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Abstract

Purpose: Pro-inflammatory cytokines within the tumor microenvironment, such as IL-6, 

contribute to the maintenance of stem cells and promote their survival following treatment. The 

IL-6/STAT3 pathway is a key regulator of genes involved in cancer progression. Activation of 

STAT3 promotes expansion of cancer stem cells in triple negative breast cancer. Radiation has also 

been shown to expand cancer stem cell populations and can induce stemness in non-stem cells. 

However, the role of IL-6/STAT3 in radiation induced changes in cellular plasticity is unclear.

Materials and Methods: Expression and secretion of IL-6 from triple negative breast cancer 

cell lines SUM159PT and MDA-MB-231 were determined after radiation treatment by real-time 

PCR and ELISA. Activation of STAT3 after radiation was determined by western blotting. 

Changes in cellular plasticity induced by radiation were determined by examining ALDEFLUOR 

activity, gene expression analysis of aldehyde dehydrogenase isoforms and mammosphere forming 

assays with and without the addition of STAT3 inhibitors. To determine the effect of radiation on 

non-stem cell populations, experiments were also carried out in ALDEFLUOR sorted cells.

Results: Radiation induced an inflammatory response in both cell lines that resulted in activation 

of STAT3. Additionally, radiation induced a stem-like state as evidenced by an increased activity 

and expression of the ALDH isoforms ALDH1A1 and ALDH1A3, and increased self-renewal 

capabilities. Radiation increased ALDH activity and self-renewal in non-stem cell (ALDH−) 

populations, suggesting radiation induced cellular reprogramming. However, inhibition of STAT3 

blocked the radiation-induced stem-like state in both ALDEFLUOR positive and negative 

populations, and enhanced radiosensitivity.
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Conclusions: Radiation-induced changes in cellular plasticity are STAT3 dependent and may be 

a potential target to reduce radioresistance in TNBC and improve treatment outcome.

Introduction

Triple negative breast cancer (TNBC) accounts for approximately 15% of all breast cancers 

and is defined by the absence of positive staining for estrogen and progesterone receptors, 

and lack amplification of HER2. TNBCs are considered aggressive tumors with a high 

degree of genomic instability and are associated with poor prognosis and early visceral 

metastasis, with survival rates for women who relapse within 5 years of treatment being 

significantly lower than those with hormone receptor positive breast cancer (Foulkes et al., 

2010; Bianchini et al., 2016).

Resistance to treatment in breast cancer may be due, in part, to alterations in cellular 

plasticity. Changes in cellular state in response to stress may lead to the persistence of a 

subpopulation of tumor cells with stem-like features known as cancer stem cells (Risom et 

al., 2018). These radioresistant cells have the capability to self-renew and differentiate, 

allowing for re-population of a heterogenous tumor and are thought to be responsible for 

tumor growth, recurrence, and metastasis in breast cancer patients following treatment (Reya 

et al., 2001; Phillips et al., 2006; Rycaj & Tang, 2014; Arnold et al., 2015). Understanding 

mechanisms regulating changes in cellular plasticity in response to therapeutics may lead to 

better treatments for breast cancer.

Breast cancer stem cells are characterized by activity of aldehyde dehydrogenase (ALDH) 

(Ginestier et al., 2007). Previous studies have shown that breast cancer cells with high 

ALDH activity have enhanced tumorigenicity and a metastatic phenotype both in vitro and 

in vivo as evidenced by increased cellular proliferation, colony formation ability, tumor 

growth, and invasiveness of the cells (Charafe-Jauffret et al., 2009; Croker et al., 2009). In 

breast cancer patients, high expression of ALDH1, and thus a higher breast cancer stem cell 

population, was correlated with poorer prognosis, therapy resistance, early recurrence, and 

poor clinical outcome (Ginestier et al., 2007; Zhong et al., 2013; Kida et al., 2016),. 

Knockdown of ALDH or inhibiting ALDH activity in human breast cancer cell lines 

increased cellular sensitivity to radiation treatment, indicating breast cancer cells expressing 

high amounts of ALDH are more resistant to radiation (Croker & Allan, 2012; Croker et al., 

2017). In addition to breast cancer stem cells surviving radiation treatment, previous in vitro 
studies have shown that radiation treatment can induce differentiated breast cancer cells to 

acquire a stem-like phenotype (Ghisolfi et al., 2012; Lagadec et al., 2012). Thus, 

radiotherapy contributes to the enrichment of the breast cancer stem cell population, which 

can alter patient response to treatment.

It has become apparent that the tumor microenvironment plays a large role in the 

maintenance and proliferation of breast cancer stem cells and contributes to treatment 

resistance in breast cancer patients (Arnold et al., 2015). Increased levels of cytokines within 

the tumor microenvironment in breast cancer patients are associated with poor clinical 

outcome (Benoy et al., 2004; Cho et al., 2013). Proinflammatory cytokines and growth 

factors released from tumor-associated macrophages, dendritic cells, and lymphocytes, 
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which are recruited by the tumor following radiation treatment, promote survival and 

proliferation of breast cancer stem cells (Ginestier et al., 2010; Dethlefsen et al., 2013). In 

particular, the cytokine interleukin-6 (IL-6) has been found to promote survival of breast 

cancer stem cells. Radiation treatment has been found to induce secretion of IL-6 from cells 

within the breast tumor microenvironment (Dethlefsen et al., 2013; Di Maggio et al., 2015); 

however, effects of radiation induced inflammatory responses from tumor cells themselves 

and the effect on cancer stem cell populations is unclear.

One major downstream effector of IL-6 signaling, the signal transducer and activator of 

transcription 3 (STAT3), is a transcription factor which relays extracellular signals initiated 

by cytokines and growth factors to the nucleus and is a key regulator of genes involved in 

cancer progression (Dauer et al., 2005). STAT3 is known to be constitutively active in many 

solid tumors and has been shown to mediate tumor-promoting inflammation (Schetter et al., 

2009) and expansion of the breast cancer stem cell population (Marotta et al., 2011; Chung 

et al., 2014), whereas inhibition of STAT3 activation decreases tumorigenicity of breast 

cancer cell lines (Lin et al., 2014). Activation of the IL-6/STAT3 pathway has also been 

shown to induce a stem-like phenotype in non-stem cells (Iliopoulos et al., 2011). In 

addition, previous studies have shown that inhibition of STAT3 resulted in enhanced 

radiosensitivity in human glioma cells and squamous cell carcinoma (Bonner et al., 2009; 

Gao et al., 2010), suggesting that the IL-6/STAT3 pathway could be an attractive therapeutic 

target to combat resistance to radiation treatment in breast cancer. Therefore, we wanted to 

investigate the involvement of the IL-6/STAT3 pathway in the radiation-induced expansion 

of the breast cancer stem cell population in TNBC and determine if inhibition of this 

pathway could alter the response to treatment.

In order to examine the involvement of IL-6/STAT3 pathway in radiation-induced changes of 

TNBC cells, we utilized small molecule inhibitors to the IL-6/STAT3 pathway, which target 

STAT3 directly. We demonstrate that radiation induces a stem-like phenotype in non-stem 

breast cancer cells as evidenced by an increase in ALDH activity and expression, colony 

formation capability, and mammosphere forming efficiency. This radiation-induced stem-

like phenotype is blocked by direct inhibition of STAT3. These data suggest that direct 

targeting of STAT3 could potentially be used to prevent alterations in cellular phenotype 

induced by radiation, thus reducing populations of resistant stem-like cells, and improve 

treatment outcomes in breast cancer patients.

Methods

Cell Culture and Inhibitors

The triple negative breast cancer cell line SUM159PT was obtained from Asterand and 

cultured in Hams F12 media supplemented with 10% FBS, 2 μg/ml insulin, 0.1 μg/ml 

hydrocortisone, and 1x antibiotic-antimycotic (Invitrogen). MDA-MB-231 cell line was 

purchased from ATCC (and cultured in RPMI media supplemented with 10% FBS and 1X 

antibiotic-antimycotic (Life Technologies). Cells were maintained at 37°C in 5% CO2. 

Stattic, an inhibitor of STAT3 activation and dimerization(Schust et al., 2006), was 

purchased from Tocris (#2798) and resuspended in DMSO at a stock concentration of 50 

mM. C188-9, an inhibitor of STAT3(Lewis et al., 2015), was purchased from EMD 
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Millipore (#573128) and resuspended in DMSO at a stock concentration of 100 mg/ml. 

STA-21, an inhibitor of STAT3 activation and dimerization(Bhasin et al., 2008), was 

purchased from Cayman Chemical (#14996) and resuspended in DMSO at a stock 

concentration of 50mM.

Separation of the ALDH+ and ALDH− Subpopulations of Breast Cancer Cells

The ALDEFLUOR kit (StemCell Technologies) was used to isolate cells into high or low 

ALDH enzymatic activity subpopulations. Briefly, cells were seeded at a density of 1 x 106 

cells/100 mm dish. The following day, cells were trypsinized and resuspended in 

ALDEFLUOR assay buffer containing ALDH substrate (BAAA, 1 μmol/L per 1 x 106 cells) 

and incubated for 40 minutes at 37°C. As a control, cells in buffer containing substrate were 

incubated with 15 mmol/L diethylaminobenzaldehyde (DEAB), which inhibits ALDH 

activity. Cells were washed with ALDEFLUOR assay buffer and passed through a BD 

Falcon cell strainer cap tube for sorting. Percentage of ALDH positive cells were determined 

using a BD FACSAria II flow cytometer. Gates were set based on DEAB control having the 

percent of ALDH positive cells equal to 0.2%. Cells were sorted into ALDH negative 

(ALDH−) and ALDH positive (ALDH+) subpopulations and cultured for 48 hours for 

recovery. ALDH+ subpopulation was considered the top 10% of cells with the highest 

ALDH activity and ALDH− subpopulation was considered to be the bottom 10% of cells 

with the lowest ALDH activity. Cells were treated with radiation at doses of 2Gy, 4Gy and 

8Gy an XRAD225 microirradiator (Precision X-ray). For fractionated experiments cells 

received a dose of 2Gy for 3 consecutive days. Cells were co-treated with 1 μM Stattic, 5 

μM C188-9, 1 μM STA-21 at the time of radiation treatment or at the time of the last fraction 

for fractionated treatments. Cells were cultured for 5 days in the presence of STAT3 

inhibitors. Two days prior to re-analysis of ALDH activity, cells were trypsinized and re-

seeded at a density of 5 x 105 cells/100 mm dish and re-treated with appropriate inhibitor. 

Percentage of ALDH positive cells were determined 5 days post treatment. Gates were set 

for each plate based on DEAB control having 0.2% ALDH positive cells. Statistical 

Analysis using an unpaired T-test was performed using Graphpad Prism 6.0 software.

qPCR

SUM159PT cells were treated with 8 Gy of radiation and collected at indicated time points 

for mRNA expression analysis. RNA was extracted from cells using Trizol (Invitrogen) as 

described in manufacturer’s protocol. Briefly, cells were scraped in Trizol reagent and 

incubated at room temperature for 5 minutes to dissociate the nucleoprotein complex. Upon 

addition of chloroform, tubes were shaken vigorously to mix. Samples were centrifuged at 

12,000xg for 15 minutes at 4°C. The aqueous phase was removed and combined with 

isopropanol, mixed, incubated at room temperature for 10 minutes and then centrifuged for 

10 minutes at 12,000xg at 4°C. RNA pellets were washed with 75% ethanol and re-spun at 

7500xg for 5 minutes at 4°C. Ethanol was removed and pellets were air-dried for 10 

minutes. RNA pellets were dissolved in 30 μl of molecular grade water and treated with 

Ambion DNase I for 30 minutes at 37°C (ThermoFisher). cDNA was constructed from 3 μg 

of RNA using the SuperScript First-Strand Synthesis reverse transcriptase kit (Invitrogen). 

Primer sequences and source information were used as previously described(Opdenaker et 

al., 2015). Real-time PCR was performed with 50 ng of cDNA/well using Sybr green in an 
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Applied Biosystems 7500 Fast Real-Time PCR System. Experiments were performed at 

least three times in triplicate. Statistical Analysis using a unpaired T-test was performed 

using Graph Pad prism 6.0.

ELISA

Supernatant from SUM159PT cells either untreated or treated with increasing doses of 

radiation were assayed with an IL-6 ELISA kit (R&D Systems) as described in the 

manufacturer’s protocol. Supernatants were collected 24, 48 or 72 hours post-irradiation and 

centrifuged to remove cells and debris. In addition, cells were trypsinized and counted by 

trypan blue exclusion using a Countess automated cell counter (Invitrogen) to normalize 

secreted IL-6 to total cell number. IL-6 ELISA was performed according to the 

manufacturer’s instructions. Briefly, 100 μl of supernatant or supplied standard was added to 

each well containing 100 μl of assay diluent and incubated at room temperature for 2 hours. 

After four washes, 200 μl of conjugate was added to each well and incubated at room 

temperature for an additional 2 hours. Following four additional washes, 200 μl of substrate 

was added to each well and incubated in the dark for 20 minutes. Finally, 50 μl of stop 

solution was added to each well and the absorbance was read at 450 nm. The standards were 

graphed and used to determine the concentration of IL-6 in each of the supernatant samples.

Western Blot Analysis

SUM159PT cells were treated and incubated as indicated and harvested in RIPA buffer with 

phosphatase and protease inhibitors. BCA assays were performed to determine protein 

concentration using Pierce BCA protein assay kit (ThermoFisher). Protein was diluted with 

2x Lamelli buffer and loaded into 10% SDS-PAGE gels and ran at 100 volts for 2 hours. 

Gels were transferred to 0.2 μm nitrocellulose membrane at 100 volts for 1 hour in 1x Tris-

glycine/methanol buffer. Following transfer, membranes were stained with Ponceau to 

ensure adequate transfer of proteins. Membranes were blocked in 5% non-fat dry milk in 1x 

TBS, 0.1% Tween for 1 hour at room temperature. Antibodies to STAT3 [79D7] (#4904, 

Cell Signaling), STAT3 (phospho Y705) [EP2147Y] (ab76315, Abcam), phosphoJAK2 

(C80C3, Cell Signlaing) or β-actin (#sc-81178, Santa Cruz) were added overnight at 4°C 

with shaking. Blots were washed with 1x TBS, 0.1% Tween and incubated with secondary 

antibodies HRP AffiniPure donkey α-rabbit (#715-035-152, Jackson Immunoresearch Lab) 

or HRP AffiniPure donkey α-mouse (#715-035-150, Jackson Immunoresearch Lab) for 1 

hour at room temperature. Membranes were washed, incubated with Pierce SuperSignal 

West Dura Extended Duration Substrate (ThermoFisher) and imaged on a G:BOX 

ChemiXP4 Imaging System (Syngene). Experiments were performed at least three times.

Targeted knock-down of STAT3

SUM159 cells were transiently transfected with Silencer pre-designed siRNA targeting the 

human STAT3 gene, or Stealth RNAi negative control siRNA (Invitrogen) using 

lipofectamine reagent (Invitrogen) according to the manufacturer’s insturctions. Cells were 

grown for 24-72 hours. Targeted knock-down of STAT3 was observed by western blotting at 

24 hours and remained knocked-down for up to 72 hours. To determine the effect STAT3 

knock-down on ALDEFLUOR positivity, the ALDEFLUOR assay was performed 48 hours 

post-transfection.
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Clonogenic Assays

Cells were seeded into 6 well plates at a density of 100-5000 cells/well. Cells were treated 

with 2, 4,or 8 Gy and/or 1 μM Stattic or 5 μM C188-9 and cultured for 7 days. Colonies 

were fixed with formalin, stained with 0.5% crystal violet, rinsed and were counted. Colony-

forming efficiency (colonies counted/cells plated) was determined. Experiments were 

performed three times in triplicate. Statistical analysis was performed using one-way 

ANOVA followed by a post-hoc Tukey’s T test using GraphPad Prism software 6.0.

Sphere Forming Assays

SUM159PT and MDA-MB-231 cells were sorted as described above and seeded into 96 

well low attachment plates at densities of 1000-5000 cells/well in mammocult media (MEM 

supplemented with 1x B27, 20 ng/ml epidermal growth factor (EGF), and 20 ng/ml basic 

fibroblast growth factor (bFGF)) to promote the formation of spheres. Following seeding, 

cells were treated with 8 Gy radiation and/or 1 μM Stattic or 5 μM C188-9. Cells were 

continually treated with either inhibitor throughout the assay. Spheres were allowed to form 

for 10 days, trypsinized, counted and re-plated in sphere media with or without inhibitors to 

STAT3 to obtain secondary spheres. Secondary spheres were counted at least 10 days after 

plating. Sphere forming efficiency was determined as the number of spheres counted/ the 

number of cells plated. Experiments were performed three times in triplicate. Statistical 

analysis was performed using one-way ANOVA with a post-hoc Tukey’s T test with 

GraphPad Prism software 6.0.

Apoptosis assays

For cells grown in monolayers, cells were seeded in 96 well plates at a density of 1000 cells 

per well. Cells were grown overnight and treated with 8Gy radiation or 1micromolar Stattic 

and grown for 48 hours. For cells grown in mammospheres, cells were plated in 

mammosphere forming conditions as described above. Spheres were allowed to grow for 10 

days and then treated with radiation or 1 micromolar Stattic. Capsase activation was 

determined using the Caspase-Go 3/7 assay (Promega) according to the manufacturer’s 

instructions. To account for differences in cell number, protein concentration was determined 

using a BCA assay, and capsase activity was normalized to total protein concentration.

Results

Radiation increases ALDH activity and isoform expression in breast cancer cells

In order to confirm that radiation can alter the cancer stem cell population of TNBC, the 

enzymatic activity of the cancer stem cell marker, aldehyde dehydrogenase (ALDH) was 

determined in SUM159PT cells. These cells were derived from a primary breast tumor and 

exhibit claudin-low features (Prat et al., 2013). ALDH activity was measured by 

ALDEFLUOR assay and cells were sorted into ALDH positive (ALDH+) and ALDH 

negative (ALDH−) subpopulations using flow cytometry. Prior to sorting, 19-30% of cells 

were ALDH positive (Supplemental figure 1A). In both the ALDH+ and ALDH− 

subpopulations, treatment with 8 Gy of radiation significantly increased the percentage of 

ALDH positive cells. ALDEFLUOR positive cells increased from a mean of 29.88% (±SEM 
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2.187%) to 46.68% (±SEM 6.413%, p=.04) in the ALDH+ subpopulation (Figure 1A and 

B). Interestingly, an increase in ALDH activity was also observed in the ALDH− population 

rising from a mean of 0.86% (± SEM 0.14%) to 4.7% (±SEM 0.6597%, p=.0004) (Figure 

1C and D), indicating that radiation treatment induced a rise in ALDH activity in previously 

negative breast cancer cells. Increases in ALDH activity were also observed in ALDH− cells 

at a dose of 4Gy (Figure 1E, supplemental figure 1B), but to a lesser extent than those 

observed at 8Gy. Although no increases were observed with a dose of 2Gy, substantial 

increases in ALDH activity were observed with repeated fractions of 2Gy, indicating that 

increases in ALDH activity may be related to the total radiation dose ( Figure 1E, 

supplemental figure 1C).

ALDH has multiple isoforms that are expressed to varying degrees depending on the tissue 

and tumor type. Two isoforms, ALDH1A1 and ALDH1A3, have been found to be 

responsible for ALDH activity measured in the ALDEFLUOR assay, with ALDH1A3 being 

the dominant isoform in primary breast cancer cell lines while ALDH1A1 is associated with 

metastasis (Croker et al., 2017), (Marcato et al., 2011). Since radiation caused an increase in 

measured ALDH activity, we sought to determine if radiation increased the expression of 

ALDH1A1 and ALDH1A3 in cell lines derived from primary and metastatic tumors. 

Unsorted SUM159PT and MDA-MB-231 cells were treated with 8 Gy radiation for 

increasing time periods and transcript levels of each isoform were determined using qPCR. 

In SUM159PT cells, ALDH1A1 and ALDH1A3 expression began to increase at 48 hours 

post-radiation treatment and continued to be elevated at five days post-radiation treatment, 

with ALDH1A1 expression increasing 3-fold and ALDH1A3 expression increasing 4-fold 

compared to untreated levels (Figure 2A and B). Similar results were observed in MDA-

MD-231 cells where significant radiation-induced fold-changes in ALDH1A1 were 

observed at both 48 hours and 5 days (Figure 2C). However, these cells demonstrated less 

upregulation of ALDH1A3 with only a mean 1.4 fold-increase observed at 5 days (Figure 

2D). These results indicate that radiation may increase both ALDH isoform expression and 

activity in both primary and metastatic claudin-low tumors, although the expression of 

ALDH isoforms may differ depending on the tumor origin.

Radiation induces IL-6-JAK2-STAT3 signaling which is required for ALDH activity

It has been demonstrated that differentiated cancer cells can convert to stem-like cancer cells 

and that expression and secretion of pro-inflammatory cytokines, such as interleukin-6 

(IL-6), play a role in the inducible formation of breast cancer stem cells (Kim et al., 2013). 

In order to determine if the IL-6 signaling pathway plays a role in the radiation-induced 

increase of the breast cancer stem cell population that we observed, we analyzed the 

expression of IL-6, as well as other pro-inflammatory cytokines that are downstream of IL-6 

signaling, interleukin-8 (IL-8) and interleukin-1 beta (IL-1β), following irradiation with 8 

Gy. Radiation induced gene expression of all three cytokines at 48 hours post-treatment in 

both SUM159PT and MDA-MB-231 cells. Expression of all cytokines was further elevated 

five days post-radiation treatment in both cell lines demonstrating a sustained inflammatory 

state within the irradiated cells (Figure 3 A-D).
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In order to confirm that the enhanced gene expression of interleukins observed after 

radiation treatment correlated with cytokine secretion, release of IL-6 from SUM159PT cells 

treated with increasing doses of radiation was determine via ELISA. A radiation dose- and 

time-dependent increase in IL-6 secretion was observed from SUM159PT cells (Figure 3E), 

indicating that radiation induces both expression and secretion of IL-6.

Binding of IL-6 to its receptor results in the activation of the Janus family Kinases (JAKs) 

which then phosphorylate and activate a family of transcription factors known as the signal 

transducer and activator of transcriptions (STATs). In particular, STAT3 has been shown to 

be constitutively active in tumors and is important in the survival, proliferation, and 

maintenance of cancer stem cells (Banerjee & Resat, 2016). In claudin-low cell lines and in 

vivo models, STAT3 is preferentially activated within stem cell compartments and has been 

shown to support self-renewal and tumor initiating capabilities (Wei et al., 2014). To 

determine if activity of ALDH is dependent on STAT3 activation, we tested the effect of 

targeted knock-down of STAT3 on ALDEFLUOR activity. Our results show that transfection 

of SUM159 cells with siRNA targeting STAT3 leads to a significant decrease ALDH 

activity, (Figure 4A, Supplemental Figure 2A) indicating that STAT3 expression is required 

for ALDH activity. Additionally, the role of STAT3 activation on ALDH activity was 

determined using small molecule inhibitors of STAT3. Stattic and C-188-9 are selective 

small molecules that bind to the SH2 domain of STAT3 and block both activation and 

dimerization (Schust et al., 2006),(Redell et al., 2011). Treatment of cells with either 

inhibitor resulted in a significant decrease in STAT3 phosphorylation without altering total 

STAT3 protein (Supplemental figure 2B and C). Treatment of both SUM159PT and MDA-

MB-231 cells with Stattic significantly decreased measured ALDH activity, (Figure 4B&C). 

These results were confirmed with another inhibitor of STAT3 dimerization, C188-9 (Figure 

4B&C), indicating that STAT3 expression and activation is required for ALDH activity.

As STAT3 is required for ALHD activity, we next sought to determine if radiation increased 

activation of the IL-6-JAK-STAT3 axis. We observed increases in phosphorylation of JAK2 

48 hours after radiation. Likewise, we observed robust increases in STAT3 phosphorylation 

in both SUM159 and MDA-MB-231 cells, indicating that STAT3 was activated following 

radiation treatment (Figure 4D and E).

Inhibition of STAT3 blocks radiation-induced increases in ALDH activity and reduces 
radiation induced expression of stemness genes

In order to determine if the radiation-induced increase in ALDEFLUOR activity is 

dependent on STAT3 activation, cells were sorted as previously described, treated with 

radiation with or without the presence of STAT3 inhibitors. Consistent with previous results, 

an increase in ALDEFLUOR activity was observed in ALDH− cells treated with 8Gy 

radiation compared to untreated cells. Treatment with Stattic or C-188-9 significantly 

blocked this increase returning ALDH activity levels to near that of untreated cells (Figure 

5A and B). Similar results were observed in ALDH+ cells Figure 5C. Although a slight 

decrease in viability was noted with the combination of STAT3 inhibitors and radiation, a 

more dramatic decrease in viability was observed with the combination of the combination 

of STAT3 knockdown and radiation resulted in few attached cells 24-48 hours after 
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treatment. Further analysis of ALDH activity in STAT3 siRNA transfected cells was not 

possible. These results indicate that radiation-induced changes in ALDH activity require 

STAT3 activation, and that STAT3 expression may be required for radiation resistance.

STAT3 has previously been shown to directly regulate transcription of genes such as nanog, 

oct-4 and Sox-2 which are important for maintenance of embryonic and adult stem cells as 

well as cancer stem cells (Do et al., 2013). Therefore, we sought to determine the effect of 

radiation on these genes. As shown in figure 5D, treatment of cells with 8Gy leads to a 

significant upregulation of Nanog and Oct-4 gene expression 48hrs post-radiation treatment 

compared to untreated cells. This increase was inhibited when cells were co-treated with 

Stattic (Figure 5D).

Inhibition of STAT3 reduces mammosphere forming capabilities and and sensitizes breast 
cancer stem-like cells to radiation

Since cancer stem cells have the long-term ability to self-renew and proliferate, we sought to 

determine the effect of STAT3 inhibition on colony formation capability and mammosphere 

forming efficiency with and without radiation. As shown in Figure 6A, treatment with either 

Stattic or C188-9 alone significantly reduced colony formation compared to untreated cells 

in both SUM159 and MDA-MD-231 cells. However, STAT3 inhibition sensitized the colony 

forming cells to radiation in a dose dependent manner, suggesting STAT3 signaling is 

associated with survival and/or expansion of colony forming cells after radiation (Figure 

6A). To further support the involvement of STAT3 in the radiation-induced self-renewal of 

breast cancer cells, we examined secondary mammosphere forming efficiency of 

SUM159PT and MDA-MB-231 cells treated with Stattic and/or radiation. Treatment with 8 

Gy radiation increased sphere formation, whereas Stattic alone decreased sphere forming 

capability. The combination of radiation and STAT3 inhibition significantly decreased the 

number of mammospheres, indicating STAT3 is necessary for the increase in self-renewal 

capacity of breast cancer cells following radiation treatment (Figure 6B and C). To further 

examine changes in cellular plasticity upon radiation treatment, mammosphere assays were 

also carried out in ALDH+ and ALDH− populations. As expected, a significantly higher 

sphere forming efficiency was observed in ALDH+ sorted cells compared to ALDH− or 

mock-sorted cells, indicating that this cellular population has a higher degree of intrinsic 

self-renewal capabilities (Supplemental Figure 3A). A slight increase in mammosphere 

forming ability was observed in ALDH+ cells treated with radiation (Supplemental Figure 

3B). ALDH− populations from both cell lines formed few spheres. However, mammosphere 

formation was significantly increased after radiation in both cell lines. This increase was 

blocked in cells cultured with Stattic,indicating a STAT3 dependent increase in 

mammosphere forming capabilities following radiation (Figure 6B,C and D).

As STAT3 activation has been shown to occur preferentially in stem-like cells (Wei, 2014), 

we sought to determine if STAT3 is required for survival of stem cell populations upon 

treatment with radiation and thus may be affecting survival as well as self-renewal 

capabilties. To this end, we analyzed apoptosis via activation of Caspae3/7 in 

mammospheres and ALDH sorted cells 48 hours after treatment with radiation with or 

without STATTIC. As shown in Figure 6E, mammospheres derived from both SUM-159 and 
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MDA-MD-231 cell lines showed significantly less apoptosis upon treatment with radiation 

than monolayer (2D) counterparts. However, treatment with STATTIC significantly 

increased radiation-induced apoptosis in both 2D and mammosphere cultures. However, this 

effect was most pronounced in cells cultured in stem-cell enriching mammosphere cultures. 

Similarly, ALDH+ cells were less likely to undergo radiation induced apoptosis than ALDH

− cells. However, caspase activation was significantly increased in this population with a 

combination of radiation and STATTIC treatment compared to the ALDH− population 

(Figure 6E). These findings indicate that activation of STAT3 may be necessary for 

increased self-renewal capabilities of non-stem cells, but may also be required for radiation-

resistance of breast cancer stem-like cells.

Discussion

Our findings indicate that radiation induces an inflammatory microenvironment resulting in 

increased STAT3 phosphorylation which promotes changes stem cell plasticity and radiation 

resistance in claudin-low TNBC cell lines. Additionally, we show that radiation leads to 

increased expression of at least two isoforms of ALDH, ALD1A1 and ALDH1A3, which 

have been shown to be responsible for the majority of the ALDH activity observed in breast 

cancer (Marcato et al., 2011). Although induction of ALDEFLUOR activity was most 

pronounced upon treatment with high doses of radiation, such as those used in 

hypofractionated protocols, our findings also show that increases in ALDEFLUOR activity 

may occur at lower doses, and may be related to cumulative radiation dose.

High ALDH activity has been shown to protect cells from oxidative stress and may provide 

protection from radiation-induced reactive oxygen species (ROS) (Zhang et al., 2010; 

Croker & Allan, 2012). Our findings indicate that STAT3 signaling is required to maintain 

ALDH activity in breast cancer, as treatment with inhibitors to STAT3 activation 

significantly reduced both constitutive and radiation-induced ALDH activity. STAT3 activity 

has also been shown to directly promote transcription of ALDH1A3 (Canino et al., 2015). 

Thus, activation of STAT3 by radiation may promote increased expression and activity of 

ALDH1A1 and ALDH1A3, leading to a reduction of ROS and increased radiation 

resistance. Likewise, as study by Wang et al showed that targeted knockdown of STAT3 

resulted in reduction of genes involved in various metabolic pathways, including ALDH2, 

another isoform of aldehyde dehydrogenase that has been implicated in ALDEFLUOR 

activity and breast cancer self renewal (Marcato et al., 2011; Thomas et al., 2016) In this 

study, STAT3 activation was shown regulate lipid metabolism which is required for 

maintenance of breast cancer stem cells and chemoresistance (Wang et al., 2018).

STAT3 has been shown to regulate stemness, particularly in claudin-low models of breast 

cancer and is required for self-renewal and tumor initiating capability (Wei et al., 2014). In 

this study, Wei et al., demonstrated enhanced expression of phosphorylated STAT3 in breast 

cancer stem-like and tumor initiating cells (Wei et al., 2014). We observed STAT3-dependent 

increases in both ALDH activity and secondary mammosphere forming efficiency in 

claudin-low breast cancer cells after radiation treatment, providing support for the 

hypothesis that radiation enhances the stem cell compartment. Moreover, although increases 

in STAT3 dependent self-renewal and ALDH activity were observed stem-like ALDH+ 
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population, increases were more striking in the non-stem-like ALDH− subpopulations, 

indicating that STAT3 is involved in cellular reprogramming of ALDH− cells upon radiation-

induced cellular damage. Additionally, our findings show that STAT3 activation enhances 

radiation-induced apoptosis in breast mammospheres and ALDH+ cells. These findings 

show that STAT3 activation may not only be involved in cellular reprogramming, but may 

confer a protective advantage to breast stem-like cells.

Lagadec et al.(Lagadec et al., 2012) reported that radiation-induced conversion of non-stem 

cells to stem cells is dependent on activation of the Notch signaling pathway. Although the 

exact interactions between IL-6/STAT3 and Notch signaling in TNBC is unclear, previous 

studies have indicated that STAT3 activation may occur downstream of Notch signaling in 

breast cancer and lead to promotion of a cancer stem cell phenotype through induction of 

IL-1β and NF-kβ (Mazzone et al., 2010; Zhang et al., 2014). On the other hand, constitutive 

activation of NF-kβ and STAT3 in glioblastoma cancer stem cells has been found to regulate 

expression of a set of genes that drive activation of Notch signaling and thus maintenance of 

the stem cell phenotype (Garner et al., 2013). In breast cancer, IL-6 promotes cancer stem 

cell survival through a number of pathways, including Notch(Guo et al., 2011). Moreover, 

IL-6 can induce mammosphere formation in breast cancer cells (Sansone et al., 2007) and, 

through Notch-1, promote breast cancer bone metastasis (Sethi et al., 2011). In addition, 

STAT3-dependent activation of Notch signaling has been observed after fractionated 

radiation treatment of breast cancer cells (Kim et al., 2016). Kim et al., demonstrated that 

radiation-induced IL-6/JAK/STAT3 signaling was required for Notch-driven induction of 

epithelial-mesenchymal transition (EMT) in breast cancer cells after radiation treatment and 

an IL-6 neutralizing antibody was shown to decrease both STAT3 phosphorylation and 

radiation induced Notch-2, Jagged1 and DLL4 expression. Our findings show that radiation-

induced cellular plasticity is dependent on STAT3. Although further work needs to be done 

to assess the interactions between the two pathways, the cellular reprogramming observed in 

our study may be due, in part, to STAT3 induction of Notch signaling.

Growing evidence suggests that treatment-resistant breast cancer stem cells are responsible 

for tumor growth, recurrence, and metastasis, however, how these cells evade treatment is 

unclear. The IL-6 STAT3 pathway has been shown to promote growth of cancer stem cells in 

many solid tumors (Lee et al., 2011),. Additionally, STAT3 activation within the tumor has 

been shown to promote an immunosuppressive microenvironment. Targeted deletion of 

STAT3 in the PyVmT mammary tumor model lead to increased immune infiltration and 

regression of early breast cancer lesions (Jones et al., 2016),. Furthermore, sustained STAT3 

activation in tumor cells contributes to release of immunosuppressive factors such as IL-10 

and IL-6 which promote expansion regulatory T cells and myeloid derived suppressor cells 

(Lee et al., 2011; Su et al., 2018) Although radiation has been shown to promote priming of 

T cell responses in some cases (Arnold et al., 2018), the role of radiation-Induced IL-6 Stat3 

signaling on the tumor microenvironment is unclear. However, targeting IL-6/STAT3 may 

lead to anti-tumor effects on both tumor and infiltrating immune cells, leading to reduced 

populations of resistant stem-like cells, and enhanced radiation induced immune responses.

Although preclinical investigations have shown the utility of agents targeting the IL-6-JAK-

STAT3, clinical data in solid tumors is still forthcoming. Early phase clinical trials of 
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Tocilizumab, a monoclonal antibody that disrupts IL-6 classic and trans-signaling is in early 

phase trials for treatment of tumors such as pancreatic and ovarian cancer (Goumas et al., 

2015; Yanaihara et al., 2016). Clinical investigation of JAK inhibitors has been limited due 

to significant toxicity including dose-limiting myelosuppression, as well as neurological 

adverse events (Harrison & Vannucchi; Loh et al.). However, data from a phase II study in 

metastatic cancer patients has shown that a combination of the JAK2 inhibitor ruxolitinib 

and chemotherapy to be well tolerated (Hurwitz et al.). Additionally, several STAT3 SH2 

domain antagonists including OPB-31121 and C188-9 are also in early trials (Bharadwaj et 

al.; Oh et al.). Although possible anti-tumor activity has been demonstrated in patients with 

solid tumors, significant dose-limiting side effects such as peripheral neuropathy have been 

observed(Okusaka et al.) Additionally, a phase I dose-escalation trial with the small 

molecule OPB-111077 demonstrated limited toxicity with disease stabilization when 

delivered as a monotherapy in a range of advanced solid tumors (Tolcher et al.).. Although 

clinical studies have so far been limited in breast cancer, our findings indicate that STAT3 

inhibitors may lead to improved tumor outcomes, when used in combination with radiation 

treatment in triple negative breast cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Radiation increases ALDH activity and isoform expression in breast cancer cells. Flow 

cytometry analysis of ALDH and activity following radiation treatment in ALDH-sorted 

populations. SUM159 cells were sorted into (A&B) ALDH-positive and (C&D) ALDH-

negative subpopulations using FACS and irradiated with 8 Gy. Cells were re-analyzed by 

flow cytometry 5 days post-irradiation. Gates were set for each plate based on DEAB 

control having 0.2% ALDH positive cells. In both subpopulations, radiation increased the 

percentage of ALDH positive cells. (E). Graph showing increases in ALDH activity in 

ALDH− cells treated with the indicated doses of radiation. Cells were treated and analyzed 

as described in the previous experiments. Graphs represent average of three separate 

experiments. Error bars indicate standard deviation. *p<.01, **p<.001.
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Figure 2. 
Radiation induces expression of ALDH isoforms. SUM159 (A–B) and MDA-MB-231 (C–

D) cells were treated with 8 Gy for indicated time points, RNA was extracted and expression 

of the ALDH isoforms, ALDH1A1 (A&C) and ALDH1A3 (B&D) were assessed with real-

time PCR. Graphs represent averages of three separate experiments. Error bars represent 

standard deviation. *p<.01, **p<.001, ***p<.001.
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Figure 3. 
Radiation induces release of inflammatory cytokines. (A&B) SUM159 and (C&D) MDA-

MB-231 cells were analyzed at 48 hrs (A&C) or 5 days (B&D) after radiation with 8 Gy. 

RNA was extracted and expression of the interleukins, IL-6, IL-8, and IL-1b was assessed 

with real-time PCR. Graphs represent averages of three separate experiments. Error bars 

represent standard deviation. *p<.01, **p<.001, ***p<.001. (E) Secretion of IL-6 from 

SUM159 cells treated with increasing doses of radiation at 24, 48, or 72 hours was assessed 

by ELISA. Secretion of IL-6 was radiation dose- and time-dependent in SUM159 cells. This 

experiment was repeated in duplicate.
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Figure 4. 
STAT3 is required for ALDH activity and is activated upon treatment with radiation. (A) 

Sum159 cells were treated with siRNA to STAT3 or Control siRNA and ALDH activity was 

determined 48 hours following knockdown. (B&C) Sum159 (B) and MDA-MB-231 (C) 

cells were treated with inhibitors to STAT3 and analyzed 48 hours after treatment for ALDH 

activity. (D&E) Activation of JAK2 and STAT3 following 8 Gy radiation STAT3 was 

assessed via Western blot for increases in phosphorylation. (D). SUM159 cells or MD-

MB-231 (E) were treated with 8 Gy of radiation for 24 hours prior to lysing. Blots were 

probed for phosphorylated STAT3, or phosphorylated JAK2. Beta-actin was used as a 

loading control. Relative protein levels of phosphorylated STAT3 were normalized to 

betaactin.
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Figure 5. 
Inhibition of STAT3 blocks radiation induced increases in ALDH activity in sorted cells. (A) 

Representative flow cytometry analysis of ALDH activity in ALDH-negative subpopulation 

following STAT3 inhibition and radiation treatment. SUM159 cells were sorted into ALDH 

negative subpopulation using FACS and cultured for two days to allow recovery from 

sorting. ALDH activity was measured by ALDEFLUOR assay and percentage of ALDH-

positive cells was determined by flow cytometry. (B&C) SUM159 cells were sorted into 

ALDH− (B) or ALDHþ (C) populations and were treated with 8 Gy of radiation and/or 

STAT3 inhibitors Stattic, or C188-9 and cultured for five days with inhibitors before 

reassessing ALDH activity. (D). Sum159 cells were treated with 8 Gy with and without 

Stattic. Cells were grown for 5 days in the presence of Stattic and RNA was obtained. 

Quantitative PCR was performed using primers to Nanog, Oct-4 and Sox-2. Graphs 

represents average of three separate experiments. Error bars represent standard deviation. 

*p<.01, **p<.001, ***p<.001.
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Figure 6. 
Inhibition of STAT3 sensitizes cells to radiation and decreases mammopshere forming 

ability. (A) Clonogenic analysis of SUM159 or MDA-MB-231 cells following treatment 

with 2,4 or 8 Gy of radiation, 1 lM Stattic, 5 lM C188-9, or a combination of radiation and 

inhibitor. Colonies (>50 cells) were counted and data is reported as colony-forming 

efficiency (colonies counted/cells plated). Error bars represent standard deviation. Inhibition 

of STAT3 reduced colony-forming ability and sensitized cells to radiation. ***p<.0001. The 

effect of STAT3 inhibition on secondary mammosphere forming ability was assessed in the 

total or ALDH− populations of (B) SUM159 cells and (C) MDA-MB-231 cells following 

treatment with 8 Gy of radiation and/or 1 lM Stattic or 5 lM C188-9. Cells were 

continuously treated with inhibitor for 10 days. Data are reported as mammosphere forming 

efficiency, which is the number of spheres counted/number of cells plated and normalized to 

untreated cells. Graphs represent average of three separate experiments. Error bars represent 

standard deviation. *p<.01, **p<.001, ***p<.001. (D). Images of secondary mammospheres 

in ALDH− populations. (E). Caspase3/7 activation assays in total populations or 

mammospheres. Cells or mammospheres were treated with radiation or static and caspase3/7 

activation was assessed using a luminescence assay 48 hours post-treatment. Data are 
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expressed as % luminescence of untreated cells. Data were normalized to protein 

concentration in mammosphere assays. Graphs represent average of technical replicates 

from two separate experiments. Error bars represent standard deviation. *p<.01, **p<.001, 

***p<.001.
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