than controls cells.  This has been confirmed using cell counts and real
time imaging (Fig 3a-d)
b. 1B), BRDU incorporation (Fig 3a-c), and single cell microfluidic analysis of single cell
divisions (Fig 4a-b).
c. Cell Cycle – We have now completed extensive analysis of cell cycle.  Surprisingly, despite
the very strong impact of IcNFAT3 on cell proliferation we see only a modest (~10%) increasing
in the number of cells in G0/G1 in the cell cycle (not-shown).  We see a similar increase in the
number of cells with low Hoechst/Pyronin labeling (which identifies cells with 2N DNA and low
rRNA content consistent with quiescent/subG0 cells (not shown).
Finally, we have used cell cycle specific cellular reporters and demonstrated that induction of
cNFAT3 results in cells entering a G0 state (Fig 3d-f).
d. Quiescent cells are typically smaller and have lower RNA content.  We have now

demonstrated that IcNFAT expression leads to a 10-30% reduction in cellular size and total
RNA content (data not shown).

V. Impact of NFAT knockdown. See- above- shRNA constructs have been generated but are
generally ineffective.  Current studies have shown limited impact on proliferation or
chemotherapy resistance.  This may be due to the fact that knockdown is only ~50%.
Alternatively other family members may compensate.  We also attempted to use gap-miRs but
these, while effective, were highly toxic. As an alternate approach we use the Pna-NFAT
inhibitor VIVIT (see below).

e. Senescence and Apoptosis – Extensive evaluation of Annexin labeling and Tunnel stain
demonstrate cNFAT3 and IcNFAT3 expression are not associated with an increase in apoptosis
(not shown). Similarly evaluation of senescence associated-B-gal staining indicates no increase in
senescence (not shown).

Figure 3. NFATC4 promotes a quiescent phenotype. a Representative images and quantitation of BrdU 
incorporation of ID8 cells expressing control-YFP or cNFATC4. b Table displaying the number of first 
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and second mitosis of ID8 cells expressing the cNFATC4 or control-YFP constructs, grown in single cell 
capture microfluidic chips. c IncuCyte growth curves of IcNFATC4 or ILuc cells treated with or without 
doxycycline. d FACS plots demonstrating the isolation and quantification of IcNFATC4 and ILuc HEY1 
cells expressing the Fucci cell-cycle reporter vectors. Bar graph summarizing the cell cycle phase of cell 
expressing either construct. e Cell cycle analysis of G1-S phase enriched ILuc and IcNFATC4. f 
Representative images and quantification of cells size changes in ILuc and IcNFATC4 cells following 
doxycycline treatment for 106 h. T-tests and one-way ANNOVAs were performed to determine 
significance. Microfluidics experiment and Fucci cell cycle experiments were performed twice, all other 
experiments were repeated a minimum of 3 times with at least 3 technical replicates per experiment. 
**p<0.01, ***p<0.001. 

B. Major Task 2: Determine the effects of NFAT3 on chemoresistance and tumor growth
I. Determine the impact of NFAT3 on tumorigenesis and chemoresistance in vitro using cell

lines as above. We have now demonstrated that, despite slower growth rates, cNFAT3 and
IcNFAT3 cells are resistant to chemotherapy.  Furthermore, in wild-type cells, chemotherapy
treatment is associated with a nuclear translocation wild-type NFAT3 and increased expression of
the NFAT transcription target RCAN. Reciprocally, the NFAT inhibitor VIVIT increases
chemotherapy response (Fig 5a-d).

II. Assess the effects of NFAT3 on tumorigenesis and chemoresistance in vivo.
a. To test the tumor initiation capacity following in vitro treatment with cisplatin.  IcNFAT cells
treated with doxycycline in vitro demonstrated significant chemotherapy resistance. Consistent
with this, when injected based on starting tumor number we observed greater tumor initiation (not
shown).  However, to control for absolute cell numbers, doxycycline had to be discontinued and
in this scenario we did not observe increate tumor initiation rates.
b. To assess the impact of NFAT3 on tumor growth in vivo.  We have now completed in vivo
growth studies with cNFAT and IcNFAT cells.  Both cell lines demonstrate a significant
reduction in tumor growth. IcNFAT3 cells are leaky at baseline, and grow slower than luciferase
controls.  Further induction of NFAT3 is associated with greater growth arrest (Fig 6a-c).
c. To evaluate the impact of NFAT3 expression on chemoresistance in vivo.  We have
completed these studies using the IcNFAT3 constructs.  IcNFAT3 tumors demonstrate significant
chemotherapy resistance with cNFAT3 induction and expansive growth with de-repression (Fig
6d).
d. To test the ability of VIVIT to act as a chemosensitizer.  As noted above, we have completed
in vitro analysis demonstrating VIVIT increases chemotherapy response in vitro (Fig 5g) and
modestly in vivo (not shown).
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Figure 4. NFATC4 promotes chemoresistance in vitro and is activated by cisplatin. a Viability of cells 
expressing construct pairs (cNFATC4/Control-YFP or IcNFATC4/ILuc) treated with various 
concentrations of cisplatin. b IncuCyte confluence growth curves of IcNFATC4/ILuc expressing cells co-
treated with cisplatin and doxycycline. c NFATC4 immunofluorescence of cells lines treated with or 
without cisplatin. d RCAN1 mRNA expression levels of cells treated with or without cisplatin. e NFATC4 
mRNA expression of cell lines treated with a high concentration of cisplatin for 72h. f IncuCyte 
confluence growth curves of CD133- vs CD133+ cells treated with cisplatin. g Cell viability following co-
treatment with cisplatin and the pan-NFAT inhibitor VIVIT. T-tests and one-way ANNOVARs were 
performed to determine significance. All experiments were repeated a minimum of 3 times. *p<0.05, 
**p<0.01, ***p<0.001. 
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Figure 5. NFATC4 inhibits tumor growth and promotes chemoresistance in vivo. a Tumor growth of 
A2780 cells expressing cNFATC4 or Control-YFP. b Tumor growth of HEY1 cells expressing 
IcNFATC4 or ILuc control constructs in the presences of doxycycline. c Tumor growth of IcNFATC4 
HEY1 cells treated with delayed doxycycline or vehicle. d Tumor weights of HEY1 IcNFATC4 
xerographs treated with vehicle, delayed or continuous doxycycline. e Tumor growth of HEY1 
IcNFATC4 cells treated with doxycycline for 5 days or vehicle, then both treated with 16 mg/kg 
paclitaxel, intraperitoneally. T-tests and one-way ANNOVARs were performed to determine significance. 
All experiments were repeated a minimum of 3 times. *p<0.05, **p<0.01, ***p<0.001. 

III. Assess mechanisms of chemoresistance—see Iyengar et.al. Oncotarget 2018
a. To determine the role of CDK6 in NFAT3 mediated cellular quiescence.  We have now
demonstrated NFAT3 induces expression of CDK6.  Based upon this we have completed
extensive studies with the CDK4/6 inhibitor LEE011.  We have demonstrated that this drug
induces pseudosenescence in cancer cells to induce a partial growth arrest.  However,
combination of CDK4/6 inhibitor and chemotherapy is highly synergistic (Fig 4). CDK4/6
inhibitor is active in vivo as an effective consolidative therapy and works in platinum resistant
disease.  We are currently preparing a manuscript on this work.

b. To determine the role of NFAT3 in regulating direct mediators of chemotherapy resistance.
While NFAT is reported to regulate regulators of chemotherapy resistance such as ABCB MDR
pumps, direct analysis of numerous targets has not shown clear regulation of
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c. To identify additional NFAT3 targets: RNAseq on the HEY1 IcNFAT, SKOV3 IcNFAT and
A2780 cNFAT line has been completed. We have confirmed numerous targets of NFAT as
putative drivers of quiescence and chemotherapy resistance. Excitingly one of the targets,
follistatin (FST), is a known regulator of ovarian function.  We have now shown that high
follistatin expression in patient samples (TCGA) corelates with poor outcome (Fig 6A). Induction
of NFAT3 expression in ovarian cancer cells is associated with a strong induction of FST.
Similarly, suggesting this is part of a quiescence response to chemotherapy, FST is induced in
multiple ovarian cancer cell lines in response to either cisplatin or taxol (Fig 6C-D). Furthermore
addition of FST to ovarian cancer cell line culture was associated with a ~2-fold increase in
resistance to both cisplatin and taxol in multiple high grade serous ovarian cancer cell lines.
Ongoing work aims to establish the mechanism of FST driven chemoresistance and determine if
targeting FST in vivo can overcome/reduce chemotherapy resistance.

Figure 6. NFAT3 drives FST expression and FST drives chemotherapy resistance. A Overall survival, 
Progression free survival and post-progression survival based on high/low FST expression in the TCGA 
dataset. B. FST expression following doxycycline induced expression of NFAT3.  C. FST induction in ovarian 
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cancer cell lines by cisplatin. D FST induction in response to Taxol.  E-F. Cell viability in response to taxol or 
cisplatin therapy in the presence of FST. 

Major Task 3: Determine prognostic implications of NFAT3 expression in primary ovarian 
cancer specimens.  This aim been completed.  A tissue TMA has been stained and for the impact of 
NFAT3 expression on overall survival. Interestingly in our array expression of NFAT3 in primary 
tissue did not impact prognosis, however expression of NFAT3 in tumors taken from patients at the 
time of chemoresistance predicted better prognosis suggesting NFAT3 may help maintain a quiescent 
cellular phenotype. Analysis of NFAT3 expression and prognosis in the TCGA data set suggested 
NFAT3 is a prognostic biomarker (Fig 1e). Confirming NFAT3 – the NFAT3 taraget RCAN shows a 
similar OS/PFS/PPS curve (not shown), as does the newly identified NFAT3 target FST.    

Opportunities for Training.  
1. MSTP Student Mangala Iyengar MD, PhD worked on the initial studies and portion related to

CDK4/6 which was the basis of her graduate thesis.  She is now a Medical Resident at the
University of Colorado.

2. Alex Cole PhD – post-doctoral fellow was trained on this award and will continue his work on
cancer quiescence on his return to an academic position in Australia

3. Santiago Panesso MD, is volunteer from Columbia, has work with Dr. Cole and will continue
this work after Dr. Cole’s departure this spring.  Dr. Panesso has been assisting on the work on
FST.  This allowed the training of an under-represented minority population in science and will
assist in his application for an a US medical residency training.

4. IMPACT:
 To date we have clearly demonstrated a role for NFAT3 in driving a quiescent ovarian cancer

phenotype.
 We have demonstrated that NFAT3 translocates to the nucleus in response to chemotherapy.

IcNFAT3 is associated with chemotherapy resistance and treatment of cells with the NFAT
inhibitor VIVIT reverses chemotherapy resistance.

 We have performed an extensive study of CDK4/6inhibitors in a short time an demonstrated a
role for these agents as consolidative therapy and potentially (surprisingly) as chemosensitizers.

 We have initiated a clinical trial “Phase I trial of ribociclib (ribociclib (LEE-011)) with
platinum-based chemotherapy in recurrent platinum sensitive ovarian cancer”

 We have identified FST as an autocrine mediator of chemotherapy resistance
 Alex Cole – OCRA Ann Schreiber Fellowship Award.
 Based on this work we have a new R01 being prepared for submission to the NIH

5. CHANGES/PROBLEMS:
We were unable to obtain inducible IcNFAT3 contruct expression in many of the preferred HGSC cell

lines.  For HGSC lines we therefore used the cNFAT construct. Similarly, shRNA constructs have been
ineffective and CRISPR cells were similarly non-viable.  We used VIVIT inhibitor instead.
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6. PRODUCTS:

A. Manuscripts

CDK4/6 inhibition as maintenance and combination therapy for high grade serous ovarian cancer
Iyengar et.al. Oncotarget 2018.

NFATC4 Promotes Quiescence and Chemotherapy Resistance in Ovarian Cancer Cells – BioRx and
under second review JCI Insight.

FST drives ovarian cancer cell resistance to chemotherapy – in preparation

B. Abstracts/Posters:

Date: September 2015
Authors: Mangala Iyengar, Lan Coffman, Kun Yang, and Ronald Buckanovich
Title: CDK4/6 Inhibition as a Maintenance Therapy in Ovarian Cancer
Meeting:  AACR Advances in Ovarian Cancer: Exploiting Vulnerabilities
Location: Orlando Florida

October 2015
Authors: Mangala Iyengar, Shoumei Bai, Lan Coffman, Kun Yang, and Ronald Buckanovich
Title: NFAT3 Promotes Ovarian Cancer Quiescence and Chemotherapy Resistance
Meeting: University of Michigan Cancer Center Fall Research Symposium

C. Presentations

Date: April 2016
Speaker: Ronald Buckanovich
Title: Novel Therapeutics Targeting Cancer Stem Cells
Meeting:  Mayo Clinic, Oncology Grand Rounds
Location: Rochester, MN

Date: May 2016
Speaker: Ronald Buckanovich
Title: A Hierarchical Model of Ovarian Cancer and Why it Matters
Meeting:  Cancer Center Research Seminal
Location: Salt Lake City, Utah

Date: Jan 4 2017
Speaker: Ronald Buckanovich
Title: Novel therapeutics targeting ovarian cancer stem cells.
Meeting:  NYU Research Seminar
Location: NY, NY

Date: March 2017
Speaker: Ronald Buckanovich
Title: NFAT3 in Ovarian Cancer Quiescence and Chemotherapy Resistance
Meeting:  MWRI Women’s Cancer Research Seminar
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Location: Pittsburgh, Pa 

Date: September 2018 
Speaker: Alex Cole 
Title: NFAT3 in Ovarian Cancer Quiescence and Chemotherapy Resistance 
Meeting:  Rivken/AACR 12th Biennial Ovarian Cancer Research Symposium 
Location: Seattle, WA 

D. Inventions, Patents and Licenses
None

E. Other Achievements:
Based upon our work on the CDK4/K inhibitor LEE-011, we have initiated a clinical trial to evaluate
the role of CDK4/6 inhibitors as concurrent and maintenance therapy for patients with recurrent
platinum sensitive disease. This trial has currently enrolled 32 of 38 anticipated patients.

7. PARTICIPANTS AND OTHER COLLABORATING INSTITUTIONS:

Name: Ronald J. Buckanovich 
Project Role: PD/PI 
Researcher Identifier (e.g. ORCID ID): W81XWH-15-1-0083  
Nearest person month worked: .5          (5/15/19 – 10/15/19) 
Contribution to Project: Dr. Buckanovich was responsible for 

overseeing all project activities and 
supervising research staff. 

Funding Support: NA 
Name: Shoumei Bai
Project Role: Research Associate 

Researcher Identifier (e.g. ORCID ID): W81XWH-15-1-0083  
Nearest person month worked: 5           (5/15/19 – 10/15/19) 
Contribution to Project: Dr. Bai was responsible for the derivation of 

all CA-MSC lines from patient samples. She 
performed all cell line generation to create 
multiple cell lines with IcNFAT3 and 
NFAT3shRNA cell lines to validate current 
studies. 

Funding Support: NA 

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since 
the last reporting period? Yes, Ronald Buckanovich: since last annual report (5/14/19) 

 Two new awards as a co-investigator

 One award ended
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New Award: W81XWH-18-OCRP-OMCDA Levine & Buckanovich (PI)  
Title: Omics Consortium to Study the Origins of Ovarian Cancer 
Effort: 0.24 calendar months 
Sponsor Agency: Department of Defense/Subcontract from New York University  
Contracting/Grants Officer: Abigail Strock,  abigail.l.strock.civ@mail.mil 
Address of Funding Agency: USA MRAA, 820 Chandler St, Fort Detrick MD 21702 
Performance Period: 06/15/2019 – 06/14/2020 
Level of Funding: $100,000 
Specific Aims/Project Goals: Aim 1. To develop the consortium infrastructure and a 
multi‐institutional research team of scientists, clinicians, and ovarian cancer consumer advocates 
to establish new collaborations, initiate a research and communication plan, and formalize the 
organizational structure. 
Aim 2. To conduct a preliminary research project using multi‐omic platforms to study the tumor 
microenvironment (TME) of normal fallopian tube epithelium and precursor (STIC) lesions 
compared to established ovarian cancers. Aim 3. To establish additional research plans for the 
FY20 OCRP Omics Consortium Award including studies of cancer stem cell, circulating and 
shed biomarkers, and drivers of transition between precursor (STIC) lesions and established 
cancers.  
Overlap: No scientific or budgetary overlap 

New Award: Research Scholar Grant Mehta (PI) 
Title: Ovarian Cancer Tumoroids to Study Heterogeneity and Chemoresistance 
Effort: 0.24 calendar months 
Sponsor Agency: American Cancer Society/Subaward from University of Michigan 
Contracting/Grants Officer: grants@cancer.org 
Address of Funding Agency: 250 Williams Street NW, Atlanta, GA 30303 
Performance Period: 07/01/2019 – 06/30/2023 
Level of Funding: $53,424 
Specific Aims/Project Goals: The goal of this research will provide a modular platform for the 
study of CSC-TME interactions in the ascites and help understand the individual and collective 
role of MSCs, ECs, MPs in CSC enrichment and chemoresistance. In the long term, using this 
platform to gain a comprehensive understanding of these interactions will be crucial in the 
development of novel therapeutics and treatment strategies to improve clinical outcomes of 
ovarian cancers. 
Overlap: No scientific or budgetary overlap 

Expired Award: W81XWH-13-1-0134 Mehta (PI) 
Title: High-Throughput Platform for Patient-Derived, Small Cell Number, Three-Dimensional 
Ovarian 
Cancer Spheroids 
Effort: 0.78 calendar months 
Sponsor Agency: Department of Defense/Subaward from University of Michigan 
Contracting/Grants Officer: Abigail Strock,  abigail.l.strock.civ@mail.mil 
Address of Funding Agency: USA MRAA, 820 Chandler St, Fort Detrick MD 21702 
Performance Period: 09/01/2018 – 08/31/2019 
Level of Funding: $25,533 
Specific Aims/Project Goals: Dr. Buckanovich Mentors Dr. Mehta and will review her final 
research reports and provide guidance on the final stage of her research project as well as assist 



16 

and or review manuscripts prepared by Dr. Mehta. An extensive mentoring plan has been put in 
place to provide Dr. Mehta with the tools and experience to promote her success.  
Overlap: No scientific or budgetary overlap 

What other organizations were involved as partners? Nothing to Report. 

8. APPENDICES:
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ABSTRACT

High grade serous ovarian cancer (HGSOC) is a disease with a high relapse rate 
and poor overall survival despite good initial responses to platinum-based therapy. 
Cell cycle inhibition with targeted CDK4/6 inhibitors is a new therapeutic approach 
showing promise as a maintenance therapy in cancer. As multiple genes in the CDK4/6 
pathway are commonly mutated or dysregulated in ovarian cancer, we evaluated the 
efficacy of the CDK4/6 inhibitor Ribociclib alone, in combination with chemotherapy, 
and as maintenance therapy in several models of HGSOC. Ribociclib restricted 
cellular proliferation in multiple ovarian cancer cell lines. Restricted proliferation 
was associated with a pseudo-senescent cellular phenotype; Ribociclib-treated cells 
expressed markers of senescence, but could rapidly re-enter the cell cycle with 
discontinuation of therapy. Surprisingly, concurrent Ribociclib and cisplatin therapy 
followed by Ribociclib maintenance was synergistic. Evaluation of the cell cycle 
suggested that Ribociclib may also act at the G2/M check point via dephosphorylation 
of ATR and CHK1. Consistent with this mechanism, Ribociclib demonstrated clear 
activity in both platinum-resistant and platinum-sensitive tumor models in vivo. This 
work supports clinical trials using Ribociclib in combination with cisplatin and as a 
maintenance therapy in ovarian cancer.

www.impactjournals.com/oncotarget/ Oncotarget, Advance Publications 2018

INTRODUCTION

High grade serous ovarian cancer (HGSOC) is the 
most lethal gynecological cancer in the United States 
and is characterized by a high recurrence rate [1]; 70% 
of patients relapse and succumb to their disease despite 

initially successful chemotherapy. This is largely because 
most patients present with disseminated disease (stages 
III/IV) at diagnosis [2]. Patients with recurrent ovarian 
cancer inevitably develop resistance to standard platinum-
based chemotherapy and additional chemotherapy does 
not offer significant survival benefit [3]. Therefore, non-
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cytotoxic maintenance therapies which could extend 
disease-free survival may improve a patient’s quality of 
life and potentially prolong survival. 

CDK4/6 inhibition is an emerging cytostatic 
therapy targeting cell cycle progression. A heterotrimeric 
complex of Cyclin D1, CDK4, and CDK6 is required 
to phosphorylate RB1, which eventually leads to the 
transcription of genes required for S phase. Therefore, 
CDK4/6 inhibition blocks the G1-S phase transition, 
forcing G1 arrest (reviewed in [4]). CDK4/6 inhibitors 
have shown promise in many tumors in vitro, such as 
neuroblastoma [5], liposarcoma [6], breast cancer [7], 
mantle cell lymphoma [8], non-small cell lung cancer 
[9], and germ cell tumors [10]. Importantly, there are also 
positive clinical results in patients. In metastatic breast 
cancer, Palbociclib in combination with letrozole doubled 
progression-free survival from 10 to 20 months compared 
to letrozole alone in a Phase II trial [11] and from 19.3 to 
30.4 months in a Phase III trial [12]. Similarly, Ribociclib 
showed a significant impact in breast cancer [13], and 
both Palbociclib and Ribociclib are now FDA-approved 
in combination with an aromatase inhibitor as frontline 
treatment in ER+/HER2– metastatic breast cancer.

In ovarian cancer, CDK4/6 inhibitors have shown 
promise in vitro. Response to CDK4/6 inhibitors has 
been linked to the mutational status of p16 and Rb [14]. 
CDK4/6 inhibitors have also been linked to targeting 
cancer stem cells [15]. However, resistance mechanisms 
have also been reported [16]. Clinical data regarding 
CDK4/6 inhibition in ovarian cancer are sparse. While 
Phase 1 (NCT03294694, NCT02897375) and Phase 
2 (NCT02657928) trials of CDK4/6 inhibition in 
combination with other therapies in ovarian cancer have 
recently opened, no data is available yet from these 
studies. However, the CDK4/6 inhibitor abemaciclib as 
monotherapy did produce stable disease in two patients 
and a CA-125 response in a third patient [17]. Importantly, 
CDK4/6 inhibitors have generally been well-tolerated and 
side effects have been successfully managed by dose-
reduction [18]. Therefore, these compounds could be 
useful as maintenance therapies or combination therapies 
in patients with chemotherapy-resistant disease. 

We mined the TCGA database [19] and found 
that ~40% of patients with HGSOC have mutations/
dysregulation of various genes which regulate the G1 
to S phase cell cycle transition, which is consistent with 
previous literature (reviewed in [20]) . We therefore tested 
CDK4/6 inhibition with Ribociclib both in vitro and 
in vivo and demonstrated a significant delay in ovarian 
cancer cell growth via the induction of a pseudo-senescent 
state. The combination of Ribociclib and cisplatin led to 
growth-arrest in vitro and significantly delayed tumor 
growth in vivo; therefore, Ribociclib appears to be a 
promising therapeutic for ovarian cancer treatment. 

RESULTS

Mutations and dysregulation of genes in the 
CDK4/6 pathway are common in ovarian cancer

The cBioPortal browser was used to mine data 
from The Cancer Genome Atlas (TCGA, [19]) to perform 
mutational analysis of genes in the CDK4/6 pathway. 
Mutations and significant dysregulation of mRNA 
expression (z-score < –2 or >2) were common in patients 
with HGSOC (Figure 1A). CDKN2A (also known as 
p16INK4a) is a tumor suppressor that normally serves as a 
brake on cell cycle progression by inhibiting CDK4 and 
CDK6 [21]. Interestingly, 21% of ovarian cancer patients 
showed CDKN2A deletions or significant downregulation. 
Another 16% showed significant amplifications or 
increases in mRNA expression of CDK4, CDK6, and/
or Cyclin D1 expression; both these classes of mutations 
would contribute to an aberrantly overactive cell cycle and, 
presumably, tumor growth. Of note, RB1 was deleted or 
significantly downregulated in 17% of HGSOC patients; 
these patients may be less likely to respond to CDK4/6 
inhibition. Overall, our data (Figure 1A) show that there 
is a large subset of HGSOC patients who would likely 
benefit from therapy with a CDK4/6 inhibitor. Therefore, 
we investigated the CDK4/6 inhibitor Ribociclib (LEE-
011)(Novartis) in HGSOC. 

Ribociclib affects growth in multiple ovarian 
cancer cell lines 

A2780, Hey1, COV362, COV504, PEO1, and 
OVSAHO ovarian cancer cell lines were treated with 
increasing doses of Ribociclib for 3 days as detailed 
in Figure 1B and cell proliferation was quantified by 
cell counts with trypan blue exclusion. The RB1WT cell 
lines A2780, Hey1, COV504, and PEO1 showed dose-
dependent growth inhibition (Figure 1B). As RB1 is a 
core downstream target of CDK4 and CDK6, RB1null cells 
should be resistant to CDK4/6 inhibition. To verify on-
target effects, the RB1null lines COV362 and OVSAHO 
were also treated with Ribociclib and were unresponsive 
(Figure 1B). For more detailed analysis, we treated the 
RbWT cell line Hey1 and the Rbnull line COV362 with 
Ribociclib and analyzed cell counts and viability daily. 
Relative to control treatment, Ribociclib decreased 
the number of Hey1 cells in a dose-dependent manner 
(Figure 1C) without affecting Hey1 cell viability (Figure 
1E), suggesting that treatment leads to growth-arrest rather 
than cell death in this RBWT cell line. However, Ribociclib 
did not affect Rbnull COV362 cell proliferation (Figure 
1D) or viability (Supplementary Figure 1A) even at the 
highest doses, suggesting that decreased proliferation is 
an on-target effect of Ribociclib. 



Oncotarget3www.impactjournals.com/oncotarget

Ribociclib decreases cell proliferation by 
arresting cells in G1 in a ‘pseudo-senescent’ state

Cell cycle phase analysis with propidium iodide 
showed that Ribociclib treatment led to a dose-dependent 
accumulation of Hey1 cells in the G1/G0 phase of the 
cell cycle, with a concomitant decrease in the number of 
cells in the S and G2/M phases (Figure 2A–2B). This is 
consistent with the known role of CDK4 and CDK6 in 

regulating the G1-S transition [4]. We also observed a 
decrease in BrdU incorporation in Hey1 ovarian cancer 
cells during this treatment (Figure 2C), confirming a 
decrease in proliferation. The Rbnull line COV362 showed 
no cell cycle changes in response to Ribociclib, regardless 
of dose (Supplementary Figure 1B). 

CDK4/6 inhibitors have been reported to induce 
senescence in cancer cells [22, 23]. We therefore evaluated 
the expression of Senescence Associated β-Galactosidase 

Figure 1: Ribociclib is a rational target in ovarian cancer. (A) Analysis of 316 tumors from the TCGA database showing mutations 
and mRNA dysregulation of genes known to regulate the G1-S phase transition. (B) Cell numbers as a proportion of untreated control cell 
numbers in the indicated cell lines after 72 hours of treatment with the indicated doses of Ribociclib. (C) Fold-change in cell number over 
time in Hey1 cells (RbWT) treated with the indicated doses of Ribociclib. (D) Fold-change in cell number over time in COV362 cells (Rbnull) 
treated with the indicated doses of Ribociclib. (E) Analysis of cellular viability in Hey1 cells treated with the indicated doses of Ribociclib. 
All samples were analyzed at least in triplicate with each experiment performed three times. *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001 
by two-sample, two-tailed t-tests comparing the indicated values in C and D and one-way ANOVA comparing groups in B.
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(SAβG) with Ribociclib treatment. Consistent with prior 
reports, we observed a clear increase in SAβG staining 
in treated Hey1 cells with increasing concentrations of 
Ribociclib (Figure 3Ai), with >95% of cells showing strong 
SAβG staining after three days of treatment (Figure 3Aii). 
Senescent cells are also reported to increase expression of 
numerous secretory proteins including CSF2, IL1A, IL6, 
ANG, HRG, and SERPINB1 (reviewed in [24]). However, 
Ribociclib treatment of Hey1 cells led to mRNA induction 
in only three of the six selected genes encoding senescence 
associated secretory proteins (Figure 3B). 

Truly senescent cells are believed to permanently 
exit the cell cycle and should be unable to resume 
proliferation [25]. Even though cells treated with high-
dose Ribociclib for 3 days demonstrate >95% SABG 
staining (Figure 3Ai-ii), cells demonstrate a stable albeit 
slow proliferation rate during treatment (Figure 1C). In 
addition, cells treated with Ribociclib for 5 days and then 

allowed to grow without the drug (termed “recovery”) 
resumed cycling after the drug washout, indicating a lack 
of true senescence (Figure 3C). Continued cell growth 
could be related to either a subpopulation of resistant cells 
or slower proliferation in the majority of cells. To evaluate 
this, we performed time lapse microscopy of (i) control 
cells, (ii) cells treated with high dose Ribociclib (3 µM) for 
5 days followed by drug washout (incubation without drug 
in control growth medium), or (iii) cells with continuous 
Ribociclib (3 µM) treatment. After normalization for cell 
numbers, control cells and cells treated with Ribociclib 
followed by washout demonstrated similar proliferation 
rates (Figure 3Di). Image analysis confirmed proliferation 
of >70% of cells in each group, demonstrating that most 
cells can resume proliferation following Ribociclib 
washout. Furthermore, image analysis of cells maintained 
in continuous Ribociclib treatment demonstrated that 
>70% of cells were actively proliferating, but at a slower 

Figure 2: Ribociclib treatment leads to G1 arrest and decreased BrdU incorporation. (A) Representative cell cycle profiles 
of Hey1 ovarian cancer cells treated with Ribociclib for 72 h and (B) summary of cell cycle phase shifts. (C) BrdU incorporation in Hey1 
ovarian cancer cells after 72 h of treatment with the indicated doses of Ribociclib. All samples were analyzed in triplicate with each 
experiment replicated at least once. FACS samples counted at least 10,000 events. *p < 0.05, ** p < 0.01, ***p < 0.001 by two-sample, two-
sided t-test.
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rate compared to the control and Ribociclib washout 
groups (Figure 3Dii). Therefore, it appears that rather 
than rapid proliferation of a small, resistant subpopulation, 
most cells continue to cycle at a slow rate when treated 
with Ribociclib, rather than entering a state of complete 
growth arrest. Together, these data suggest that CDK4/6 
inhibition does not induce a truly senescent state in 
ovarian cancer cells. 

Ribociclib potentiates the impact of cisplatin 

Platinum-based chemotherapy is the standard 
of care for first-line treatment in ovarian cancer. We 
therefore investigated the combined impact of treatment 
with Ribociclib and cisplatin. We treated Hey1 ovarian 
cancer cells with 1ug/mL cisplatin alone or cisplatin in 
combination with Ribociclib (0 nM, 250 nM, 1 uM, or 

Figure 3: Ribociclib induces a pseudosenescent state in ovarian cancer cells. (A) Senescence-associated β-galactosidase 
staining (i) and quantification (ii) following a 72 h treatment of Hey1 cells with the indicated dose of Ribociclib. (B) qRT-PCR analysis of 
mRNA expression of senescence-associated secretory genes after a 72 h treatment with the indicated dose of Ribociclib. (C) Fold-change in 
cell numbers of Hey1 cells after 5 days of treatment with the indicated dose of Ribociclib or vehicle (black bar) followed by discontinuation 
of treatment. (D)(i) Graph of confluence of control cells and cells treated continuously with Ribociclib for 5 days and then either maintained 
on therapy or washed and given fresh media 24 hours prior to monitoring. (ii) Representative photomicrographs from representative wells 
of the indicated treatment conditions in panel (i) at the start and end of imaging. Arrows indicate cells observed to be dividing. All samples 
were analyzed in triplicate with each experiment replicated at least once. *p < 0.05, **p < 0.01, ***p < 0.001 by two-sample, two-sided t-tests.
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3 uM). Consistent with previous reports and the known 
mechanism of cisplatin-induced DNA damage preventing 
cell cycle progression [26, 27], we observed that cisplatin 
treatment led to accumulation of cells in the S/G2/M 
phases of the cell cycle 24–48 hours after treatment (Figure 
4A–4B). Cells treated with cisplatin alone recovered, with 
normalization of the cell cycle in surviving cells at 72 
hours (Figure 4C). In contrast, the addition of Ribociclib 
to cisplatin significantly decreased the ability of cancer 
cells to move past the G2/M restriction point and back into 
a normal cell cycling pattern in a dose-dependent manner 
(Figure 4A–4C). 72 hours after treatment, the majority of 
cells treated with cisplatin and 3 uM Ribociclib remained 
in the G2/M peak (Figure 4C). 

Given these results, we next used MTT assays to 
quantify the effects of Ribociclib on absolute and relative 
cell numbers remaining after cisplatin chemotherapy. 
Concurrent treatment with Ribociclib and cisplatin for 72 
hours led to a decrease in the absolute number of surviving 
Hey1 cells (Supplementary Figure 2Ai). Normalization for 
the impact of Ribociclib on cell proliferation demonstrated 
a similar rate of cellular kill (Supplementary Figure 2Bi). 
Conversely, while pre-treatment with Ribociclib for 
24 hours before chemotherapy led to a decrease in the 
absolute number of cells (Supplementary Figure 2Aii), 
normalization of cell numbers to adjust for cell number 
decrease related to Ribociclib exposure suggested 
that cell cycle arrest with Ribociclib prior to cisplatin 
exposure resulted in a higher proportion of surviving cells 
(Supplementary Figure 2Bii). When pre-treatment with 
Ribociclib was followed by a 24 hr washout period before 
cisplatin treatment, this effect disappeared (Supplementary 
Figure 2Aiii, 2Biii). 

We further evaluated the timing of therapy and the 
addition of Ribociclib maintenance therapy using cancer 
cell recovery assays. Ribociclib maintenance therapy 
(initiated 72 hrs after initial treatment with cisplatin), 
potently synergized with cisplatin in the COV504, PEO1, 
and Hey1 ovarian cancer cell lines; in fact, control cells 
recovered effectively after cisplatin therapy, while cells 
treated with 1 uM or 3 uM Ribociclib as maintenance 
after cisplatin therapy remained unable to proliferate 
throughout the two-week observation period (Figure 
4D; Supplementary Figure 3A). Combination indices 
for TD50 doses of cisplatin and doses of Ribociclib 250 
nm–3 uM ranged from 0.2–0.39. Co-treatment for 3 days 
with Ribociclib and cisplatin, followed by no maintenance 
therapy (Figure 4E; Supplementary Figure 3C) effectively 
delayed cell growth, but the Hey1 and PEO1 cells resumed 
proliferation in the absence of continued Ribociclib 
treatment. Continued therapy with 1 uM or 3 uM 
Ribociclib effectively prevented cells from proliferating 
(Figure 4F; Supplementary Figure 3B). As seen in the 
MTT assays, pretreatment of cells with Ribociclib prior to 
cisplatin therapy was not an effective therapeutic regimen 
(Supplementary Figure 3D). 

Ribociclib and Ribociclib + Cisplatin treatment 
decreases pCHK1

To verify on-target activity of Ribociclib, Hey1, 
COV504, and PEO1 cells were treated with increasing 
doses of Ribociclib either alone or combined with cisplatin, 
and lysates were collected for Western blot analysis of 
p-Rb. As predicted, Ribociclib treatment resulted in 
dose-dependent inhibition of Rb phosphorylation (Figure 
5A–5C). Interestingly, co-treatment with Ribociclib and 
cisplatin decreased both pRB and total RB. 

The potentiation of the impact of cisplatin with 
extended arrest of cells in the G2/M phase of the cell cycle 
data, as seen in Figure 4, suggests that CDK4/6 inhibition 
may have an unappreciated impact on the DNA damage 
response. We therefore evaluated the impact of Ribociclib 
on pATR and pChk1, which are known to participate in 
the DNA damage response. We found that in all three 
tested cell lines, Ribociclib decreased p-Chk1 in a dose 
dependent manner in the presence of cisplatin (Figure 5A–
5C). pATR was similarly decreased in Hey1 cells (Figure 
5A). 

Ribociclib is effective alone and in combination 
with cisplatin in vivo 

We next evaluated Ribociclib activity in vivo using 
platinum-sensitive PEO1 cell line xenografts. Ribociclib 
treatment (5 days on + 2 days off, as described in the 
dosing schedule in Figure 6A) was started three days after 
tumor initiation. Ribociclib treatment was as effective as 
cisplatin in slowing tumor growth in the PEO1 xenografts 
(Figure 6B). Cisplatin treatment, either as a single agent or 
concurrent with Ribociclib, followed by maintenance with 
Ribociclib, further restricted disease growth (Figure 6B; p 
< 0.01). No clear benefit of concurrent versus sequential 
therapy with cisplatin and Ribociclib was observed. 

As platinum-resistance is an important clinical 
problem, we next evaluated the impact of single agent 
Ribociclib in the platinum-resistant Hey1 cell line. 
Compared to vehicle treatment, treatment with Ribociclib 
significantly delayed tumor growth (p < 0.01) (Figure 
6Ci). Then, we tested the impact of Ribociclib as a 
maintenance therapy following cisplatin in Hey1 cells. 
Dosing schedules were established such that all treatment 
groups received two doses of cisplatin weekly and five 
doses of Ribociclib weekly (Figure 6A). The addition of 
Ribociclib maintenance therapy after cisplatin resulted in 
a ~40% increase in time to tumor endpoint (defined as a 
total tumor burden >2,000 mg per mouse, >10% weight 
loss, tumor ulceration, or poor health of the animal) 
(Figure 6Cii). We also evaluated the impact of concurrent 
cisplatin+Ribociclib followed by Ribociclib maintenance 
vs. cisplatin alone followed by Ribociclib maintenance 
therapy. In this platinum-resistant cell line, there was 
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Figure 4: Ribociclib enhances cisplatin-induced G2/M arrest. Cell cycle phase diagrams after 24 h (A), 48 h (B), and 72 h (C) of 
treatment with cisplatin alone or concurrent 1ug/mL cisplatin and the indicated dose of Ribociclib, or no treatment. (D) Absolute cell counts 
in (i) COV504 and (ii) PEO cells after treatment with cisplatin followed by maintenance Ribociclib. (E) Absolute cell counts in (i) COV504 
and (ii) PEO cells after concurrent treatment with cisplatin and Ribociclib without maintenance Ribociclib. (F) Absolute cell counts in (i) 
COV504 and (ii) PEO1 cells after concurrent treatment with cisplatin and Ribociclib followed by maintenance Ribociclib. All samples 
were analyzed in triplicate with each experiment replicated at least once. *p < 0.05, **p < 0.01, ***p < 0.001 by two-sided, two-tailed t-tests.
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no additional benefit of concurrent therapy versus 
maintenance alone (Figure 6Ciii). 

Finally, we performed immunohistochemical 
analysis of the treated PEO1 xenografts. Cisplatin+ 
Ribociclib-treated tumors demonstrated large acellular 
regions (Figure 6Di–ii). Immunohistochemical analysis of 
PEO1 tumors demonstrated a clear decrease in both p-Rb 
and Ki67 (Figure 6Di–iii) in Ribociclib-treated tumors, 
indicating on-target activity and efficacy. The greatest 
decrease in pRb was observed in tumors treated with 
cisplatin and Ribociclib. 

DISCUSSION 

We investigated the effects of Ribociclib as 
combination and maintenance therapy for high grade 
serous ovarian cancer (HGSOC). Given that multiple 
previous reports have shown dysregulated cell cycle gene 
expression within the known CDKN2A/Cyclin D1-CDK4-
CDK6/Rb axis, CDK4/6 inhibition represents a promising 
approach in ovarian cancer. The tumor suppressor 
CDKN2A has been shown to be dysregulated through 
multiple mechanisms, including promoter methylation 

Figure 5: Ribociclib decreases pRb, ATR, and Chk1 alone and in combination with cisplatin. (i) Western blot evaluation 
and (ii) densitometric quantification of total Rb, p-Rb, p-Chk1, and p-ATR in Hey1 (A), COV504 (B), and PEO1 (C) cells after 72 hours 
of the indicated doses of Ribociclib or a single dose of cisplatin followed by three days of Ribociclib. Gels have been cropped for clarity. 
All samples were analyzed in triplicate with each experiment replicated at least once for each cell line.
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Figure 6: Ribociclib decreases Hey1 and PEO1 ovarian cancer tumor xenograft growth in combination with cisplatin. 
(A) Sample dosing schedule for Ribociclib-only maintenance therapy and various combinations of sequential and concurrent treatment with 
cisplatin and Ribociclib. (B) Tumor growth in platinum-sensitive PEO1 xenografts treated with the indicated combinations of cisplatin with 
or without concurrent Ribociclib treatment and with or without Ribociclib maintenance therapy. (C) Hey1 tumorxenograft growth when 
treated with (i) vehicle vs. Ribociclib, (ii) vehicle control vs. cisplatin followed by vehicle (Cisplatin > vehicle) vs. cisplatin followed by 
Ribociclib maintenance (Cisplatin > Ribociclib), or (iii) cisplatin concurrent with Ribociclib followed by Ribociclib maintenance (Cis + 
Ribociclib > Ribociclib) vs. cisplatin alone followed by Ribociclib maintenance (Cis > Ribociclib). (D) IHC analysis of (i) pRB and (ii) 
Ki67 in tumors from the indicated treatment groups, and (iii) quantification of pRB and Ki67 marker-positive cells in the in the indicated 
treatment groups. Five high power fields from three sections of three tumors in each group were scored. ***p < 0.001 relative to the control.
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in 40% of cases in one series [28] and homozygous 
deletions in 18% of another series [29]. Abnormal CDK4 
expression was found in 14–16% of patients in one series 
and did not differ by tumor stage [30], consistent with 
a 14% aberrant CDK4 expression rate found through 
Northern blot analysis in another study [31]. Cyclin D1 
was found to be overexpressed in 19% of ovarian tumors 
in one study, which was correlated with poor prognosis 
[32]. Rates of RB loss or aberrant expression vary widely, 
and have ranged from 8–78%, (reviewed in [20]). In 
our study, mutational analysis of TCGA ovarian cancer 
data has shown that a significant percentage of patients 
have mutations or dysregulated expression of CDKN2A, 
CDK4, CDK6, or CCND1 that would likely make them 
good candidates for CDK4/6 inhibitor therapy (Figure 
1A). However, 17% of ovarian cancer patients in the 
TCGA database also have homozygous deletions or 
significantly downregulated RB1; these patients are less 
likely to receive significant benefit from CDK4/6 inhibitor 
therapy. Consistent with this mechanism, previous reports 
have shown that CDKN2A-low/RB1-proficient ovarian 
cancer cells were most responsive to CDK4/6 inhibition 
[14] and that RB1 loss was a mechanism of resistance to 
CDK4/6 inhibition. The correlations between mutational 
status and response to CDK4/6 inhibition are also clear 
in breast cancer, where downregulation of CDKN2A 
and amplification of CDK4 or CDK6 were correlated 
with sensitivity to CDK4/6 inhibition [7]. This is also 
concordant with our data showing that ovarian cancer cell 
lines carrying RB deletions are insensitive to Ribociclib as 
single-agent therapy. 

Several studies have reported that CDK4/6 
inhibition can induce cellular senescence [33–35]. 
Traditionally, senescence is considered to be irreversible 
exit from the cell cycle into the G0 phase with expression 
of a suite of senescence-associated secretory markers 
(reviewed in [24]). Through these secretory factors, 
senescent cells can promote malignant progression without 
actively dividing. Despite the traditional association of 
senescence with the G0 phase, one known mechanism 
of senescence begins with the tumor suppressor p16Ink4a 
(CDKN2A), which inhibits Rb inactivation by CDK4 
and CDK6, leading to failure to transition from G1 
phase into S phase [36, 37]. Therefore, it is possible that 
CDK4/6 inhibition by Ribociclib could lead to replicative 
senescence. In our study, Ribociclib treatment was 
associated with a pseudo-senescent-phenotype in vitro; 
cells showed strong induction of SAβG with partial 
mRNA induction of some known senescence associated 
secretory proteins. However, cells continued to proliferate 
after drug washout, even after a long exposure. Indeed, 
the majority of cells could proliferate even in the presence 
of high-dose Ribociclib, albeit more slowly. Based on 
our data, cell cycle retardation delays tumor growth and 
can serve as an effective treatment. Given that cells do 

not truly senesce, continuous therapy will be necessary. 
However, given the pro-inflammatory and pro-tumorigenic 
nature of senescence-associated secretory proteins, further 
investigation is required to better characterize this pseudo-
senescent state.

Interestingly, we have observed significant 
synergy (CI 0.2–0.4) between Ribociclib and cisplatin. 
While Ribociclib alone retards but does not completely 
block cell proliferation, the combination of concurrent 
and maintenance Ribociclib with and after cisplatin in 
vitro arrested cell growth. This was associated with a 
prolonged arrest of cells in G2/M phase (Figure 4A-C). 
We hypothesize that this arrest may be related to the 
known functions of CDKs in the DNA damage response 
(reviewed in [38, 39]), which is essential for response to 
and recovery from cisplatin exposure [40]. In particular, 
cells can become sensitized to cisplatin after ATR 
depletion [41]; a recent report shows that CDK6 regulates 
transcription of ATR, and that CDK6 inhibition therefore 
sensitizes epithelial ovarian cancer cells to death from 
cisplatin due to an impaired DNA damage response [42]. 
We found that Ribociclib treatment was associated with 
a decrease in p-Chk1 in all tested ovarian cancer cells 
and in ATR in the Hey1 cell line. ATR or Chk-1 mediated 
dysregulation of the DNA damage response may help 
to explain the prolonged growth arrest seen with the 
combination of Ribociclib and cisplatin. 

We observed that Ribociclib significantly delayed 
tumor growth in in vivo xenograft experiments when used 
as a single agent and after cisplatin treatment. Interestingly, 
Ribociclib therapy was as effective as cytotoxic cisplatin 
therapy in vivo in platinum-sensitive cells, and it 
had significant activity in platinum-resistant cells. In 
platinum-sensitive cells, cisplatin + Ribociclib followed 
by Ribociclib maintenance therapy was not superior to 
cisplatin alone followed by maintenance therapy. This 
may be partly because tumor volume measurements 
were misleading due to large regions of acellular tissues. 
Previous studies have suggested that concurrent CDK4/6 
inhibition with platinum may decrease chemotherapeutic 
effectiveness [14, 43] as it decreases the cell cycling rate. 
However, we find that the timing of drug administration is 
critical, with pre-administration of Ribociclib increasing 
resistance to cisplatin, but concurrent therapy enhancing 
efficacy. Given the competing roles of Ribociclib during 
initial cisplatin therapy in the cytostatic G1-arrest response 
vs. recovery after cisplatin and the DNA damage response, 
further studies are necessary to investigate this balance. 

In conclusion, CDK4/6 inhibition with Ribociclib 
showed significant activity against both platinum-sensitive 
and platinum-resistant cell lines both in vitro and in 
vivo. This drug shows significant combinatorial effects 
with cisplatin, resulting in prolonged times to cellular 
recovery in vitro and restriction of tumor growth in vivo. 
Further research regarding specific mechanisms by which 
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this drug combination affects cell cycling and the DNA 
damage response as well as clinical impacts is required.

MATERIALS AND METHODS

Cell lines 

The A2780 cell line (RbWT; platinum-sensitive) was 
obtained from Dr. Susan Murphy at Duke and was used at 
passages 12–14. COV504 (RbWT; platinum-sensitive) and 
OVSAHO (Rbnull; platinum-sensitive) lines were obtained 
from Dr. Deborah Marsh at the University of Sydney 
and were used from passages 5–10. The COV362 (Rbnull; 
platinum-sensitive) line was obtained from ATCC and used 
from passages 6–12. The PEO1 cell line (RbWT; platinum-
sensitive) was purchased from Sigma-Aldrich in 12/2016, 
which uses STR profiling for cell line authentication. The 
Hey1 cell line (RbWT; platinum-resistant) was obtained 
from Rebecca Liu at the University of Michigan. The 
A2780, COV504, Hey1, OVSAHO, and COV362 lines 
underwent STR profiling in 2/2017 with the American 
Type Culture Collection (ATCC) for validation; the PEO1 
line was not profiled as it had been purchased two months 
previously. In 2016, the A2780, Hey1, and OVSAHO cell 
lines tested positive for mycoplasma and were successfully 
treated with the MycoZap-5 kit (Lonza) and monitored 
every six months using the MycoAlert detection kit 
(Lonza) with no subsequent evidence of infection. Hey1, 
A2780, and COV504 lines were cultured in RPMI-1640 
media with 10% FBS and 1% Penicillin/Streptomycin at 
37° C and 5% CO2. OVSAHO, PEO1, and COV362 lines 
were cultured in DMEM with 10% FBS and 1% Penicillin/
Streptomycin at 37° C and 5% CO2.

Cell cycle analysis

Hey1 and COV362 cells were grown in 6-well 
plates in triplicate and treated for 72 hours with 0, 250 
nM, 1 uM, or 3 uM Ribociclib (initially purchased from 
Selleckchem, later generously provided by Novartis) for 
three days. Cells were then harvested, fixed dropwise in 
70% ethanol, and incubated with 0.1 ug/mL RNAse for 
1h at 37° F. 1 ug/mL propidium iodide was added and 
then cells were run on the BD Accuri C6 flow cytometer 
(Becton Dickinson) and analyzed with FlowJo Version 10. 
10,000 events were used for each sample. 

Senescence analysis

Hey1 cells were grown in 6-well dishes in triplicate 
and treated for three days with 0, 250 nM, 1 uM, or 
3 uM Ribociclib. Each well was stained overnight 
for senescence-associated β-galactosidase with the 
Senescence β-galactosidase Assay Kit (Cell Signaling) 
according to the manufacturer’s instructions. Images were 
quantified as described in the Statistics section.

Western blots

Western blots were performed as previously 
described [44]. Briefly, Hey1, COV504, or PEO1 cells 
were cultured with various concentrations of Ribociclib 
(clinical grade provided by Novartis) and cisplatin 
(clinical grade purchased from the University of Michigan 
Pharmacy) for 3 days, lysed in RIPA buffer (Pierce) with 
complete protease inhibitor (Roche), and quantified 
by Bradford assay (Pierce) per the manufacturer’s 
instructions. Then, 100 ug of protein were loaded onto a 
4–12% NuPAGE SDS gel (Thermo Fisher) and transferred 
to a PVDF membrane (Thermo Fisher). Membranes were 
incubated overnight with 1:1000 anti-RB, 1:1000 anti-
pRB-S807/811, 1:1000 anti-pCHK1, or 1:1000 anti-pATR 
(all from Cell Signaling) at room temperature and then 
washed and incubated for 1h with 1:10,000 anti-mouse 
HRP or anti-rabbit HRP (Cell Signaling). Visualization 
was performed with ECL Plus Western Blotting 
Substrate (Pierce). Densitometry and quantification were 
subsequently performed with ImageJ.

qRT-PCR

Hey1 cells were grown in 6-well dishes and 
treated for three days with 0, 250 nM, 1 uM, or 3 uM 
Ribociclib. Total RNA was extracted with an RNeasy 
Mini Kit (Qiagen) and quantified with a Nanodrop 1000 
(Thermo Scientific). 1 ug RNA was converted to cDNA 
with a SuperScript III Reverse Transcriptase cDNA Kit 
(Life Technologies) per the manufacturer’s instructions, 
and 10 ng of cDNA was used for each reaction. qRT-PCR 
was performed for 40 cycles using SYBR dye (Applied 
Biosystems) as recommended by the manufacturer, with 
primers at 100 nM concentrations each. 

Primers for senescence-associated qRT-PCR genes 
are as follows: CSF2, F-5′-GCTGTCTACGTCGG 
GATGC-3′, R-5′- GACCATGCGATCCACCTCTC-3′; IL 
1A, F-5′- TGGTAGTAGCAACCAACGGGA-3′, R-5′-  
ACTTTGATTGAGGGCGTCATTC-3′; IL6, F-5′- ACT 
CACCTCTTCAGAACGAATTG-3′, R-5′- CCATCTTT 
GGAAGGTTCAGGTTG-3′; ANG F-5′- AGCGCC 
GAAGTCCAGAAAAC-3′, R-5′- TACTCTCACGACAGT 
TGCCAT-3′; HRG F-5′- CGGTGTCCATGCCTTCCAT-3′, 
R-5′- GCGAGTTTCTTAACAGGCTCT-3′; and SERP
INB1 F-5′- TTCCTGGCGTTGAGTGAGAAC-3′, R-5′-
CTGCCGTGTTACCTCTGGTC-3′. Melt curves were
performed to ensure a uniform product, and expression
was then normalized to B-Actin with the ΔΔCT method.

MTT assays

2,000 Hey1 cells were plated into each well of a 96-
well plate and treated with various combinations of 1 ug/
mL cisplatin and 0, 250 nM, 1 uM, and 3 uM Ribociclib 
for up to five days, as described in Supplementary Figure 
2. Then, media was removed and cells were incubated with
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MTT and SDS using the Vybrant MTT Cell Proliferation 
Assay Kit (ThermoFisher Scientific) as described in the 
manufacturer’s protocol. Absorbance was read at 570  nM 
and was normalized for the impact of Ribociclib on cell 
proliferation for analysis.

Recovery assays

20,000 Hey1, PEO1, or COV504 cells were plated 
in 12-well dishes and treated with various combinations 
of Ribociclib and cisplatin. Thereafter, cells were 
counted every 2–3 days in triplicate with trypan blue 
exclusion and the recovery of cell number was plotted. 
Experiments were terminated when cells reached 
confluence. 

Tumor xenograft experiments

All animal experiments were approved by the 
University of Michigan Institutional Review Board and 
the University of Michigan Institutional Animal Cases and 
Use Committee (IACUC). Nod/SCID/Gamma (NSG) mice 
were raised under SPF conditions with a 12 hr dark/light 
cycle and ad-libitum chow and drinking water. Mice were 
injected subcutaneously with 100,000 Hey1 or PEO1 cells 
on Day 0 of each experiment. Three days later, mice were 
treated with PBS, vehicle (1% methylcellulose), cisplatin, 
Ribociclib, or cisplatin + Ribociclib, according to the 
dosing schedule provided in Figure 6A. Tumors were 
measured twice a week with calipers and tumor volumes 
were calculated using the modified ellipsoid formula: 
volume = (L*W2)/2. Tumor weights were collected when 
mice were sacrificed at the tumor endpoint, which was 
defined in our IACUC protocol as a tumor burden >2000 
mm3 per mouse, >10% weight loss, poor health of the 
animal, or tumor ulceration. Mice were euthanized when 
they reached any of these tumor endpoints, and growth 
curves were plotted for each drug or drug combination. 
Three animals in each group were sacrificed when animals 
reached 400–500 mm3 for IHC analysis of tumors during 
active treatment. 

IHC 

IHC for Ki67 and pRb was performed by the UMCC 
histology core on tumors harvested at a volume of 400-
500 mm3 to minimize central tumor necrosis and better 
define tumor histology. Ki67 staining was performed 
as previously described [45]. For pRB, formalin-fixed 
paraffin-embedded sections were cut at 5-micron thickness 
and rehydrated with water. Heat induced epitope retrieval 
was performed with FLEX TRS High pH Retrieval buffer 
(9.0) for 20 minutes for pRB (Ser 807/811, 1:400) (Cell 
Signaling, D20B12) and Ki-67 (rabbit monoclonal, Cell 
Marque 1:2:50). The Dako EnVision+ Rabbit or Mouse 

System, as appropriate, was used for detection per the 
manufacturer’s protocol. DAB chromagen was then 
applied for 10 minutes. Slides were counterstained with 
Harris Hematoxylin for 5 seconds and then dehydrated and 
coverslipped.

Statistical analysis

In vitro experiments were repeated independently 
at least three times with triplicate samples in each 
experiment, unless indicated otherwise. All mouse studies 
were performed with n = 10 tumors per group, based on 
a final tumor volume of ~1000 mm3 in control animals 
and an expected standard deviation of 30%. For SABG 
analysis, five high power fields from three technical 
replicates in each treatment group were scored. Similarly, 
for tumor IHC analysis, five high power fields from three 
sections of three tumors in each group were scored as 
previously described [45, 46]. Statistical significance 
for continuous variables was evaluated using a 2-sided 
student’s T-test or one-way ANOVA, as appropriate, with 
p-values < 0.05 denoting significance. Error bars in figures 
represent standard error of the mean unless denoted 
otherwise. Synergy analysis was performed using 12 day 
time points using the Chou-Tataly median effects method 
[47] and calculated using Compusyn software (http://
www.combosyn.com). 
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Abstract 

Development of chemotherapy resistance is a major problem in ovarian cancer. One 

understudied mechanism of chemoresistance is the induction of quiescence, a reversible non-

proliferative state. Unfortunately, little is known about regulators of quiescence. Here we 

identify the master transcription factor NFATC4 as a regulator of quiescence in ovarian cancer. 

NFATC4 is enriched in ovarian cancer stem-like cells (CSC) and correlates with decreased 

proliferation and poor prognosis. Treatment of cancer cells with cisplatin results in NFATC4 

nuclear translocation and activation of NFATC4 pathway, while inhibition of the pathway 

increased chemotherapy response. Induction of NFATC4 activity results in a marked decrease in 

proliferation, G0 cell cycle arrest and chemotherapy resistance, both in vitro and in vivo. Finally, 

NFATC4 drives a quiescent phenotype in part via downregulation of MYC. Together these data 

identify that NFATC4 as a driver of quiescence and a potential new target to combat 

chemoresistance in ovarian cancer. 
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Introduction 

Every year approximately 240,000 women are diagnosed with ovarian cancer worldwide, 

and 140,200 succumb to the disease 1. Among all cancers in developed countries, ovarian cancer 

has the third highest incidence:mortality ratio. Although initial response rates to cytoreductive 

surgery and primary chemotherapy can be as high as 70%, the vast majority of patients 

experience a cancer relapse, develop chemotherapy-resistant disease, and die of their cancer 2. 

Consequently, identifying and understanding mechanisms of chemotherapy resistance in ovarian 

cancer are essential for the development of new therapeutics to prevent relapse and improve 

overall survival. 

Quiescence is defined as a reversible non-dividing state in which cells arrest in the G0 

phase of the cell cycle. Adult stem cells are typically maintained in G0 until stimulated to enter 

the cell cycle and proliferate 3. As chemotherapy targets rapidly dividing cells, quiescent stem 

cells are innately resistant to these therapies 4. A striking example of this mechanism can be 

observed in the hair follicle, where the Nuclear Factor of Activated T-cells (NFAT) family 

member, NFAT1, drives Cyclin Dependent Kinase 4 (CDK4) downregulation in the stem cell 

pool to induce a quiescent state 5. During chemotherapy, the rapidly dividing follicular cells die 

resulting in hair loss; however, due to the NFAT1 induced quiescence, the stem cells survive 

allowing hair re-growth following cessation of therapy. 

The role of quiescence in cancer is new area of research.  Quiescent cancer stem-like 

cells (CSC)  have been reported in leukemia, medulloblastoma and colon cancers 6–8. In some 

cases, the quiescence is niche dependent, driving CSCs resistance to chemotherapeutics and 

tumor recurrence 6–8. Consequently, successful targeting of quiescent CSCs may be essential for 
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improving cancer cure rates. To date, little is known about regulators of quiescence in ovarian 

cancer.  

We previously reported the identification of ovarian CSC populations defined by the 

expression of the stem cell makers aldehyde dehydrogenase (ALDH) and CD133 9.  Meeting the 

definition for CSCs proposed by Weinberg and colleagues 10, these cells had enhanced tumor 

initiation capacity, and the ability to both self-renew and asymmetrically divide 9,11. In addition, 

these cells exhibit increased resistance to chemotherapy 9. Here, we demonstrate that the NFAT 

family member NFATC4 (coding for the NFATC4 protein) is upregulated in ovarian CSCs and 

in response to chemotherapy undergoes cytoplasm to nuclear translocation and with subsequent 

activation of known NGATC4 target genes. Using two constitutively active NFATC4 constructs, 

we demonstrate that NFATC4 drives the induction of a quiescent state characterized by (i) 

decreased proliferation rates, (ii) smaller cell size, and (iii) and arrest of cells in G0 12. 

Furthermore, induction of NFATC4 conveyed growth arrest and chemoresistance both in vitro 

and in vivo. Suggesting, that NFATC4 driven quiescence is in part related to suppressed MYC 

activity, activation of NFATC4 results in suppression MYC expression, and overexpression of 

MYC following induction of NFATC4 can partially rescue the quiescent phenotype.  

 

Results 

NFATC4 mRNA and activity are enriched in a population of slowly dividing CSC 

NFAT family members have been linked with quiescence in hair follicle stem cells 5.  We 

therefore evaluated the expression of NFAT family members in ovarian cancer stem-like cells 

(CSC).  We previously identified a subset of ovarian CSC marked by expression of ALDH and 
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CD133 9. Evaluation of NFAT family mRNAs in ALDH+/CD133+ ovarian CSC and ALDH-

/CD133- ovarian cancer bulk cells identified NFATC4 as upregulated (4-200 fold, p<0.05-0.001) 

in 3 independent late stage (III-IV) High-Grade Serous Carcinoma (HGSC) patient-derived 

ALDH+/CD133+ samples (Fig. 1a). While not as prominent, NFATC4 expression is also enriched 

in slower growing CD133+ CSC populations from OVSAHO and A2780 cell lines (cell lines 

chosen to have distinct CD133+ cell populations) (Fig. 1b, c).   

To agnostically determine if NFATC4 was enriched in slower proliferating cells, we used 

evaluated NFATC4 expression in slowly proliferating/vital dye retaining cells 13 in multiple 

ovarian cancer cell lines. Slow growing/dye retaining cells (Bright), demonstrated a significant 

enrichment for NFATC4 mRNA expression compared to the fast-growing (dim – dye dilute) 

cells in all four cell lines tested (HEY1 p<0.05, OVSAHO p<0.001, CaOV3 p<0.01, COV362 

p<0.05) (Fig. 1d). These slow dividing cells were also shown to be enriched for ovarian CSC 

markers (Fig. 1e).  

Suggesting these findings may have clinical relevance, in silico analysis of the impact of 

NFATC4 expression on patient prognosis was performed using publicly available data 14,15. 

Analyses of microarray data from 1287 HGSC ovarian-cancer patients 15 suggested higher 

expression of NFATC4 is correlated with worse Overall Survival (OS), Progression Free 

Survival (PFS) and Post Progression Survival (PPS) (Fig. 1f, p<0.01, p<0.0001, p<0.05). 

Similarly, analysis of 376 samples in the The Cancer Genome Atlas (TCGA) ovarian cancer data 

set, demonstrated that dysregulation of the NFATC4 pathway correlated with poor patient 

outcome (Supplementary Fig. 1, p<0.05). Parallel analysis of NFATC4 target gene RCAN1, 

also showed a correlation between elevated expression and OS, PFS, and PPS (Fig. 1g, p<0.051, 
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p<0.0001, p<0.05). The impact of RCAN on prognosis was less prominent but is likely 

complicated by RCAN expression in T cells.  

 

NFATC4 activity induces a quiescent state 

 To directly interrogate the function of NFATC4 in ovarian cancer cells, we used two 

distinct previously generated NFATC4 expression constructs, a constitutively active (cNFATC4) 

16 and an inducible (IcNFATC4) 17.NFAT proteins are primarily regulated through 

phosphorylation regulated cytoplasmic retention (dephosphorylation results in nuclear 

translocation and activation of transcription various binding partners 18,19). One construct 

(cNFATC4) lacks the regulatory phosphorylation domain and is therefore constitutively 

nuclear/active (Fig. 2a).  Transfection of this construct into A2780 cells demonstrated clear 

expression of the NFATC4 mRNA relative to Control-YFP transfected cells (Fig. 2b).  

Confirming cNFATC4 is transcriptionally active, expression of cNFATC4 resulted in a strong 

induction of the known NFAT target genes RCAN1 (regulator of calcineurin-1) 20, and Follistatin 

(FST) 21 (Fig. 2b). To confirm the was broadly applicable, we repeated this experiment and 

found similar results using multiple ovarian cancer cell lines (CaOV3, COV362 and 

OVSAHO) (Fig 2b).  

We also generated an inducible nuclear NFATC4 (IcNFATC4) with a puromycin 

selection cassette. As deletion of the regulatory domain could lead to unexpected changes in 

function,  we used a  previously developed construct with point mutations that change the 

regulatory serines to alanines, leaving the remaining protein intact 17. Due to the lack of serine 

phosphorylation, this NFATC4 protein has an exposed nuclear localization sequence and is 
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therefore constitutively nuclear. An inducible luciferase (ILuc) was used as a control. 

Disappointingly and inexplicably, despite clear presence of the construct, we were unable to 

show any inducible expression in multiple HGSC cell lines including OVSAHO, OVCAR3 and 

OVCAR4 (Supplemental Fig. 2a).  However, we were able to generate inducible expression of 

NFATC4 mRNAs in the HGSC cell line HEY1 22, and the endometriod ovarian cancer SKOV3 

line (Fig. 2c). Once again, confirming transcriptional activity, the NFAT target genes RCAN1 

and FST were induced following NFATC4 induction (Fig. 2c).   

Using these constructs, we tested the effects of NFATC4 activity on ovarian cancer cell 

growth. Compared to control-YFP lines, cNFATC4 overexpression was associated with a 2-fold 

(A2780) decrease in total cell number over four days (p<0.0001) (Fig. 3a).  Similarly, cNFATC4 

overexpression in HGSC cell lines resulted in a 60% (COV362, P<0.001), 50% (OVSAHO, 

P<0.05) and 70% (CaOV3, P<0.01) decrease in total cell number compared to Control-YFP lines 

(Fig. 3b).  

 For the IcNFATC4 constructs, doxycycline induction of two independent HEY1 

IcNFATC4 cell clones and two independent SKOV3 cell clones showed 1.5-3 fold and 2-4 fold 

(p<0.01) decrease in cell number at 3 and 6 days after doxycycline treatment, respectively (Fig. 

3c). In contrast, doxycycline had no impact on ILuc cell growth for either cell line (Fig. 3c). 

Explaining the more profound suppression of growth with the IcNFATC4 construct, we noted 

that, despite multiple rounds of FACS enrichment, cNFATC4 expression was rapidly 

lost/selected against over time in cell culture which selects for rapidly growing cells 

(Supplemental Fig. 2b).  

Given the significant reduction in cell numbers and links between NFAT proteins and 

apoptosis 23, we evaluated the effects of NFATC4 on cellular viability. Trypan blue staining of 
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A2780 and SKOV3 cells indicated that total viability did not change with the expression of 

cNFATC4 or IcNFATC4 (with or without dox) compared to their respective controls (Fig. 3d).  

We also analyzed apoptosis rates in the HEY1 IcNFATC4 cells vs ILuc control with Annexin-V 

FACS.  We observed no significant increase in Annexin stain in IcNFATC4 cells vs. ILuc 

controls (Fig. 3e).  Thus, it does not appear that increased apoptosis rates account for the 

significant reduction in proliferation of NFATC4 overexpressing ovarian cancer cells.  

Another explanation for a reduction in growth following overexpression of NFATC4 

could be an increase in cellular senescence 24.  Senescent cells demonstrate an increase in 

senescence-associated -galactosidase (SABG).  SABG staining demonstrated no increase in 

SABG expression in control or cNFATC4 cells compared with controls (Supplementary Fig. 

3b). Therefore, it appears that NFATC4 expression decreases cell division without inducing 

death, apoptosis, or senescence.  

We next evaluated the impact of NFATC4 expression on cellular division. Suggesting a 

reduction in the percentage of dividing cells, immunofluorescent evaluation of BrdU 

incorporation demonstrated a reduction of BrdU incorporation in cNFATC4 cells (p=0.058) (Fig. 

4a). We then evaluated cellular proliferation at a single cell level. We monitored cell divisions of 

cells expressing cNFATC4 or Control-YFP in single cell microfluidic culture chips (Fig. 4b), 

described previously 11. Over four days, 39% of control cells and 20% of cNFATC4 cells 

underwent at least one cell division. 41% of dividing control cells underwent a second cell 

division while only 4% of the cNFATC4 cells underwent a second division; this resulted in a 

final >3-fold decreased total cell number in the cNFATC4 cells vs. Control-YFP cells (Fig. 4b).  

We also evaluated the impact of NFATC4 on growth rates of SKOV3 and HEY1 cell lines. Cells 

lines expressing the construct IcNFATC4 or ILuc were evaluated in the presence of doxycycline 
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for 96 hours using real-time imaging. Doxycycline treated IcNFATC4 expressing cells had 

significantly slower proliferation rates than doxycycline treated ILuc controls (HEY1 p<0.0001, 

SKOV3 p<0.001), with near complete arrest at 96 hours (Fig. 4c) (p<0.0001). 

An explanation for restricted cell proliferation, in the absence of cell death or senescence, 

is the induction of quiescence. Quiescent cells typically exit the cell cycle and reside in G0. To 

directly evaluate the impact of NFATC4 activity on G0 cells, we transduced HEY1 cells 

expressing the IcNFATC4 and ILuc constructs with the mVenus-p27K- and mCherry-CDT1 

vectors 12. This system can be used to define the G0/G1 transition; briefly, cells expressing high 

levels of each fusion protein (yellow) are in G0, cells with low or no mVenus-p27K- and high 

mCherry-CDT1 (red) are transitioning into G1 or in the G1/S phase, and cells with no/low 

expression of either construct are in S/G2/M.  ILuc and IcNFATC4 cells were labeled with the 

two reporters and the cells expressing both reporter constructs were FACS isolated (Fig. 4d). 

Purified cells were then treated with doxycycline, plated at ~10% confluency, allowed to adhere 

overnight before real-time imaging was performed over 90 hours. At the conclusion of the 

experiment, we scored the number of cells in each phase of the cell cycle found IcNFATC4 cells 

had a >4-fold increase in the number of cells in G0 (Fig. 4d, P<0.01).  

To determine if a subset of cells were cycling while a distinct subset was arresting in G0, 

we FACS isolated ILuc and IcNFATC4 cells in the G1/S phase of the cell cycle (mCherry-

CDT1(+), mVenus-p27K-(-)) of the cell cycle, re-plated and FACS analyzed after 72 hours.  FACs 

analysis showed that while ILuc cells redistributed appropriately through the cell cycle with 39% 

of cells in G1/S, nearly 90% of the IcNFATC4 cells were in the S/G2/M and G0 phases of the 

cell cycle with only 7% of cells in the G1/S phase of the cell cycle (Fig. 4e).    
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In addition to G0 arrest, quiescent cells have a unique phenotype which includes  a 

reduction in cell size 25. Light microscopic evaluation of doxycycline treated HEY1 and SKOV3 

IcNFATC4 and ILuc controls, controlled for cell confluences (Supplemental Fig 4a) 

demonstrated IcNFATC4 cells became significantly smaller with doxycycline treatment (HEY1 

p<0.01, SKOV3 p<0.001) (Fig. 4f). FACS analyses of forward-scatter as another measure of size 

confirmed these results in A2780 cNFATC4 cells and doxycycline treated HEY1 IcNFATC4 

cells (Supplementary Fig. 4b-d). 

 

NFATC4 overexpression promotes chemotherapy resistance in vitro 

Multiple groups have reported that quiescent/slower-cycling cells are more chemotherapy 

resistant 26–28.  We therefore tested the effects of constitutive NFATC4 expression on 

chemoresistance. We co-treated A2780 cells expressing the cNFATC4 or Control-YFP construct 

and SKOV3 expressing the IcNFATC4 or ILuc constructs with doxycycline and varying 

concentrations of cisplatin for 72h (for IC 50 values, see Supplementary Table 1). We then 

quantitated cell number and normalized to the untreated cells. cNFATC4 and IcNFATC4 cells 

demonstrated significantly increased survival (p<0.001 and p<0.01 respectively) in response to 

cisplatin chemotherapy when compared to Control-YFP and doxycycline treated ILuc (Fig. 5a). 

SKOV3 expressing IcNFATC4 treated with and without doxycycline also showed a similar 

effect (Supplementary Fig. 5a, left graph P<0.01), while ILuc untreated vs doxycycline showed 

no difference (Supplementary Fig. 5a, right graph). To confirm these results, we co-treated 

HEY1 and SKOV3 cells expressing the IcNFATC4 or ILuc control construct with doxycycline 

and cisplatin (9.5 ug/ml) for 72h and measured cell confluency using the IncuCyte real time 
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imaging (Fig. 5b). IcNFATC4 cells were significantly more resistant to chemotherapy than ILuc 

cells for both HEY1 (p<0.0001) and SKOV3 (p<0.0001) cell lines.  

To determine if chemotherapy exposure could induce NFATC4 nuclear translocation, we 

performed immunofluorescence on cisplatin treated ovarian cancer cell lines. Cisplatin 

demonstrated clear nuclear translocation of native NFATC4 in all tested ovarian cancer cell lines 

(Fig. 5c). Confirming transcriptional activity of NFAT with cisplatin induced nuclear 

translocation, cisplatin treatment resulted in increases in both RCAN1 mRNA (COV362 

p<0.0001, SKOV3 P<0.01, HEY1 p<0.001, CaOV3 p<0.01) (Fig. 5d), and FST mRNA 

(COV362 p<0.01, HEY1 p<0.1, CaOV3 p<0.01) (Fig. 5e). We also observed a significant 

enrichment of NFATC4 mRNA expression (COV362 p<0.01, OVSAHO P<0.01, CaOV3 

P<0.05), following prolonged treatment of a high dose of cisplatin for 72h (Fig. 5f). Whether this 

relates to an increase in NFAT gene expression in platinum treated cells, or selection for cells 

expressing NFATC4 remains to be determined.  

Supporting these results, slower growing/NFATC4 enriched CD133+ A2780 and 

OVSAHO CLSCs (Fig. 1c), demonstrated resistance to cisplatin treatment (Fig. 5g). A2780 

CD133+ cells which had the highest levels of NFATC4 were most cisplatin resistant. To 

functionally link NFATC4 activity and chemotherapy resistance, we co-treated cell lines with the 

pan-NFAT inhibitor VIVIT 29 and various concentrations of cisplatin for 72 hours. Cells co-

treated with VIVIT and cisplatin showed a significant decrease in cell viability when compared 

to cells treated with cisplatin alone (A2780 p<0.05, SKOV3 p<0.05) (Fig. 5h).  Taken together, 

our in vitro data demonstrates NFATC4 promotes quiescence and chemoresistance in ovarian 

cancer cells and ovarian CSCs in vitro.  
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With NFATC4 clearly being activated by cisplatin, we wished to investigate if this 

response was specific to cisplatin or a general response to cellular stress. To test this, we Taxol 

treated ovarian cancer cell lines for 72h (for IC50 values see, Supplementary Table 1) and 

looked at expression of the same genes (Supplementary Fig. 6). We demonstrated a mild 

increase in both RCAN1 and NFATC4 expression following Taxol treatment.  

 

cNFATC4 expression suppresses tumor growth and drives chemotherapy resistance in vivo 

We next examined the effect of NFATC4 expression on tumor xenograft growth. A2780 

cNFATC4 tumors demonstrated significant growth delay relative to controls (p<0.0001), with 

essentially no growth for three weeks and with 2/10 cNFATC4 tumors failing to initiate (Fig. 

6a). After three weeks, cNFATC4 tumors resumed normal growth; however, suggesting a 

requirement for loss of cNFATC4 for resumption of growth, analysis of these tumors 

demonstrated complete loss of cNFATC4 transgene expression (Supplementary Fig. 7). 

We similarly evaluated the impact of IcNFATC4 expression on tumor growth.  In the 

presence of continuous doxycycline treatment, tumors expressing IcNFATC4 were >13 fold 

smaller than their ILuc controls (p<0.0001) (Fig. 6b). To confirm this was not related to unequal 

cell inoculation or altered tumor initiation, we repeated this experiment, but did not initiate 

doxycycline treatment until tumors were 100mm3. Control-Luc and IcNFATC4 tumors initiated 

and grew similarly.  However, ~5 days after the initiation of treatment with doxycycline, 

IcNFATC4 tumors showed growth arrest (Fig. 6c-d). Confirming reversibility of the phenotype, 

on withdrawal of doxycycline, after a slight delay, tumors resumed normal growth.  
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We next tested the impact of IcNFATC4 induction on chemotherapy resistance. We 

allowed IcNFATC4 tumors to grow until they were ~150mm3.  Tumor bearing mice were then 

randomized and half were then treated with doxycycline for 5 days to induce NFATC4 

expression.  Due to the low sensitivity of HEY1 to cisplatin at baseline, animals were treated 

with 2 daily doses of high-dose paclitaxel (16 mg/kg).  While control tumors demonstrate a 

complete response to chemotherapy, tumors in which IcNFATC4 expression was transiently 

induced demonstrated growth arrest in response to doxycycline, and then ~8 days after 

doxycycline discontinuation, tumors resumed normal growth without any evidence of response 

to therapy (p<0.001) (Fig. 6e).  

 

NFATC4 downregulates MYC and MYC overexpression can partially inhibit early 

NFATC4 mediated quiescence  

It has been reported by multiple studies that NFAT family members can regulate the 

proto-oncogene MYC 30–32.  MYC is a master regulator of growth-promoting signal transduction 

pathways and a well-defined pro-proliferation gene 33. To determine if NFATC4, like other 

family NFAT family members, can regulate MYC expression and if this could be a mechanism 

for NFATC4 mediated quiescence, we examined the effect of cNFATC4 on MYC mRNA 

expression. HEY1 and SKOV3 cells demonstrated a significant reduction in MYC expression 

following NFATC4 induction, p<0.0001 and p<0.05 respectively (Fig. 7a). Furthermore, we 

conducted doxycycline recovery experiments, where we induced the construct by treating cells 

with doxycycline for 72h, then removed the doxycycline and recorded cell number 

(Supplementary Fig 8) and mRNA expression of NFATC4 target genes (Supplementary Fig 9) 

as the cells resumed cell cycle. We were then able to re-induce the quiescent state via additional 
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doxycycline treatment. These experiments demonstrated MYC, along with the NFATC4 target 

genes RCAN1 and FST, cycled with the induction and loss of quiescence, supporting their role 

in inducing this quiescent state. 

To investigate if this downregulation in MYC following NFATC4 induction could affect 

cell proliferation, we transfected lcNFATC4 expressing SKOV3 and HEY1 cells with a MYC 

overexpression construct 34 or PCDNA3 vector control. MYC overexpression resulted in a 

significant increase in MYC mRNA expression (SKOV3 p<0.05, HEY1 p<0.01) (Fig.7b). To 

determine if early induction of MYC expression was able to prevent NFATC4 induced 

quiescence, induced IcNFATC4 cells for 6 hours then transfected cells with PCDNA3 (control) 

or cMYC. We continued doxycycline for 72 h before and then evaluated cell growth. Cells 

transfected with MYC 6 h after NFATC4 induction demonstrated cell growth which was not 

statistically significantly different from control iLuc cells (Fig.7c).   

To determine if MYC expression could overcome growth suppression in established 

NFATC4 driven quiescent cells we repeated the above experiment, in cells in which NFATC4 

had been induced for 72 h to ensure the cells had already establish a quiescent phenotype before 

transfecting with PCDNA3 or cMYC. Doxycycline treatment was continued for an additional 72 

h before and cell proliferation evaluated. Interestingly, MYC expression in established quiescent 

cells was unable reverse the quiescent phenotype (Fig.7c). 

Discussion 

The Nuclear Factor of Activated T-Cells (NFAT) family of transcription factors act as 

master regulators of numerous cellular processes. In normal cells, NFAT family members can 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/825497doi: bioRxiv preprint first posted online Oct. 31, 2019; 

http://dx.doi.org/10.1101/825497


15 
 

impact both proliferation 35–39  and quiescence 5. NFAT proteins have been directly implicated in 

the regulation of stem cell proliferation 40.  We report here a critical role for NFATC4 in the 

regulation of cellular quiescence in ovarian cancer. Expression of constitutively nuclear 

NFATC4 suppresses cellular proliferation, reduces cell size and arrested tumor growth. 

Furthermore, consistent with previous reports 41,42, we find that NFATC4 activity contributes to 

chemotherapy resistance, both in vitro and in vivo. Finally, NFATC4 induction represses MYC 

which contributes to a quiescent state. 

NFAT family members and regulation of quiescence: We identified NFATC4 as a 

potential regulator of quiescence in ovarian cancer. Previously NFATC1 was identified as 

regulating quiescence in the hair follicle. More recently,  a study of NFATC3 in the brain 43 

observed  significant changes in cell proliferation and vital dye retention with NFATC3 

inhibition.  These studies implicate the NFAT family of transcription factors as regulators of 

quiescence.   

The complete mechanism through which NFAT regulates proliferation/quiescence is 

unclear. In the hair follicle, NFAT regulates the cyclin dependent kinase CDK4 to arrest cell 

cycle progression 5. We did not observe similar mechanisms here; however, we did observe 

NFATC4 expression correlated with a down regulation of MYC, while MYC overexpression 

was able to partially rescue the quiescent phenotype following early, but not late, induction of 

NFATC4. This observation suggests that although downregulation MYC could be an important 

part of the induction of a quiescent phenotype, there are secondary mechanisms downstream of 

NFATC4 which are critical in the maintenance of the quiescent state. Future work is required to 

elucidate the mechanism responsible for NFATC4 induced quiescence.  
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NFATC4 and chemotherapy resistance: NFATC4 has been poorly studied in cancer.  

In normal physiologic states, NFATC4 appears to function partly as a general stress response 

protein, as it serves a protective role in cardiomyocytes in response to radiation 44, is activated by 

mechanical stress in the heart 45 and bladder 46, and serves as a protective factor during hypoxia 

47. NFATC4 may serve as a similar stress regulator in cancer cells to promote survival. We have 

shown that NFATC4 translocates to the nucleus and initiates transcription in response to 

cisplatin chemotherapy and drives chemotherapy resistance. Similarly, NFATC4 expression was 

linked with therapeutic response in gastric cancer 48. Taxol’s partial induction the NFATC4 

pathway of may be a result of its limited ability to increase intracellular calcium 49, while 

increasing intracellular calcium is a key mechanism by which cisplatin functions 50. 

Consistent with a role for NFATC4 in cancer stem-like cells, NFATC4 plays a role in 

pancreatic cell plasticity and tumor initiation 51. Consistent with the data above, survival data 

demonstrating dysregulation or high expression of NFATC4 leads to worse prognosis of ovarian 

cancer patients, suggest NFATC4 may be an important therapeutic target in ovarian cancer to 

overcome the chemotherapy resistance associated with slow-cycling cells. This hypothesis is 

supported by studies on cyclosporine, a commonly used immunosuppressant which inhibits the 

NFAT family. Cyclosporine has shown activity as a chemo-sensitizer in a phase II clinical trial, 

demonstrating that cyclosporine could improve response to therapy in patients with 

chemotherapy-refractory disease 52,53. However, this has not been reproducible 54 and has not 

been tested in patients with chemotherapy naïve disease, who may benefit the most from the 

elimination of slow cycling cells. Furthermore, as cyclosporine impacts all NFAT family 

members, and is not selective for cancer cells, suppression of immunity may limit efficacy. 

NFATC4 is the only core NFAT family member that is not expressed in the immune system 55, 
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thus the development of specific NFATC4 inhibitors could allow chemosensitization of the 

NFATC4-expressing CSC without concomitant immunosuppression.  

In summary, we have found that the master transcriptional regulator NFATC4 induces a 

quiescent state in ovarian cancer and translocates to the nucleus in response to chemotherapy. 

Constitutively nuclear NFATC4 is associated with a reduction in cellular size and proliferation 

and the induction of chemotherapy resistance. NFATC4 promotes the quiescent phenotype by 

early downregulation of MYC; however other mechanisms are responsible for maintaining an 

established quiescent phenotype. Taken together, this data suggest NFATC4 is an important 

therapeutic target in ovarian cancer that warrants significant further investigation. 

Materials and Methods 

Cell Culture 

The A2780 cell line was obtained from Dr. Susan Murphy at Duke University. SKOV3, CaOV3 

and HEY1 lines were purchased from ATCC (2018). OVSAHO cells were gifted from Dr. 

Deborah Marsh from the University of Sydney. COV362 were purchased from Sigma- Aldrich 

(2018). All cells were cultured in RPMI-1640 media with 10% FBS, 1% Penicillin/Streptomycin 

at 370C and 5% CO2.  

Constructs 

Both constructs used in this study were designed to result in constitutively nuclear NFATC4. A 

constitutively nuclear NFATC4-YFP fusion (cNFATC4) with the phospho-regulatory domain 

deleted or a YFP-only control (Control-YFP) were cloned into a pGIPZ lentiviral vector and 
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transduced into the A2780, CaOV3, OVSAHO and COV362 ovarian cancer cell lines. A second, 

phospho-specific mutant constitutively active NFATC4 17 was also cloned into the doxycycline-

inducible Tet-One expression system (Clontech) to create an inducible and constitutive NFATC4 

(IcNFATC4) in the HEY1 ovarian cancer line. This was paired with an inducible luciferase 

control (ILuc) to control for overexpression. Details regarding the structure and validation of all 

constructs are presented in the results section (Fig. 2). Because the only known function of 

NFAT proteins are transcription, the phospho-mutants used are constitutively nuclear and 

therefore constitutively active. A pcDNA3-cmyc construct was purchased from Addgene (Cat# 

16011). 

Patient samples 

Fresh High-grade Serious Ovarian Carcinomas (HGSOC) were acquired from the University of 

Michigan’s Comprehensive Cancer Center. Fresh tumor samples were dissociated using a Tumor 

Dissociation Kit (Miltenyi Biotec) and cultured using standard conditions. HGSOC diagnosis 

was confirmed using immunohistochemistry. 

Carboxyfluorescein succinimidyl ester (CFSE) Assay 

HEY1, COV362, OVSAHO and CaOV3 cell lines were stained with 2.5 uM of CellTrace™ 

CFSE Cell Proliferation Kit (Thermo Fisher) for 20 mins at 370C, washed and then grown for 5-

7 days. The top 4% bright cells, 10% medium cells and bottom 4% dim cells were FACS 

isolated. RNA was extracted, and qPCR performed to validate NFATC4 expression (as below). 

Quantitative PCR 

RNA was extracted using RNeasy Mini Kit (Qiagen) and cDNA was made using SuperScript™ 

III Reverse Transcriptase kit (Theremofisher). qPCR was performed using SYBR™ Green PCR 
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Master Mix (Applied Biosystems) using standard cycling conditions. The primers used for this 

study are available in supplemental material (Supplementary Table 2). 

Cell counting  

Cell counts were performed using the Moxi Z automated counting system (ORLFO 

Technologies) and the Cassettes Type S. For trypan blue staining, the Countess automated cell 

counter (Invitrogen) was used with Countess Cell Counting Chamber Slides. 

BrdU labeling 

A2780 cells were treated with 10 µM BrdU labeling solution and incubated for 4 hours at 37ºC 

in a CO2 incubator. Cell were washed with PBS, fixed with 4% paraformaldehyde and 

permeabilized with 0.1% Triton X. Standard ICC was followed. Cells were then incubated in 2.5 

M HCL for 30 mins at room temperature, then washed with PBS. Standard 

immunocytochemistry protocol was then followed. 

Micro Fluidics  

A2780 Control-YFP or cNFATC4 cells were loaded into single cell capture microfluidic chips 

from collaborator Dr. Yoon (University of Michigan). Cells mitoses were tracked using a 

microscope over a three-day period and results were recorded. Cell viability was confirmed using 

LIVE/DEAD cell staining at the termination of the experiment.  

Size Analysis 

HEY1 and SKOV3 cells expressing the ILuc and IcNFATC4 constructs were pre-treated with 

doxycycline, then plated into a 96 well plate at 300 and 1000 cell/well respectively and placed 

into the IncuCyte. Cells were treated with or without doxycycline and grown for 36 h. Images we 
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taken at 36 hours making sure the confluency was comparable between the doxycycline treated 

and untreated control cells (Supplementary Fig. 4a). Images were imported into ImageJ and cell 

size was calculated by drawing around cells and quantifying their area.  

Fluorescence ubiquitination cell cycle indicator (FUCCI) 

HEY1 cells expressing the IcNFATC4 or ILuc constructs were transduced with the p27-mVenus 

and CDT1-mCherry FUCCI cell cycle reporter constructs 12. Cells expressing both constructs 

were isolated using FACS and plated in the IncuCyte and grown for 90 hours. Fluorescence was 

measured, and percentages of green, red, yellow, and unstained cells were quantitated. G1-S 

phase cells expressing the constructs were FACS isolated and grown for 3 additional days to 

determine if they retained the cell cycle phases as a result of the NFACTC4 overexpression. 

Annexin V staining 

For apoptosis detection via annexin staining, HEY1 ILuc and IcNFATC4 cells were grown in 6 

well dishes with or without doxycycline for 72 hrs. Cells were stained with the Annexin-V FITC 

apoptosis kit (BD Biosciences) according to the manufacturer’s instructions and at least 10,000 

events were analyzed on the Mo Flo Astrios flow cytometer (BD Biosciences). The percentage 

of Annexin V+, PI+, Annexin V+/PI+, and Annexin V-/PI- cells was quantified. 

Senescence-associated beta galactosidase (SABG) staining  

Cells were plated on tissue culture coverslips, allowed to grow for 96 hours , fixed, and then 

SABG staining was done as previously described 56.  

IncuCyte growth curves  
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HEY1 and SKOV3 cells expressing the ILuc or IcNFATC4 constructs were seeded at 300 and 

1000 cells per well respectively, in a 96 well plate. For growth curves, cells were treated with or 

without 100 ng/mL doxycycline for 96 h. For cisplatin curves, cells were treated with 9.5 ug/mL 

cisplatin for 72h with or without co-treatment with 100 ng/mL dox. IncuCyte images were taken 

every 4 h and cell confluence was recorded. 

Immunofluorescence 

HEY1, COV362 and SKOV3 ovarian cancer cell lines were grown on glass coverslips and 

treated with various concentrations of cisplatin based on their respective IC50s. Coverslips were 

fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X. Cells were blocked 

with 10% horse serum and incubated with 1:50 mouse anti-NFATC4 antibody (Novus 

Biologicals) in 5% horse serum for 2 hours. Slides were washed 3 x 5 mins with PBS, cells were 

incubated with an Alexa Fluor 488 anti-mouse secondary antibody, mounted with DAPI 

mounting medium (Vector Labs), and then imaged on an Olympus BX41 microscope. 

In vivo xenografts 

NOD/SCID/IL2RKO or nude mice were injected with 500,000 Control-YFP or cNFATC4 cells or 

300,000 ILuc or IcNFATC4 cells for tumor xenograft experiments. Animals were maintained at 

12 hour light/dark cycles under SPF conditions with free access to food and water. For induction, 

2 mg/mL doxycycline was administered in the water along with 5% sucrose to mask its bitter 

taste. Tumors were monitored once a week initially and twice a week after tumors reached 1000 

mm3, and animals were sacrificed at protocol endpoints. All experiments were conducted in 

accordance with the animal care and use committee from the University of Michigan.  

Statistical analysis  
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Statistically analysis was conducted using GraphPad Prism (8.0.2) and http://vassarstats.net/. All 

data was analyzed using two tailed student’s t-tests or one-way ANNOVARs. A minimum of 3 

replicate experiments (n≥3) were used for each experiment. 
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Figure legends 

Figure 1. NFATC4 is enriched in ovarian stem like cancer cells and expression correlates with a 

decrease in cellular proliferation and patient survival. a NFATC4 mRNA expression in 

ALDH+/CD133+ ovarian cancer stem-like cells and bulk ALDH-/CD133- cancer cells from 3 

primary advanced stage (Stage III-IV) HGSC patients. b NFATC4 mRNA expression in CD133+ 

and CD133- ovarian cancer cell lines. c Representative growth curves of CD133+ and CD133- 

ovarian cancer cell lines. d NFATC4 mRNA expression levels in 4 cell lines stained with CFSE. 

CFSE intensity; bright=slowly dividing, medium=bulk cells, dim=rapidly dividing. e mRNA 

expression of the dominate ALDH genes (ALDH1A1/3) and CD133 in CFSE stain cell lines. 

Kaplan-meier survival plots displaying Overall Survival (OS), Progression Free Survival (PFS), 

Post Progression Survival (PPS) of TCGA HGSC patients expressing f high or low NFATC4 g 

high and low RCAN1. All experiments were repeated a minimum of 3 times with 3 technical 

replicates per experiment. T-tests and one-way ANNOVARs were performed to determine 

significance. *p<0.05, **p<0.01, ****p<0.0001. 

Figure 2. Characterization of NFATC4 overexpression constructs. a Schematic diagram of the 

two constitutive activation NFTAC4 overexpression constructs; cNFATC4 (truncated regulatory 

domain and tagged with a yellow fluorescent protein (YFP)), and IcNFATC4 (NLS 

phosphorylation sites mutated). b cNFATC4, RCAN1 and FST mRNA expression in HGSC cells 

(CaOV3, OVSAHO and COV362) and A2780 cells expressing cNFATC4 or Control-YFP 

construct (n=2). d NFATC4, RCAN1 and FST (n=3) mRNA expression in HEY1 and SKOV3 

cells expressing IcNFATC4 or a ILuc control constructs treated with or without 100 ng/mL 

doxycycline for 72 h. T-tests and one-way ANNOVARs were performed to determine 

significance. All experiments were repeated a minimum of 3 times with at least 3 technical 

replicates per experiment. *p<0.05, **p<0.01, ***p<0.001. 

Figure 3. NFATC4 overexpression significantly inhibits cell growth. Cell counts of a A2780 cell 

line or b HGSC cell lines (COV362, OVSAHO and CaOV3, at 6, 4 and 6 days respectively) 

expressing cNFATC4 or control-YFP constructs. c Cell counts of HEY1 and SKOV3 cells 

expressing IcNFATC4 or ILuc control constructs treated with or without doxycycline. d trypan 

blue viability staining of cells line expressing cNFATC4 or YFP control, or IcNFATC4 or ILuc 

control with or without 100 ng/mL doxycycline. e Annexin V/propidium iodine staining of 

A2780 cells expressing cNFATC4 or YFP control. T-tests and one-way ANNOVARs were 

performed to determine significance. All experiments were repeated a minimum of 3 times with 

at least 3 technical replicates per experiment. *p<0.05, **p<0.01, ***p<0.001. 

Figure 4. NFATC4 promotes a quiescent phenotype. a Quantitation of BrdU incorporation of 

A2780 cells expressing control-YFP or cNFATC4. b Table displaying the number of first and 

second mitosis of A2780 cells expressing the cNFATC4 or control-YFP constructs, grown in 

single cell capture microfluidic chips. c IncuCyte growth curves of IcNFATC4 or ILuc cells 

treated with or without doxycycline. d FACS plots demonstrating the isolation and quantification 

of IcNFATC4 and ILuc HEY1 cells expressing the Fucci cell-cycle reporter vectors. Bar graph 

summarizing the cell cycle phase of cell expressing either construct. e Cell cycle analysis of G1-

S phase enriched ILuc and IcNFATC4. f Representative images and quantification of cells size 
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changes in ILuc and IcNFATC4 cells following doxycycline treatment for 106 h. T-tests and 

one-way ANNOVARs were performed to determine significance. Microfluidics experiment and 

Fucci cell cycle experiments were performed twice, all other experiments were repeated a 

minimum of 3 times with at least 3 technical replicates per experiment. **p<0.01, ***p<0.001. 

Figure 5. NFATC4 promotes chemoresistance in vitro and is activated by cisplatin. a Viability 

of cells expressing construct pairs (cNFATC4/Control-YFP or IcNFATC4/ILuc) treated with 

various concentrations of cisplatin. b IncuCyte confluence growth curves of IcNFATC4/ILuc 

expressing cells co-treated with cisplatin and doxycycline. c NFATC4 immunofluorescence of 

cells lines treated with or without cisplatin. d RCAN1 mRNA expression levels of cells treated 

with or without cisplatin. e FST mRNA expression levels of treated with or without cisplatin. 

CaOV3 (2ug/mL), COV362 (5.5ug/mL), HEY (2.5 ug/mL). f NFATC4 mRNA expression of cell 

lines treated with a high concentration of cisplatin for 72h. f IncuCyte confluence growth curves 

of CD133- vs CD133+ cells treated with cisplatin. g Cell viability following co-treatment with 

cisplatin and the pan-NFAT inhibitor VIVIT. T-tests and one-way ANNOVARs were performed 

to determine significance. All experiments were repeated a minimum of 3 times. *p<0.05, 

**p<0.01, ***p<0.001. 

Figure 6. NFATC4 inhibits tumor growth and promotes chemoresistance in vivo. a Tumor 

growth of A2780 cells expressing cNFATC4 or Control-YFP. b Tumor growth of HEY1 cells 

expressing IcNFATC4 or ILuc control constructs in the presences of doxycycline. c Tumor 

growth of IcNFATC4 HEY1 cells treated with delayed doxycycline or vehicle. d Tumor weights 

of HEY1 IcNFATC4 xerographs treated with vehicle, delayed or continuous doxycycline. e 

Tumor growth of HEY1 IcNFATC4 cells treated with doxycycline for 5 days or vehicle, then 

both treated with 16 mg/kg paclitaxel, intraperitoneally. T-tests and one-way ANNOVARs were 

performed to determine significance. All experiments were repeated a minimum of 3 times. 

*p<0.05, **p<0.01, ***p<0.001. 

Figure 7. NFATC4 overexpression inhibits MYC, and cMYC overexpression partially rescues 

the quiescent phenotype at early, but not late, timepoints. a MYC mRNA expression following 

24 h doxycycline treatment. b Validation of cMYC overexpression construct in SKOV3 and 

HEY1 cell lines. c The effect of MYC overexpression on cell number of IcNFATC4 cells 

transfected with PCDNA3 or cMYC and treated with doxycycline for 72 h or post treated for 72h 

with dox before transfection with PCDNA3 or cMYC and treated with doxycycline for an 

addition 72 h. T-tests and one-way ANNOVARs were performed to determine significance. All 

experiments were repeated a minimum of 3 times. n.s.= not significant, *p<0.05, **p<0.01, 

****p<0.0001. 
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Supplementary Figure legends 

Supplementary Figure 1. Kaplan-Meier survival plot. Survival probability of dysregulation of 

the NFATC4 pathway in ovarian cancer TCGA data set. *p<0.05. 

Supplementary Figure 2. Evaluation of NFATC4 constructs. a NFATC4 and RCAN1 mRNA 

expression of 3 HGSOC cells lines transduced with IcNFATC4 or ILuc control. b Flow 

cytometry analysis of A2780 cells expressing Control-YFP or cNFATC4 constructs. 

Supplementary Figure 3. No difference in apoptosis or SABG staining between NFATC4 and 

control constructs. a Annexin V PI apoptosis assay of HEY1 expressing ILuc or NFATC4 

constructs. b SABG staining of A2780 cNFATC4 or Control-YFP. c Quantification of SABG 

staining; the cyclin D1/CDK4 and CDK6 inhibitor Ribociclib was used as a positive control for 

senescence. 

Supplementary Figure 4. lcNFATC4 expressing cells have a reduction in cell size. a IncuCyte 

growth curves of IcNFATC4 or ILuc HEY1 and SKOV3 cells treated with or without 

doxycycline. Red box indicates the confluency used to validate changes in cell morphology. 

Forward scatter flow cytometry of; b A2780 cNFATC4 vs Control-YFP cells, c HEY1 ILuc and 

lcNFATC4 cells treated with or without doxycycline. d Quantitation HEY1 cell size.  **p<0.01. 

****p<0.0001. 

Supplementary Figure 5. NFATC4 promotes chemoresistance. Cell viability ILuc and 

IcNFATC4 SKOV3 cells treated with or without doxycycline and co-treated with varying 

concentrations of cisplatin.**p<0.01. 

Supplementary Figure 6. Taxol partially activates NFATC4 signaling in ovarian cancer cell 

lines. OVSAHO, COV362 and HEY1 cells were treated with or without 3 uM and 9 uM of Taxol 

for 72 h before RCAN1 and NFATC4 expression was validated using qPCR. Results were 

expressed as fold change to untreated control, n=2. 

Supplementary Figure 7. NFATC4 constructs expression is lost in vivo. Flow cytometry 

analysis of control-YFP and cNFATC4 expression in tumors. 

Supplementary Figure 8. Doxycycline recovery cell counts of NFATC4 expressing SKOV3 and 

HEY1 cells lines. a HEY1 and SKOV3 cells expressing the IcNFATC4 and ILuc constructs were 

treated for 72h with 100 ng/mL doxycycline. After 72h doxycycline was removed and cells were 

grown in doxycycline free media for 120-144 h. Cell counts were performed daily. b after 

recovering from quiescence, cells were treated with dox for 96 h, then re-plated at 30 K cells and 

grown in the presence of dox for an additional 72-96h. Cell counts were recorded daily. n=2. 

Supplementary Figure 9. Doxycycline recovery qPCR of NFATC4 target genes in NFATC4 

expressing SKOV3 and HEY1 cells lines. HEY1 and SKOV3 cells expressing the IcNFATC4 

and ILuc constructs were treated for 72h with 100 ng/mL doxycycline. After 72h doxycycline 

was removed and cells were grown in doxycycline free media for 120 h. After recovering from 

quiescence, cells were treated with dox for another 144h. RNA was extract and qPCR performed 

for NFATC4, FST, RCAN1 and MYC at each of the listed time points. N=2. 
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Supplementary Table 1. Cisplatin and Taxol IC50 values for ovarian cancer cell lines used in 

this study. 

Supplementary Table 2. qPCR primer sequences. 
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