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Abstract

Surviving breast cancer cells post chemotherapy, metastasize, and develop recurrent

tumors at distant organs. These cells are known to exhibit a dormant phenotype at

metastatic sites and survive for extended periods of time. The mechanisms involved

in attaining dormancy are unclear, including how chemotherapeutic drugs influence

this state. Herein, we investigated the impact of a chemotherapy drug, paclitaxel, on

brain metastatic breast cancer spheroids by culturing them in different drug concen-

trations for a period of 7 days. Our results demonstrated that spheroids survive lower

doses (80 nM) of chemotherapy by exhibiting a dormant state and low levels of pro-

liferation as characterized via Ki67 and EdU staining, as well as p-p38 and p-ERK,

known markers of dormancy and proliferation. Upon withdrawal of drug, dormant

spheroids attained growth indicating that the observed dormant state was reversible.

Overall, these results provide insight into regulation of the dormant state mediated

via low dose chemotherapy.
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1 | INTRODUCTION

Breast cancer is the most often diagnosed cancer in women with

over 300,000 new cases being recorded every year in the

United States alone.1 Over the past two decades, with major devel-

opments in early detection and therapeutic approaches, the mortality

rate related to primary breast cancer has decreased significantly.2

However, breast cancer is still responsible for the second most

cancer related fatalities, because of its ability to metastasize and

establish incurable recurrent tumors in multiple organs.3 Recurrent

tumors arising from breast cancer are frequently observed in the

brain, lungs, liver, bones, and lymph node.4 The time frame for these

recurrent tumors, however, vary drastically from patient to patient,

indicating a latency period wherein cancer cells survive for extended

periods of time at a metastatic site by entering a dormant state.3,5

Several key factors present in the secondary tumor microenviron-

ment are known to aid these disseminated tumor cells (DTCs) in

attaining a dormant state at the metastatic site.5

While surviving in a dormant state, metastatic tumor cells are

known to develop resistance to therapies, as most therapies generally

target proliferating tumor cells.6,7 Specifically, DTCs are known to

acquire chemotherapeutic resistance by upregulating the efflux trans-

porter genes.8 Accumulating evidence also suggests that stress signal-

ing activated by chemotherapeutic drugs may induce a dormant state

in metastatic tumors or DTCs.9,10 Owing to the heterogeneity of solid

tumors, lower doses of chemotherapeutic drugs reach the tumor site

than the dose administered.11 Zaleskis et al., reported that similar

doses of chemotherapeutic drug (doxorubicin) administered in tumor

bearing mice resulted in three different responses (cure, resistance,

and relapse),12 explaining the important role of heterogeneous cell

populations. Chemotherapy drugs are also known to be present in the

associated tissue for longer periods of time.13 Thus, chemotherapeutic

drugs significantly impact the regulation of metastatic dormancy and

relapse.

The impact of chemotherapy drugs on breast tumor dormancy

has been studied in both in vivo and in vitro settings.5,14–20 For
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instance, Lan et al., illustrated that ER� breast cancer cells survive

higher doses of chemotherapy (doxorubicin and methotrexate) and

exhibit dormancy in a mouse model by activating the IRF7/IFN-β/

IFNAR axis.18 Further, Tonnessen-Murray et al., elucidated that doxo-

rubicin induced senescent cells exhibit a dormant like state by engulf-

ing other cells.15 Li et al., showed that breast and prostate cancer cells

can attain a dormant state upon treatment with doxorubicin and doc-

etaxel.16 Clark et al., demonstrated that doxorubicin can eliminate

only the proliferating cell population in an ex vivo model mimicking a

hepatic niche, whereas dormant cell populations can survive and

relapse.17 Demicheli et al., reported that adjuvant chemotherapy in

breast cancer patients was able to restrict the immediate and interme-

diate recurrent tumors, but not the long term recurrences.19 However,

to the best of our knowledge, the impact of chemotherapy on the reg-

ulation of dormancy in brain metastatic breast cancer (BMBC) has not

been investigated.

Herein, we report the impact of low dose chemotherapy on mod-

ulating the dormant state in BMBC spheroids in vitro. We utilized pac-

litaxel as it is a commonly employed chemotherapeutic drug for

metastatic breast cancer.21 Three dimensional cell spheroids were

employed as they closely mimic in vivo characteristics of cell clusters

and/or micrometastasis (size of �200–2000 μm).22 To prepare spher-

oids, we utilized 10,000 BMBC cells. Cell spheroids were cultured in

drug containing media (0–100 μM) for 7 days in a poly(2-hydroxyethyl

methacrylate) (p-HEMA) coated 96 well flat plate. Proliferating and

dead cells present in spheroids were characterized to examine the

impact of drug treatment. We also quantified the percentage of cells

positive for phosphorylated extracellular regulated kinase 1/2 (p-ERK)

and p-p38. Finally, we tested the reversibility of drug induced dor-

mant state.

2 | MATERIALS AND METHODS

2.1 | Cell culture and paclitaxel dilutions

The td-Tomato expressing brain metastatic breast cancer cell line,

MDA-MB-231Br (generously provided by Dr. Lonnie Shea, University

of Michigan) was utilized in this study. These cells were cultured in

T25 flasks in the presence of Dulbecco's Modified Eagle's Medium

(Sigma Aldrich) containing 10% fetal bovine serum (VWR) and 1%

penicillin streptomycin (Gibco) in a 37�C and 5% CO2 environment.

Upon reaching 80% confluency, cells were passaged using trypsin

(Gibco). Cells below 30 passages were used for this study. Paclitaxel

was procured from Sigma and diluted in the presence of DMSO to

attain a stock concentration of 10 mM and further dilutions were pre-

pared from this stock solution.

2.2 | Spheroid formation and culture

Spheroids were prepared as described previously.23,24 Briefly, cell

dilutions were prepared (10,000 cells/100 μl) and added to each well

of a p-HEMA (Sigma Aldrich) coated 96 well conical bottom plate

(Thermo Fisher) and centrifuged at 1000g for 10 min. Later, 2.5 μl of

GFR Matrigel was added to each well and incubated overnight. On

the next day, spheroids were transferred and cultured in a p-HEMA

coated 96 well flat bottom plate in the presence of paclitaxel (Sigma

Aldrich) containing media for 7 days. For every 2 days, 50 μl of drug

containing media was added to each well. Images were taken every

alternate day starting from day 1. Image J was used to calculate spher-

oid cross-sectional area and assess growth patterns. At the end of day

7, spheroids were dissociated into single cells for cell assays following

a previously reported protocol.23

2.3 | Cell viability and nuclear green DCS1 assay

To detect cell viability and percentage of dead cells in spheroids, we

performed Calcein AM (LIVE/DEAD™ Viability/Cytotoxicity Kit

[Thermo Fisher Scientific]) and Nuclear green DCS1 (ab138905) stain-

ing as per manufacturer's protocol. For cell viability, on day 7, spher-

oids were incubated in 100 μl of fresh media containing 4 μM Calcein

AM for 1 h in a 37�C and 5% CO2 environment. Later, spheroids were

washed in phosphate buffer saline (PBS) (Gibco) and imaged. For

quantifying dead cells, spheroids were incubated overnight in the

presence of 2 μM nuclear green DCS1 dye on day 6. On the following

day, spheroids were washed twice with PBS and dissociated into sin-

gle cells and imaged. An Olympus IX83 microscope with a spinning

disk confocal attachment was utilized to capture fluorescence images

and Image J was employed to quantify the percentage of dead cells.

2.4 | 5-Ethynyl-20-deoxyuridine cell proliferation
assay

5-Ethynyl-20-deoxyuridine (EdU) (Click-iT™ EdU Cell Proliferation Kit

[Thermo Fisher Scientific]) incorporation into cell DNA technique

was employed to quantify proliferating cells as previously

described.23,25,26 Briefly, 10 μM EdU containing fresh drug media

(100 μl) was added to each well by removing old drug media on day

6 and incubated overnight. On day 7, depending on the culture con-

dition, spheroids were pooled together into a centrifuge tube, and

washed twice with PBS and dissociated into single cells using accu-

tase and added to a 96 well plate. Later, cells were fixed for 20 min

at room temperature (RT), permeabilized for 15 min at RT, and

blocked for 30 min at 4�C, as previously described.23 Next, cells were

incubated in EdU reaction cocktail for 30 min at RT in the dark. The

reaction cocktail was prepared by following the manufacturer's pro-

tocol. Following this, cell nuclei were counter stained for DAPI

(Invitrogen) for 5 min at RT in the dark. After each step, cells were

washed with PBS and before aspirating any liquid from plate, the

plate was centrifuged for 1 min to minimize cell loss. An Olympus

IX83 microscope with a spinning disk confocal attachment was uti-

lized to capture fluorescence images and Image J was employed to

quantify the percentage of EdU positive cells.
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2.5 | Immunofluorescence staining

Immunofluorescence staining was performed to detect Ki67, p-ERK,

p-p38, and Cleaved caspase 3, which were differentially expressed

between proliferating versus dormant spheroids as described in prior

studies.23,26,27 Briefly, on day 7, spheroids were dissociated into single

cells and added to a 96 well plate. Single cells were fixed, permeabilized

and blocked as described previously.23 Later, cells were incubated in pri-

mary antibody (Ki67 [ab15580—1:150], cleaved caspase 3 [Asp175—

1:200], p-ERK [C#4370S—1:200], p-p38 [C#922216S—1:200]) overnight

at 4�C. On the following day, cells were incubated in secondary antibody

(goat anti-rabbit antibody [A11034–1:1000, for Ki67, cleaved caspase

3, and p-ERK], goat anti-mouse antibody [A11001–1:1000, for p-p38]) to

fluorescently label cells for 1 h at 4�C. Next, cell nuclei were counter

stained for DAPI. After each step, cells were washed with PBS and before

aspirating any liquid from plate, the plate was centrifuged for 1 min to

minimize cell loss. Cells were imaged and quantified as mentioned above.

2.6 | Statistical analysis

A Student's t-test was performed to determine the P-values in JMP

pro software. The data is reported as mean with standard error of the

mean (SEM). The data set was considered to be statistically significant

when the P-value was less than 0.05.

3 | RESULTS AND DISCUSSION

In this study, we characterized, for the first time, the impact of a che-

motherapeutic drug, paclitaxel, on regulating dormancy in BMBC

spheroids in vitro. Chemotherapeutic resistance is a major concern in

breast cancer as well as other cancers.21,28 Specifically, in the context

of metastatic cancers, therapy resistant slow cycling cells are known

to contribute to tumor relapse.29,30 To eliminate dormant or drug

resistant tumor cell populations, it is very critical to understand how

drug treatments impact regulation of dormancy. Few studies have

been reported to characterize the impact of chemotherapeutic drugs

on tumor cell dormancy in vitro,16,31 ex vivo,17 and in vivo.18,19,31–33

However, both the in vitro studies, investigated chemotherapeutic

induced dormancy in single seeded breast16 and colorectal31 cancer

cells cultured adherently in standard two dimensional tissue culture

plates, which largely fail to mimic the key in vivo tumor characteristics.

Herein, we utilized three dimensional spheroids as they are known

to closely mimic in vivo tumor behaviors and are also utilized for

screening drugs.34,35

F IGURE 1 Cell spheroids exhibited differential growth responses depending on the paclitaxel concentration. (A) Day 1 and day 7 bright field
images of untreated control spheroids, and those cultured in the presence of 20 nM, 40 nM, 80 nM, 320 nM, 1 μM, 10 μM, 50 μM, and 100 μM
paclitaxel. Scale bar: 200 μm. (B) Cross sectional area of spheroids cultured in the presence of varying paclitaxel doses over a period of 7 days.
(C) Day 7 fold change in area compared with day 1 for all drug doses. * indicates statistical significance (P < 0.05) for day 7 area compared with
day 1 area. N ≥ 10 replicates for each condition.
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3.1 | Cell spheroid growth and viability in the
presence of paclitaxel

We cultured MDA-MB-231Br BMBC spheroids in the presence of

paclitaxel for a period of 7 days in suspension culture, to investigate

its impact on BMBC spheroid dormancy. We initially utilized eight

drug concentrations ranging from 20 nM to 100 μM. Spheroids were

also cultured without the presence of the drug, as a control. Cell

spheroids were prepared by using 10,000 BMBC cells using a forced

flotation on non-adhesive surfaces method.

Our results demonstrate that BMBC spheroids achieved

growth in the absence of drug (day 1 area—243,703 ± 15,508 μm2

vs. day 7 area—434,004 ± 31,119 μm2), where the cross sectional

area of the spheroid increased significantly from day 1 to day

7. Even in the presence of 20 and 40 nM drug concentrations an

increase in cross sectional area was observed, however, this was

F IGURE 2 Cell spheroids displayed a dormant state with minimal cell proliferation when cultured in the presence of 80 nM paclitaxel.
(A) Representative fluorescent images of Ki67 staining. (B) Quantification of % Ki67 positive cells. Scale bar: 100 μm. N ≥ 6 replicates for each
condition. * indicates statistical significance (P < 0.05).

F IGURE 3 Percentage of apoptotic cells was higher in 80 nM drug treated spheroids compared with untreated control spheroids.
(A) Representative fluorescent images of cleaved caspase 3 staining. (B) Quantification of % cleaved caspase 3 positive cells. Scale bar: 100 μm.
N ≥ 6 replicates for each condition. * indicates statistical significance (P < 0.05).
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not statistically significant (i.e., 20 nM [day 1 area—293,989 ±

29,028 μm2 vs. day 7 area—368,693 ± 22,681 μm2], 40 nM

[day 1 area—269,231 ± 27,567 μm2 vs. day 7 area—308,347 ±

24,326 μm2]; Figure 1A,B). Interestingly, neither growth nor

reduction in spheroid cross sectional area was observed in 80 nM

concentration (day 1 area—279,799 ± 19,401 μm2 vs. day 7 area—

297,815 ± 20,259 μm2), indicative of a quiescent or dormant

state. However, with an increase in drug concentrations above

80 nM, a decrease in the cross-sectional area of spheroids was

noted by the end of day 7 (Figure 1A,B). At higher concentrations

(>200 nM), paclitaxel is known to kill cancer cells by inducing

apoptosis,36 which can be attributed to the decrease in cross-

sectional area of spheroids cultured in higher concentrations of

paclitaxel.

In addition to cross-sectional area measurements, we also calcu-

lated the fold change in area for day 7 compared with day 1, for all

the drug concentrations (Figure 1C). In the untreated control condi-

tion, the fold change in area was 2.0 ± 0.06. For the various drug con-

centrations, day 7 fold change in area were as follows: 20 nM—1.3

± 0.06, 40 nM—1.18 ± 0.05, 80 nM—1.07 ± 0.02, 320 nM—0.86

± 0.03, 1 μM—0.87 ± 0.07, 10 μM—0.67 ± 0.04, 50 μM—0.68 ± 0.06,

and 100 μM—0.59 ± 0.05. Previously, Mittler et al., reported similar

observations in prostate cancer spheroids. Specifically, prostate can-

cer cell spheroid (VCaP and LNCaP) area was maintained constant for

4 days in the presence of lower concentrations (i.e., 50 nM) of the

chemotherapy drug MLN4924.37 In addition, drug dose dependent

activation of dormant phenotype has been observed in mouse osteo-

sarcoma and mammary sarcoma.32,33 Here, we were able to establish

F IGURE 4 Percentage of p-p38 positive cells was higher while percentage of p-ERK positive cells was lower in 80 nM drug treated spheroids
compared with untreated control spheroids. (A) Representative fluorescent images of p-ERK staining. (B) Quantification of % p-ERK positive cells.
(C) Representative fluorescent images of p-p38 staining. (D) Quantification of % p-p38 positive cells. Scale bar: 100 μm. N ≥ 6 replicates for each
condition. * indicates statistical significance (P < 0.05).
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a concentration where no net growth was seen in MDA-MB-231Br

BMBC spheroids. Thus, we utilized 80 nM paclitaxel treated spheroids

for our subsequent studies, because the day 7 fold change in area

compared with day 1 in this condition was nearly equal to 1 when

compared with the 20 and 40 nM conditions.

Next, we investigated whether majority of cells present in 80 nM

treated spheroid were viable by utilizing live/dead staining. As these

MDA-MB-231Br cells already express red fluorescence we did not

stain them for ethidium homodimer-1 (red dye) for dead cells. We

stained both untreated control spheroids and 80 nM drug treated

spheroids for Calcein AM to assess cell viability qualitatively. Calcein

AM staining images depict that majority of cells were viable in both

the conditions (Figure S1).

3.2 | Cell proliferation, death, p-ERK, and p-p38
positivity in BMBC spheroids

One of the main characteristics of a dormant state is the ability of cells

to restrict their growth by arresting themselves in the G0/G1 phase.3,5

To further characterize the observed dormant state in 80 nM drug trea-

ted cell spheroids, we measured the percentage of proliferating cells by

detecting the Ki67 protein as well as by EdU incorporation. As

expected, the percentage of proliferating cells were significantly higher

in untreated controls compared with 80 nM drug treated spheroids.

Specifically, untreated controls had 22.1% ± 0.8% Ki67 positive cells

and 45.1% ± 2.1% EdU positive cells, respectively, whereas 80 nM drug

treated spheroids had 6.7% ± 0.6% Ki67 positive cells and 21% ± 1.9%

EdU positive cells, respectively (Figures 2 and S2). Previously, Li et al.,

demonstrated that SUM159 breast cancer cells cultured adherently on

tissue culture plates upon treatment with docetaxel displayed a dor-

mant phenotype with minimal cell proliferation compared with drug

free cultures.16 Our results are consistent with Li et al., and also demon-

strate that such a state is achievable in BMBC spheroids.

Next, we quantified cell death in spheroids through the nuclear

green DCS1 dye. Nuclear green DCS1 staining results demonstrated

that 80 nM drug treated cell spheroids had a significantly higher per-

centage of dead cells (20.1% ± 2.6%) compared with untreated control

spheroids (14.2% ± 1.2%; Figure S3). Even though a statistically signifi-

cant difference was noted between both the conditions in the

F IGURE 5 Dormancy induced in 80 nM drug treated spheroids was reversible. (A) Cross sectional area of spheroids cultured in the presence
of 80 nM paclitaxel till day 7 and transferred and cultured in the presence of 80 nM paclitaxel or drug free media till day 56. (B) Day 7 fold change
in area compared with day 1 for 80 nM (day 7) and 80 nM to drug free condition (day 56). (C) Bright field images of spheroids cultured in the
presence of 80 nM paclitaxel (day 1 and 7) and in 80 nM to drug free condition (day 15, 24, 32, 38, 45, and 56). Scale bar: 200 μm. N ≥ 12
replicates for each condition. * indicates statistical significance (P < 0.05).
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percentage of nuclear green DCS1 positive (dead) cells, more than 75%

of cells were alive consistent with qualitative observations via Calcein

AM staining (Figure S1). To quantify the percentage of apoptotic cells

present in 80 nM drug treated and untreated control spheroids, we per-

formed cleaved caspase 3 immunofluorescence staining. As paclitaxel is

known to induce apoptosis,38 apoptotic cell population was higher

(5.3% ± 0.5%) in 80 nM treated spheroids compared with untreated

control spheroids (2.2% ± 0.6%) (Figure 3). The rest of the cell death

observed can be attributed to necrosis, which has been previously

observed to occur in cell spheroids when the diameter is >400 μm.39,40

Previous studies have reported that in multiple cancers, tumor

cells tend to achieve chemotherapeutic resistance by upregulating p-

p38 expression.41–44 In the context of dormancy, p-ERK/p-p38 activ-

ity ratio has been studied extensively, where lower activity ratio (<1)

is indicative of the dormant state and high activity ratio is indicative

of the proliferative state.27,45,46 To identify if p-ERK and p-p38 are

involved in attaining the dormant state in 80 nM drug treated spher-

oids, we performed p-ERK and p-p38 immunofluorescence staining.

We found that the percentage of p-ERK positive cells were higher in

untreated control spheroids, whereas percentage of p-p38 positive

cells were higher in 80 nM drug treated spheroids. In particular,

80 nM drug treated spheroids had 14.1% ± 0.6% p-p38 positive cells

and 8.4% ± 0.5% p-ERK positive cells. In contrast, untreated control

spheroids had 5.3% ± 0.8% p-p38 positive cells and 11.8% ± 0.8%

p-ERK positive cells (Figure 4). We also calculated the ratio of %

p-ERK/%p-p38 positive cells. We observed that untreated control

spheroids had a higher ratio of %p-ERK/%p-p38 positive cells

(ratio � 2.2) compared with those in 80 nM drug treated spheroids

(ratio � 0.6). These results indicated that 80 nM drug treated spher-

oids exhibited a dormant state by maintaining low levels of prolifera-

tion and an increase in percentage positivity for p-p38.

3.3 | Reversibility of paclitaxel induced dormancy
in BMBC spheroids

Cells exhibiting dormancy can exit this state and develop aggressive

tumors at later stages.3,5,9,23 To this end, Li et al., previously

F IGURE 6 Cell spheroids exhibited a proliferative phenotype post-transfer to drug free media with an increase in percentage Ki67 positive
cells on day 56. (A) Representative fluorescent images of Ki67 staining. (B) Quantification of % Ki67 positive cells. (C) Representative fluorescent
images of cleaved caspase 3 staining. (D) Quantification of % cleaved caspase 3 positive cells. Scale bar: 100 μm. N ≥ 6 replicates for each
condition. * indicates statistical significance (P < 0.05).
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demonstrated that docetaxel induced dormancy in both breast and

prostate cancer cells was reversed upon withdrawal of drug.16 Here,

to test whether the dormant state observed in 80 nM paclitaxel trea-

ted spheroids is reversible, we transferred the spheroids cultured in

80 nM drug containing media to drug free media. We also transferred

and cultured spheroids in 80 nM drug containing media as a control.

We found that growth was achieved in more than 80% of spheroids

transferred from 80 nM drug containing media to drug free media

(day 1 area—251,142 ± 8905 μm2, day 7 area—272,343 ± 9663 μm2,

and day 56 area—649,193 ± 244,999 μm2) by the end of day

56 (Figure 5A). For the initial 2 weeks post-transfer to drug free

media, a slight decrease in spheroid cross-sectional area was noticed

and interestingly spheroids exhibited irregular shapes until they

started growing (Figure 5C). A continuous decline in spheroid cross-

sectional areas was seen in the 80 nM to 80 nM condition (day 1

area—251,142 ± 8905 μm2, day 7 area—272,343 ± 9663 μm2, and

day 56 area—65,099 ± 12,998 μm2). We also calculated fold change in

area which further confirmed that spheroids transferred from 80 nM

drug containing media to drug free media attained growth (Figure 5B).

Next, we quantified the percentage of proliferating cells (% Ki67

positive cells) and apoptotic cells (% cleaved caspase 3 positive cells)

in the 80 nM to drug free condition. The percentage of Ki67 positive

cells in 80 nM to drug free condition on day 56 increased by three

times compared with 80 nM drug treated spheroids on day 7. Specifi-

cally, 18% ± 0.4% Ki67 positive cells were present in 80 nM to drug

free condition, whereas 6.7% ± 0.6% Ki67 positive cells were present

in 80 nM treated spheroids (Figure 6A,B). No change in the percent-

age of apoptotic cells was observed in 80 nM to drug free condition

(5.0% ± 0.2%) compared with 80 nM condition (5.3% ± 0.5%)

(Figure 6C,D). This could be because lower concentrations of pacli-

taxel (10–100 nM) typically arrests cell growth rather than inducing

apoptosis.36 Collectively, these results suggest that chemotherapy

induced dormant state is reversible upon withdrawal of the drug and

can occur over longer time scales. Overall, our results provide an

in vitro model to study chemotherapy drug induced dormancy in

BMBC spheroids. In the future, we are planning to analyze the genes

that are upregulated in the chemotherapy induced dormant state

versus drug free proliferative state.

4 | CONCLUSIONS

We successfully developed an in vitro model demonstrating the impact

of lower concentrations of chemotherapeutic drug paclitaxel on BMBC

spheroid dormancy. Cell spheroids displayed a proliferative phenotype

in the absence of the drug whereas dose dependent growth patterns

were observed in the presence of varying drug doses. For doses

<80 nM, spheroid cross-sectional area increased, and spheroid area

decreased for doses >80 nM. Spheroids cultured in the presence of

80 nM paclitaxel exhibited a dormant state with low levels of prolifera-

tion as tested via Ki67 and EdU staining when compared with

untreated control spheroids. The percentage of p-ERK positive cells

decreased while the percentage of p-p38 positive cells increased in

80 nM paclitaxel treated spheroids compared with untreated control

spheroids. Drug induced dormancy was reversed upon culturing the

spheroids in absence of the drug. In summary, our results demonstrated

that low dose chemotherapy can modulate the dormant state and these

aspects must be considered in designing future therapeutic strategies.
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