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Summary 

Although radioresistant and circulating tumor cell survival has been attributed to altered 

metabolism, the metabolic impact of radiation therapy on stromal cells is unknown. The authors 

provide a burgeoning mechanism for radiation-induced metabolic crosstalk between fibroblasts 

and breast cancer cells that may influence recurrence.  

 

Abstract 

Patients with triple negative breast cancer (TNBC) continue to have high recurrence rates 

despite current interventions, including radiation therapy (RT). Radiation-resistant TNBC cells 

and circulating tumor cells thought to be involved in recurrence survive due to changes in their 

metabolic profiles, which may be influenced by their interactions with radiation-damaged stromal 

cells, such as fibroblasts, following treatment. How fibroblasts metabolically respond to RT and 

influence the metabolism of TNBC cells is poorly understood. In this study, we identify that 

radiation-damaged fibroblasts accumulate lipids due to increased autophagic flux. The radiation 

damage response allows fibroblasts to maintain increased fatty acid oxidation, overall 

mitochondrial respiration, and aerobic glycolysis rates, leading to increased lactate secretion. 

TNBC cells respond to these metabolic changes by increasing migration rates and tumor 

spheroid growth. Our work reveals how metabolic crosstalk between irradiated fibroblasts and 

TNBC cells leads to a microenvironment conducive to recurrence.  
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Graphical Abstract 

Abbreviations 

4T1luc: Luciferase-labeled 4T1 mouse mammary carcinoma cells 

CAF: Cancer associated fibroblast 

CD36: fatty acid translocase 

CM: Conditioned media 

CQ: Chloroquine 

CTC: Circulating tumor cell 

DMSO: Dimethyl sulfoxide 

ECAR: Extracellular acidification rate 

ECM: Extracellular matrix 

FAO: Fatty acid oxidation 

FASN: Fatty acid synthase 

FCCP: Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

γ-H2AX: phospho-histone H2A.X 

HBSS: Hank’s buffered saline solution 
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IF: Immunofluorescence 

iMF: Immortalized human reduction mammoplasty fibroblast 

LC3B: Microtubule-associated protein 1A/1B-light chain 3 B 

MCT: Monocarboxylate transporter 

NAT: Normal adjacent tissue 

OCR: Oxygen consumption rate 

ORO: Oil red O 

PBS: Phosphate buffered saline 

ROS: Reactive oxygen species 

SSO: Sulfosuccinimidyl oleate 

RT: Radiation therapy 

TNBC: Triple negative breast cancer 

TCGA BRCA: The Cancer Genome Atlas Breast Invasive Carcinoma  
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Introduction 

Breast cancer, the most diagnosed cancer worldwide, is one of the deadliest forms of cancer for 

women (Sung et al., 2021). Roughly 15% of breast cancer patients are diagnosed with triple 

negative breast cancer (TNBC), a highly aggressive and metastatic subtype (Sioshansi et al., 

2012; Siegel et al., 2023). Treatment for TNBC typically consists of neoadjuvant chemotherapy, 

surgery, and adjuvant radiation therapy (RT) (Wapnir and Khan, 2019; Smith et al., 2018). The 

primary goal of RT is to eliminate residual cancer cells following surgery, and it is largely 

effective at reducing the incidence of recurrent disease (Darby et al., 2011). Although improved 

therapies have led to better outcomes and decreased off-target effects, patients with TNBC still 

experience high locoregional recurrence rates (David Voduc et al., 2010; Lowery et al., 2012; 

Zhang et al., 2015; Jwa et al., 2016; Adra et al., 2019). 

Residual radioresistant cancer cells adopt an altered lipid metabolic profile that may 

promote recurrence (Havas et al., 2017; Corn et al., 2020). Both increased de novo fatty acid 

synthesis and fatty acid oxidation (FAO) are linked to radioresistance in breast and other 

cancers treated by RT (Han et al., 2019; Du et al., 2019; Tan et al., 2018; Chuang et al., 2019; 

Göttgens et al., 2019). Additionally, upregulated FAO has been shown to drive cancer cell 

resistance to anoikis (Dheeraj et al., 2018; Sawyer et al., 2020; Wang et al., 2018), suggesting 

that circulating tumor cell (CTC) survival after RT is supported by altered metabolic profiles. The 

recruitment of breast CTCs to radiation-damaged sites has been identified as a contributing 

factor to locoregional recurrence beyond residual tumor cells in the irradiated surgical bed 

(Rafat et al., 2018; Vilalta et al., 2014; Hacker et al., 2023). However, how the stromal cell 

metabolic response to RT influences recurrence remains unclear. 

Fibroblasts are major cellular contributors to the wound healing response to radiation. 

They are recruited to radiation-damaged sites and secrete new extracellular matrix (ECM) to 

promote healing, where excess deposition can lead to fibrosis (Rodemann and Bamberg, 1995; 

Zhao et al., 2019). Fibroblasts within mammary tissue are exposed to off-target effects of RT 

and may interact with recruited or residual CTCs. Determining how normal tissue fibroblasts 

metabolically respond to radiation damage is therefore crucial for understanding recurrence. 

Studies typically focus on cancer-associated fibroblasts (CAFs) and their interactions with tumor 

cells. CAFs can transfer lipids and fatty acids to (Santi et al., 2015; Auciello et al., 2019) and 

upregulate lipid synthesis and saturation pathways in tumor cells (Liu et al., 2018; Neuwirt et al., 

2020). Upregulated glycolysis in CAFs also plays a critical role in tumor progression through the 

secretion of lactate, providing an alternate fuel source for oxidative cancer cells (Martinez-

Outschoorn et al., 2014; Becker et al., 2020). These studies suggest that irradiated fibroblast 
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metabolic changes may lead to crosstalk with tumor cells to impact recurrence mechanisms. 

Here, we show how radiation damage alters fibroblast metabolism through the analysis 

of lipid droplet dynamics, autophagic flux, mitochondrial respiration, and aerobic glycolysis. We 

determine that irradiated fibroblasts are highly energetic and secrete high levels of lactate into 

the extracellular environment, which directly increases TNBC cell migration rates and tumor 

spheroid outgrowth. Our study reveals a metabolic recurrence mechanism that can be targeted 

to improve TNBC patient survival following RT. 

 

Results and Discussion 

Irradiated fibroblasts increase TNBC cell growth and accumulate lipid droplets 

Since previous work showed that RT-damaged mammary stroma secretes factors that recruit 

CTCs and promotes TNBC recurrence (Rafat et al., 2018), we first evaluated the effect of 

secreted factors from irradiated NIH 3T3 murine fibroblasts on 4T1 TNBC cell invasion and 

growth. Conditioned media (CM) was collected from fibroblasts irradiated to 10 Gy after 

incubation for 2 or 7 days and used in a transwell invasion assay. CM from irradiated fibroblasts 

moderately increased 4T1 invasion compared to CM from unirradiated fibroblasts (Fig. S1A). 

Importantly, irradiated fibroblasts promoted a significant increase in 4T1 growth when co-

cultured (Fig. 1A). These results indicate that interactions between RT-damaged fibroblasts and 

TNBC cells may impact recurrence. A clonogenic assay demonstrated that fibroblasts are more 

radioresistant than tumor cells as expected (Vilalta et al., 2014) (Fig. S1B), while 3T3s and 

4T1s showed similar levels of phospho-histone H2A.X (γ-H2AX) expression following RT up to a 

dose of 10 Gy (Fig. S1C–D). These results suggest that although fibroblasts may experience 

equivalent levels of DNA damage for the same radiation dose as cancer cells, they are more 

likely to survive following RT. 

Due to the importance of lipid metabolism in radioresistant cancer cells and CTCs, we 

hypothesized that lipid droplets in fibroblasts may be a critical marker for analyzing post-RT 

metabolic profiles. We evaluated the expression of perilipin-2 (Sztalryd and Brasaemle, 2017) in 

the normal adjacent tissue (NAT) of breast cancer patients from The Cancer Genome Atlas 

Breast Invasive Carcinoma (TCGA BRCA) dataset (Goldman et al., 2020; Koboldt et al., 2012). 

We observed that patients with high levels of NAT perilipin-2 expression had worse overall 

survival compared to those with low expression (Fig. 1B), indicating an inverse relationship 

between lipid droplets in the NAT and breast cancer patient survival. We then observed a 2-fold 

increase in lipid droplets from perilipin-2 staining in irradiated fibroblasts up to 7 days following 

RT (Fig. 1C–D), demonstrating that an altered lipid metabolic profile persists well after the initial 
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cellular stresses of RT. We also measured decreased perilipin-2 expression in the lipid droplets 

of irradiated fibroblasts starting at 3 days after RT, suggesting these neutral lipid stores may be 

more susceptible to lipolysis, degradation, and utilization by the cells (Xu et al., 2019) (Fig. 

S1E). To confirm perilipin-2 expression correlated with increased neutral lipid storage after RT, 

we stained fibroblasts for Oil Red O (ORO; Fig. 1E–F). More than a 2-fold increase in lipid 

droplet area in irradiated fibroblasts was observed (Fig. 1F), and this neutral lipid increase was 

also shown with BODIPY 493/593 flow cytometry analysis (Fig. S1F–G). We additionally 

confirmed these trends in immortalized human reduction mammoplasty fibroblasts (iMFs; Fig. 

1G–H, Fig. S1H). 

 

Irradiated fibroblasts increase extracellular fatty acid uptake, but inhibition does not 

impact lipid storage 

Increased lipid storage following radiation damage has been demonstrated in macrophages 

(Katayama et al., 2008) and dendritic cells (Gao et al., 2015). Although this phenomenon has 

been observed when these cells are recruited to areas of radiation damage, these studies 

suggest extracellular metabolites may be the source of increased lipid droplets, with either 

anabolism or the direct uptake of fatty acids. We therefore evaluated the expression of fatty acid 

synthase (FASN) and saw no significant differences between irradiated and unirradiated 

fibroblasts (Fig. S2A–B). We then incubated both irradiated and control fibroblasts with 

BODIPY-conjugated palmitate, which showed increased fatty acid uptake in irradiated cells (Fig. 

2A–B), especially starting at 3 days after RT. These results correlated with our findings showing 

increased neutral lipid storage in irradiated fibroblasts. To evaluate the impact of increased fatty 

acid uptake on lipid droplets, sulfosuccinimidyl oleate (SSO) was used to inhibit the fatty acid 

translocase enzyme (CD36). While CD36 inhibition reduced fatty acid uptake by approximately 

50% (Fig. S2C), this surprisingly resulted in either no change or a slight increase in post-RT 

neutral lipid storage as observed through ORO staining (Fig. S2D). These results suggest that 

irradiated fibroblasts rely in some capacity on extracellular fatty acids for lipid metabolism 

following RT, but an alternate pathway is responsible for lipid accumulation in irradiated 

fibroblasts. 

 

Radiation-induced autophagy promotes neutral lipid accumulation 

Autophagy has been demonstrated in tumor cells as a mechanism for the removal of 

biomolecules and cellular compartments damaged by reactive oxygen species (ROS) generated 

from RT (Huang et al., 2014; Wang et al., 2015). We hypothesized that activation of autophagy 
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in irradiated fibroblasts and the degradation of lipid membranes in damaged organelles results 

in increased lipid storage similar to lipid accumulation following starvation-induced autophagy 

(Nguyen et al., 2017). We analyzed the presence of acidic lysosomes in RT-treated fibroblasts 

through LysoTracker staining (Fig. 2C). We observed a significant increase in lysosome 

formation and acidification starting at day 3 following RT in irradiated fibroblasts, which 

persisted 7 days after RT (Fig. 2D). We evaluated the formation of autophagosomes through 

immunofluorescence (IF) staining of microtubule-associated protein 1A/1B-light chain 3B 

(LC3B) (Mizushima et al., 2010). Irradiated cells exhibited bright LC3B puncta formation starting 

3 days after RT (Fig. 2E–F), suggesting that autophagy is upregulated during the period of RT-

induced lipid accumulation. 

Although increased lysosomal staining and LC3B puncta formation may indicate 

increased autophagic flux, these results can also be observed in cells with defective autophagy 

(Runwal et al., 2019), which has been demonstrated in radiation-damaged cells (Endo et al., 

2020). To confirm if there was increased autophagic flux in irradiated fibroblasts, we inhibited 

autophagy using chloroquine (CQ). CQ treatment successfully resulted in a decrease in 

lysosomal acidification 3 days after RT (Fig. S2E). Staining for LC3B in CQ-treated irradiated 

cells showed a substantial increase in LC3B positive structures, confirming an increase in 

autophagic flux (Fig. 2G–H). Additionally, CQ treatment of unirradiated cells increased LC3B 

expression, indicating that normal fibroblasts have a low basal level of autophagy. Inhibition of 

autophagy led to a substantial decrease in lipid droplet formation in irradiated fibroblasts as 

evaluated through ORO (Fig. 2I) and perilipin-2 IF analysis (Fig. S2F). We confirmed that 

autophagy also drives post-RT lipid accumulation in human fibroblasts (Fig. 2J).  

 

Metabolic flux analysis reveals increased mitochondrial respiration is linked to 

autophagy and FAO in irradiated fibroblasts 

We next stained fibroblasts with MitoTracker Deep Red to evaluate a baseline level of 

mitochondrial dynamics following RT using flow cytometry analysis. Increased staining indicates 

either increased mitochondrial mass or membrane potential (Mauro-Lizcano et al., 2015; Xiao et 

al., 2016). We observed that irradiated cells had higher MitoTracker intensity compared to 

unirradiated cells (Fig. 3A). Interestingly, autophagy inhibition increased MitoTracker intensity 

for both irradiated and unirradiated cells (Fig. 3B). These results suggest that increased 

MitoTracker staining in irradiated cells following autophagy inhibition is due to damaged or 

dysfunctional mitochondria that are not degraded by autophagolysosomes. To determine the 

mechanism behind increased MitoTracker staining, we evaluated mitochondrial bioenergetics 
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through a modified mitochondrial stress test, which allowed us to perform a metabolic flux 

analysis with autophagy inhibition (Fig. S3A–B). Irradiated fibroblasts had a roughly 3-fold 

increase in ATP-linked oxygen consumption rate (OCR) compared to unirradiated fibroblasts 

(Fig. 3C), matching observations of increased MitoTracker staining. Autophagy inhibition 

completely abrogated the large ATP-linked OCR increase in irradiated fibroblasts. These results 

indicate that autophagy-inhibited MitoTracker staining in irradiated fibroblasts is related to an 

increase in defective mitochondrial biomass, which reveals that autophagy is critical for 

recycling damaged mitochondria to maintain higher mitochondrial respiration after RT. In 

addition, non-mitochondrial OCR was observed to be substantially higher in irradiated 

fibroblasts compared to unirradiated controls (Fig. 3D). This suggests that organelles and 

proteins are being damaged well after the initial events of RT since non-mitochondrial OCR has 

been linked to increased activity of intracellular oxidases that generate ROS (Dranka et al., 

2010; Hill et al., 2012; Chacko et al., 2014). 

We then examined whether the higher basal and mitochondrial-linked OCRs in irradiated 

fibroblasts were the result of increased FAO from the post-radiation increase in neutral lipid 

stores. We performed the mitochondrial stress test with the addition of etomoxir to inhibit FAO. 

Extracellular fatty acids were absent during the test to limit the source of lipids for FAO to be 

intracellular. We observed a roughly 40% reduction in ATP-linked OCR rates following 

incubation of etomoxir (Fig. 3E, S3A–B). These results suggest that lipid stores are being used 

for FAO in irradiated cells and are responsible for a significant portion, but not the entirety, of 

post-RT increases in ATP-linked OCR. 

We analyzed the corresponding extracellular acidification rate (ECAR) in irradiated cells 

during the modified mitochondrial stress test. At 3 days after RT, irradiated and unirradiated 

fibroblasts showed equivalent basal ECAR, and this ECAR was not impacted by autophagy 

inhibition. However, after 7 days, irradiated fibroblasts exhibited an increase in basal ECAR 

which was abrogated upon autophagy inhibition (Fig. 3F). These results show that autophagy is 

essential in maintaining increased aerobic glycolysis in irradiated fibroblasts at late timepoints 

following radiation damage. We then performed a modified glycolytic stress test at 7 days after 

RT, where ECAR in irradiated and unirradiated fibroblasts was measured in response to a bolus 

of glucose in saturating levels of glutamine without sodium pyruvate (Fig. S3C–D). Irradiated 

fibroblasts indeed demonstrated increased glycolytic ECAR, suggesting increased aerobic 

glycolysis (Fig. 3G). Only the reserve glycolytic ECAR in irradiated cells showed major 

differences upon autophagy inhibition (Fig. 3H), indicating that autophagy is important in 

maintaining the ability of irradiated fibroblasts to switch from mitochondrial respiration to 
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glycolysis. An increase in aerobic glycolysis in irradiated fibroblasts 7 days after RT was further 

supported by an increase in intracellular pyruvate levels from lysates of irradiated fibroblasts 

compared to unirradiated controls (Fig. S3E). Notably, we determined a substantial decrease in 

Ki67-positive cells within the irradiated fibroblast population, suggesting that increased aerobic 

glycolysis was not the result of the selection of a radioresistant population (Fig. S3F). We also 

performed the modified glycolytic stress test 7 days after RT with and without autophagy 

inhibition in human iMFs (Fig. S3G–H). A substantial increase in glycolytic ECAR was observed 

in the irradiated iMFs compared to unirradiated controls, and autophagy directly maintained the 

high ECAR levels (Fig. 3I). Additionally, irradiated iMFs at 7 days after RT exhibited more than 

a 2-fold increase in ATP-linked OCR compared to unirradiated cells (Fig. 3J). Autophagy 

inhibition did not directly reduce this ATP-linked OCR in the human iMFs, suggesting that 

autophagy may be more important for maintaining aerobic glycolysis than mitochondrial 

respiration in human cells. Taken together, these results indicate that evaluating metabolic 

crosstalk between irradiated fibroblasts and TNBC cells by way of aerobic glycolysis may 

elucidate recurrence mechanisms. 

 

Increased radiation-induced aerobic glycolysis in fibroblasts promotes lactate secretion 

and metabolic crosstalk with TNBC cells 

We hypothesized that secreted factors from irradiated fibroblasts directly influence TNBC cells. 

We incubated TNBC cells with CM collected from irradiated 3T3s 7 days after RT and observed 

decreased LysoTracker live cell staining intensity (Fig. 4A, S3I) and decreased autophagosome 

formation by 75% (Fig. 4B, S3J). These results suggest a metabolite specifically from irradiated 

fibroblasts decreases basal levels of autophagy in TNBC cells. Based on the observed 

increased aerobic glycolysis, we determined that irradiated fibroblast CM contained an 

approximately 5 mM increase in L-lactate concentration compared to unirradiated fibroblast CM 

(Fig. 4C). We used the small molecule inhibitor AZD3965 to block lactate uptake through 

monocarboxylate transporters MCT1/2 in TNBC cells (Draoui and Feron, 2011), which has been 

utilized in phase 1 breast cancer clinical trials (Benyahia et al., 2021). We used 50 nM AZD3965 

to optimize TNBC proliferation effects as a result of the inhibition of lactate uptake (Fig. S3K). 

We next conducted a scratch-wound assay (Fig. 4D) where TNBC cells were exposed to 

either irradiated or unirradiated fibroblast CM, and the closure of the gap was observed over 15 

hours. TNBC cells incubated in irradiated fibroblast CM closed the gap at a significantly higher 

rate, and this increase was eliminated with the addition of AZD3965 (Fig. 4E). These results 

suggest that increased lactate secretion from irradiated fibroblasts enhances migration rates of 
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TNBC cells. Since CTCs have been shown to survive detached from the ECM due to increased 

mitochondrial respiration, and lactate can supply citric acid cycle intermediates, we evaluated 

how irradiated fibroblast secreted factors influence tumor spheroid growth. Spheroids grown in 

irradiated fibroblast CM experienced higher outgrowth compared to those grown in unirradiated 

fibroblast CM (Fig. 4F–G), and the addition of AZD3965 completely abrogated this outgrowth. 

The combined impact of increased migration and increased spheroid outgrowth in TNBC cells 

incubated with CM from irradiated cells suggests that fibroblasts induce an aggressive 

phenotype in TNBC cells following RT. 

 We established a link between post-RT lipid accumulation, autophagy, and aerobic 

glycolysis, which impacted metabolic crosstalk between irradiated fibroblasts and TNBC cells. 

To determine the connection between these mechanisms in human tissue, we evaluated gene 

expression data for Map1lc3b (LC3B), Lipa (lipase A), and Ldha (lactate dehydrogenase) in 

patient NAT. We found strong correlations with the expression of each of these genes against 

expression of Plin2 (Fig. 4H), which was also associated with overall worse survival for breast 

cancer patients (Fig. 1C). These analyses further implicate lipid metabolism, autophagy, and 

lactate generation in TNBC recurrence post-therapy. 

 

Concluding Remarks 

 In this study, we demonstrate how radiation impacts fibroblast metabolism and, 

ultimately, metabolic crosstalk between fibroblasts and TNBC cells. We used lipid droplets as a 

marker for metabolic alterations in radiation-damaged fibroblasts since a reliance on FAO has 

been shown to be critical in tumor progression, radioresistance, and CTC survival (Han et al., 

2019; Sawyer et al., 2020). We observed increased neutral lipid storage in irradiated fibroblasts 

compared to unirradiated cells and found autophagy to be critical in maintaining these stores. 

Additionally, irradiated fibroblasts had a significant increase in extracellular fatty acid uptake and 

FAO, demonstrating the importance of lipid metabolism to the post-RT survival of fibroblasts. 

Exactly how irradiated fibroblasts utilize extracellular fatty acids and why this flux is increased 

after radiation remains to be determined. We further showed that irradiated fibroblasts displayed 

increased ATP-linked respiration, aerobic glycolysis, and reserve glycolytic capacity, which was 

maintained through increased autophagic flux, indicating irradiated fibroblasts are highly 

metabolically active for a significant amount of time following RT. This increased metabolic 

activity may be critical for post-RT survival and could serve as a communication channel to 

immune cells through the generation of cytokines and other metabolic intermediates that act as 

damage signals (Mu et al., 2018; Manoharan et al., 2021). The production of these molecules is 
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common in senescent cells (Sabbatinelli et al., 2019), and the observed decrease in Ki67-

positive cells after RT may indicate senescence (Zorin et al., 2017). Due to the observed 

increased lactate efflux from irradiated fibroblasts and studies demonstrating that lactate 

secreted from CAFs is important for tumor progression (Martinez-Outschoorn et al., 2014; 

Becker et al., 2020), we showed that blocking TNBC cell uptake of RT-induced fibroblast lactate 

decreased migration and spheroid outgrowth.  

 While we focused on metabolic crosstalk between irradiated fibroblasts and TNBC cells, 

stromal-immune cell interactions are also important in the irradiated microenvironment. 

Neutrophils and macrophages are recruited to sites of radiation damage, and both of these 

innate immune cells have been implicated in post-RT TNBC recurrence mechanisms (Sherry et 

al., 2020; Rafat et al., 2018; Hacker et al., 2023). In the tumor microenvironment, acidosis and 

increased lactate secretion by tumor cells have been shown to promote anti-inflammatory and 

pro-tumorigenic polarization of these immune cells, and lactate secretion from irradiated 

fibroblasts may promote similar polarization patterns (Wang et al., 2021; Deng et al., 2021; Mu 

et al., 2018; Noe et al., 2021). Adipocytes, another abundant cell type in the breast tissue 

microenvironment, have been demonstrated to influence the fibroblast radiation damage 

response (Kosmacek and Oberley-Deegan, 2020). Adipocyte lipid metabolic response to 

radiation may alter extracellular fatty acid availability for fibroblasts, impacting autophagy and 

lipid metabolism in fibroblasts damaged by radiation. These insights highlight the need to 

evaluate changes in cellular metabolism following RT in multiple cell types under 

microenvironmental stressors to determine novel therapies to prevent recurrence. Our study 

provides a link between metabolic profiles in fibroblasts post-radiation and metabolic crosstalk 

with cancer cells that leads to an aggressive TNBC phenotype.  
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Materials and Methods 

Cell culture. NIH 3T3 murine embryonic fibroblasts were obtained from ATCC and immortalized 

human reduction mammoplasty fibroblasts (iMFs) were obtained from Dr. Charlotte 

Kuperwasser (Tufts University) in April 2022. Fibroblasts were cultured in high glucose DMEM 

(Gibco 11995-065) containing 10% bovine calf serum and 1% penicillin/streptomycin. 

Luciferase-labeled 4T1 mouse mammary carcinoma cells (4T1luc) were obtained from Dr. 

Christopher Contag (Stanford University) in August 2011, and unlabeled 4T1 cells were 

obtained from ATCC. 4T1 TNBC cells were cultured in RPMI 1640 medium (Gibco 11875-093) 

containing 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin. All cells 

were maintained at 37°C in a humified incubator containing 5% CO2 and were routinely 

evaluated for the presence of mycoplasma using the Myco-Sniff-Rapid™ Mycoplasma 

Luciferase Detection Kit (MP Biomedicals 0930504-CF). 

 

Radiation. For radiation experiments, cells were grown to 70% confluency in T300, T75, or T25 

flasks and then irradiated to a dose of 10 Gy using a cesium source. Following irradiation, cells 

were immediately plated into new plates or flasks with fresh media. Cell counts at the indicated 

post-RT timepoints were kept constant between irradiated and non-irradiated cells. 

 

Clonogenic assays and DNA damage analysis. 3T3s were irradiated to doses up to 10 Gy 

and plated in 6 or 10 cm dishes in normal growth media in triplicate at appropriate 

concentrations. After 12 days, colonies were stained with 0.25% w/v crystal violet solution in 

95% ethanol and counted, and the surviving fraction was calculated by dividing the number of 

colonies by the initial number of cells plated and normalized to the 0 Gy surviving fraction. The 

survival data was fitted with the linear-quadratic model (Surviving Fraction � �
��������	
�������). 

For DNA damage analysis, cells on glass coverslips were irradiated to doses up to 10 Gy. Cells 

were fixed for IF staining of γ-H2AX 30 minutes following RT (Kuo and Yang, 2008; Kinner et 

al., 2008). 

 

Fibroblast CM and lactate concentration. Irradiated and unirradiated 3T3s were plated in T25 

flasks in complete growth media for either 2 or 7 days, at which point supernatant was collected 

and filtered through a 0.2 μm filter to remove cell debris. Cell counts between irradiated and 

unirradiated flasks at the time of CM collection were kept constant. Filtered CM was stored at –

80°C until use. L-lactate concentration in CM was determined using Cayman Chemical’s L-

Lactate Assay Kit (700510) following the manufacturer’s instructions. When 4T1s were 
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incubated in fibroblast CM, complete media was removed 24 hours prior to 70% confluency, 

washed with phosphate buffered saline (PBS), and replaced with CM for incubation at 37°C. 

 

Invasion assays. CM from irradiated and control 3T3s at the 2- and 7-day post-RT timepoints 

was used as the chemoattractant in a transwell invasion assay. 1x105 luciferase-labeled 4T1luc 

cells were placed in upper chambers of migration (Corning, BioCoat PET control inserts, 8 μm 

pore size) or invasion inserts (Corning, BioCoat growth-factor reduced Matrigel invasion matrix, 

8 μm pore size) in duplicate and were allowed to migrate toward the chemoattractant for 24 

hours. Cells that migrated or invaded through membranes were fixed in methanol, mounted on 

slides with ProLong glass antifade mountant with NucBlue stain (Invitrogen P36981), and 

counted. The invasive index was calculated by dividing the number of cells on invasion inserts 

by the number of cells on migration inserts. Migration and viability were confirmed by imaging 

the 4T1luc cells that migrated through the membranes to the 24 well receiver plate using 

bioluminescence imaging. For bioluminescence readings, an IVIS Lumina Series III (Caliper 

LifeSciences) was used. Cells were imaged after incubation with 0.167 mg/mL Luciferin 

(Biosynth L-8220) for 10 minutes. 

 

Co-culture. 4T1luc cells were co-cultured with irradiated or unirradiated 3T3s at 6 days following 

RT for 48 hours in 6 well tissue culture treated plates, with experiments ending at 8 days 

following RT. Seeding densities of fibroblasts were adjusted so that the same number of 

irradiated or unirradiated fibroblasts were present at the end of the 48 hour co-culture period. 

Bioluminescence imaging was performed to determine cell density, and the total flux of the co-

culture was normalized to total flux of 4T1luc cells in basal fibroblast media. 

 

TCGA patient data analysis. The TCGA BRCA dataset (Koboldt et al., 2012) was accessed 

through the University of California Santa Cruz Xena platform on March 31st, 2022 to evaluate 

how gene expression of Plin2 in the normal adjacent tissue (NAT) of breast cancer patients 

correlated with overall survival, and to analyze co-expression with Map1lc3b, Lipa, and Ldha 

(Goldman et al., 2020). The Xena visualization tool was utilized (https://xenabrowser.net/) to first 

access the TCGA BRCA dataset, and then only Solid Tissue Normal sample types were kept for 

analysis. Subsequently, “Breast” was selected as the primary site to only include patient data 

from TCGA from breast cancer patients. These selections yielded a total patient dataset of n = 

113 NAT samples. Plin2 was then entered to evaluate gene expression data via RNAseq 

analysis, and a Kaplan Meier curve was generated utilizing the built-in functionality of the Xena 
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platform. Map1lc3b, Lipa, and Ldha were subsequently entered to collect gene expression data 

and evaluate linear correlation with Plin2, where Pearson correlation coefficients were 

calculated. 

 

Neutral lipid staining. Oil Red O (Sigma O0625) and BODIPY 493/503 (Invitrogen D3922) 

dyes were used for neutral lipid detection in cells. For ORO staining, 0.5 g of ORO powder was 

added to 100 mL of propylene glycol, heated at 97°C for 30 minutes, and stored at room 

temperature until use. Prior to staining, the ORO solution was vacuum filtered through a 0.45 

μm filter. Cells on glass coverslips were fixed in neutral-buffered formalin for 20 minutes at room 

temperature, washed three times in PBS, and then incubated in propylene glycol for 2 minutes. 

Following removal of the propylene glycol, coverslips were incubated in ORO solution for 2 

hours at room temperature. Samples were then differentiated in 85% propylene glycol for 5 

minutes, rinsed in PBS, stained with hematoxylin for 45 seconds, rinsed in DI water, and 

mounted onto glass slides using a glycerin solution. For BODIPY 493/503 staining, cells were 

labeled with a 2 μM solution for 30 minutes at 37°C (Qiu and Simon, 2016). 

 

Immunofluorescence staining. For perilipin-2, fatty acid synthase, γ-H2AX, and Ki67 staining, 

which required permeabilization, cells on glass coverslips fixed in neutral-buffered formalin were 

incubated in a 0.1% Triton X-100 solution (Sigma X100) for 10 minutes. For LC3B staining, cells 

were fixed and permeabilized in 100% ice-cold methanol for 10 minutes at -20°C. Cells were 

blocked for 1 hour at room temperature with 10% normal goat serum (Vector Labs S-1000) and 

then incubated overnight at 4°C in a humidified chamber with anti-γ-H2AX (1:500, Invitrogen 

MA5-38225), anti-perilipin-2 (1:200, Invitrogen MA5-32664), anti-fatty acid synthase (1:50, 

Invitrogen MA5-14887), anti-LC3B (1:200, Abcam ab192890), and anti-Ki67 (1:200, Invitrogen 

MA5-14520) in 1% bovine serum albumin (Sigma A1470) and 0.1% Tween-20 (Sigma P1379). 

Coverslips were mounted onto slides using ProLong Glass Antifade Mountant with NucBlue 

following secondary antibody incubation with goat anti-rabbit IgG AlexaFluor 488 (1:200, 

Invitrogen A-11008) or goat anti-rabbit IgG AlexaFluor 594 (1:200, Invitrogen A-11012). A 

corresponding no primary antibody control was performed for all conditions to confirm 

specificity. 

 

Microscopy, image processing, and quantification. Stained samples were imaged using a 

Leica DMi8 inverted microscope with Leica DFC9000GT sCMOS fluorescence and Leica 

MC190 HD digital cameras. For fluorescence microscopy, a Lumencor mercury-free SOLA light 
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engine was used for the illumination source. For live cell imaging, cells were imaged using an 

Okolab Bold Line CO2 and temperature unit with air pump. The microscope was fitted with 

DAPI, GFP, TXR, and Y5 filter cubes. Images (8 bit) were captured using LASX imaging 

software. Images of perilipin-2 and LC3B staining were captured as Z-stacks. All images were 

analyzed using Fiji software (Schindelin et al., 2012). For ORO neutral lipid quantification, 

deconvolution of RGB images to evaluate the ORO-stained area was performed using the built-

in H&E vector, and positive area was normalized by number of cells. For all IF imaging, area of 

positive staining was set based on the no primary control images and thresholded accordingly. 

Z-stacks were merged using maximum intensity projections. For γ-H2AX, expression was 

calculated by multiplying staining intensity by area of positive staining and normalizing to 

nuclear area. For Ki67, the number of cells with positive staining were divided by the total 

number of cells within the image to calculate the percentage of positive cells. For all other IF 

analysis, expression multiplied by staining area or area of positive staining was normalized by 

cell number. 

 

BODIPY-labeled palmitate uptake experiments and CD36 inhibition. BODIPY FL C16 (4,4-

Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Hexadecanoic Acid, Invitrogen D3821) 

was used to assess the ability of 3T3s to transport fatty acids into the cell from their 

surroundings. Uptake experiments were performed using modified pre-established protocols 

(Somwar et al., 2011). Briefly, fibroblasts were washed in serum free media and incubated in 

DMEM containing 0.5% fatty acid free bovine serum albumin (Fisher BP9704100) containing 10 

μM BODIPY FL C16 for 40 minutes at 37°C. Cells were then washed with 0.5% albumin-

containing media and incubated with 1.5 µM of Hoechst 33345 (ThermoScientific) for 20 

minutes. Cells were washed and imaged live at 37°C and 5% CO2 in Hank’s buffered saline 

solution (HBSS, Corning 21-023-CV). The relative amount of BODIPY FL C16 taken up by 

irradiated and unirradiated control cells was determined by multiplying the area of positive 

staining by the intensity and normalizing by cell count using Fiji. To inhibit fatty acid uptake, 

sulfosuccinimidyl oleate (SSO, MedChemExpress HY-112847A), an irreversible inhibitor of fatty 

acid translocase (CD36) was used. Increasing concentrations of SSO (10 – 500 μM) dissolved 

in dimethylsulfoxide (DMSO) were used in conjunction with BODIPY FL C16 to determine 

maximal inhibition of palmitate uptake in unirradiated cells. A concentration of 50 μM was used 

in conjunction with a DMSO control for all other extracellular fatty acid uptake inhibition tests. 

 

Autophagy analysis and inhibition. Autophagy was evaluated based on lysosomal 
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acidification and the presence of LC3B-positive structures in 3T3 fibroblast and 4T1 TNBC cells. 

LysoTracker Red DND-99 (Invitrogen L7528) was used to identify lysosomal structures. 

Irradiated or unirradiated 3T3s or 4T1s incubated in fibroblast CM were seeded in tissue culture 

treated 24 well plates at appropriate seeding densities based on the timepoint after RT and 

incubated with 50 nM of LysoTracker Red DND-99 and 1.5 µM of Hoechst 33345 solution in 

media for 30 minutes at 37°C. Following incubation, cells were washed with and imaged live in 

HBSS at 37°C and 5% CO2. Lysosomal acidification was quantified by calculating the product of 

the area of positive staining and the staining intensity using Fiji and normalizing by the number 

of cells per field of view. For autophagosome analysis, irradiated or unirradiated 3T3 fibroblast 

or 4T1 TNBC cells incubated in fibroblast CM were seeded on glass coverslips at appropriate 

seeding densities. 3T3 or 4T1 cells were stained for LC3B as described previously. 

Autophagosomes were identified by the formation of bright puncta compared to diffuse LC3B IF 

staining in the cytoplasm (Mizushima et al., 2010). These puncta were analyzed by thresholding 

after subtracting background fluorescence using Fiji, and the cross-sectional area per cell was 

calculated to represent the number of autophagosomes in the cell. This area was then 

normalized by dividing by the average of all conditions within each biological replicate. 

Chloroquine diphosphate salt (CQ, Sigma C6628) was used as an autophagy inhibitor. 5 hours 

prior to the indicated timepoint, 3T3 cells were incubated with 100 μM of CQ, and iMFs were 

incubated with 250 μM of CQ in complete media. Control cells were treated with equivalent 

volumes of PBS. After 5 hours of inhibition (Klionsky et al., 2016), cells were washed and either 

fixed for ORO or IF staining, imaged live for LysoTracker experiments, or prepared for metabolic 

flux analysis. Autophagic flux was confirmed by an increase in autophagosomes following CQ 

inhibition. 

 

Mitochondrial staining. MitoTracker Deep Red (Invitrogen M22426) was used to evaluate 

mitochondria in 3T3 cells. Stock powder was dissolved in DMSO and used at a working 

concentration of 200 nM. Cells were washed with PBS and stained with MitoTracker Deep Red 

in serum free media for 30 minutes at 37°C. Following incubation, cells were washed twice with 

complete media and then prepared for flow cytometry analysis.  

 

Flow cytometry. Fibroblasts were analyzed via flow cytometry to evaluate BODIPY staining for 

lipid droplets and MitoTracker Deep Red staining for mitochondrial membrane potential 

following RT with or without autophagy inhibition (100 μM CQ for 5 hours). At the appropriate 

timepoints following RT and/or inhibition, cells were stained for MitoTracker Deep Red and 
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BODIPY for 30 minutes at 37°C. Cells were trypsinized, pelleted, and resuspended in ice cold 

PBS at a concentration of 1x106 cells/mL. Live cells were determined using a live/dead aqua 

viability kit (Life Technologies L34966) following the manufacturer’s instructions, and staining 

occurred for 30 minutes on ice. Cells were spun down and resuspended in neutral buffered 

formalin for 10 minutes on ice for fixation. Cells were then resuspended in 100 μL PBS and 

analyzed on the Amnis CellStream flow cytometer (Cytek Biosciences). A compensation matrix 

was generated using single-stained cells and an all-dead sample generated from incubation in 

70% ice cold methanol in PBS for 10 minutes. Cells were gated on live and single cells. The 

compensation matrix and data analysis were performed using FlowJo software. Fluorescence 

intensity was plotted normalized to the mode for each sample. 

 

Metabolic flux analysis with autophagy and FAO inhibition. Fibroblast mitochondrial 

oxidative phosphorylation was evaluated through the real-time measurement of the oxygen 

consumption rate (OCR) and glycolysis through the measurement of the extracellular 

acidification rate (ECAR) using the Seahorse XFe96 Extracellular Flux Analyzer (Agilent) at the 

Vanderbilt High Through Screening Core. 3T3 or iMF cells irradiated to a dose of 10 Gy (1,500 

3T3 cells/well or 1,400 iMF cells/well) or unirradiated cells (2,200 3T3 cells/well or 1,800 iMF 

cells/well) were seeded in an XFe96 culture microplate (Agilent 101085-004) and incubated 

overnight in complete growth media. The sensor cartridge from the Extracellular Flux Assay Kit 

(Agilent) was hydrated in sterile DI water overnight at 37°C in a non-CO2 incubator. Five hours 

prior to the experiment, cells were incubated with basal fibroblast media with either 100 μM CQ, 

40 μM etomoxir sodium salt hydrate (Sigma E1905) for FAO inhibition, or an equivalent volume 

of PBS. The sensor cartridge was incubated with Seahorse XF Calibrant (Agilent 100840-000) 1 

hour prior to the experiment, and fibroblasts were washed and then incubated for 1 hour in a 

non-CO2 incubator in XF DMEM Medium, pH 7.4 (Agilent 103575-100) supplemented with 2.0 

mM L-glutamine (Sigma G8540), 1.0 mM sodium pyruvate (Sigma S8636), and 10 mM D-(+)-

glucose (Sigma G7528). The Seahorse XF Cell Mito Stress Test (Agilent 103015-100) or the 

Seahorse XF Glycolysis Stress Test (without sodium pyruvate or glucose, Agilent 103020-100) 

were then performed, and injection strategies were followed per the manufacturer’s instructions. 

The following final concentrations of injected drugs and metabolites for both the Mito and 

Glycolysis Stress Tests were determined from initial optimization experiments: 1.5 μM 

oligomycin to block ATP synthase, 1.0 μM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP) to demonstrate maximal respiration, 0.5 μM of a mixture of rotenone and antimycin A to 

determine non-mitochondrial respiration, 100 mM glucose for the Glycolytic Stress Test, and 
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500 mM 2-deoxyglucose to block glycolysis. Cells were counted following the experiment to 

normalize data per 1,000 cells. Data were analyzed using Seahorse Wave Desktop Software 

(Agilent), where a background well correction was applied. The following calculations were 

performed on a per well basis: ATP-linked respiration was calculated as the difference between 

the baseline and post-oligomycin injected OCRs; non-mitochondrial OCR was determined by 

levels following rotenone and antimycin A injection; glycolytic ECAR was determined as the 

difference between the baseline and post-glucose injected ECARs; and reserve ECAR was 

calculated as the difference between post-glucose injected ECAR and ECAR measured 

following oligomycin injection.  

 

Intracellular pyruvate analysis. 3T3 cells were analyzed for intracellular pyruvate pools. Cell 

lysates were collected after cells were plated in 10 cm dishes, washed with ice cold PBS, and 

incubated with RIPA Buffer (Sigma R0278) containing 5 mM EDTA (Corning 46-034-CI), 1 

EDTA-free mini cOmplete EASYpack tablet (Roche 04693159001), and 1 mini PhoSTOP 

EASYpack tablet (Roche 04906845001). Following cell lysis, supernatant was collected, 

incubated on ice for 30 minutes, and spun down at 4°C at 13,300xg. Supernatant was collected 

and stored at -80°C until use. Intracellular pyruvate concentrations were determined using the 

pyruvate analysis component of the EnzyChrom Aspartate Assay Kit (Bioassay Systems 

EASP100) following the manufacturer’s instructions. Concentrations were normalized to total 

protein determined from a Pierce BCA protein assay kit (Thermo Scientific 23227). 

 

Lactate uptake inhibition. AZD3965 (MedChemExpress HY-12750) was used to inhibit lactate 

uptake in 4T1 cells. To evaluate the initial impact of AZD3965 on 4T1luc cell proliferation and 

lactate uptake, cells were incubated for 24 hours in basal 4T1 media with varying concentrations 

of AZD3965 in a 24 well tissue culture treated plate, at which point bioluminescence imaging 

was performed. Total flux for each AZD3965 concentration was normalized to the total flux for 

cells incubated with a DMSO control. 50 nM of AZD3965 was utilized in all lactate uptake 

inhibition experiments and compared to a DMSO control. 

 

Scratch wound assay. 4T1 cells were plated in 2-well culture inserts in μ-dishes (Ibidi 81176) 

at 2.15x105 cells/mL in normal culture media for 36 hours, after which inserts were removed to 

create a cell-free gap representing the wound scratch. The μ-dishes were washed with PBS and 

incubated with 7-day post-RT 3T3 CM supplemented with 50 nM AZD3965 or an equivalent 

volume of DMSO (control). Phase contrast images were taken every 3 hours up to 15 hours. 
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The scratch wound area was calculated in Fiji as the cell-free space between the leading edge 

of the cells. Scratch wound closure percentage was calculated by dividing scratch wound area 

by the area at the start of the assay. 

 

Tumor spheroids. 4T1 cells were plated at 2x104 cells per well in 200 uL of 7-day post-RT 3T3 

CM supplemented with either 50 nM AZD3965 or an equivalent volume of DMSO (control) in a 

Nunclon Sphera ultra-low attachment 96-well U-bottom plate (Thermo Scientific 174929), 

allowing the cells to form spheroids. Spheroid outgrowth was calculated based on cross-

sectional area analyzed from phase contrast images taken at 3, 6, and 9 days after plating. 

 

Statistical analysis. Fibroblast radiation dose dependence was evaluated using a linear-

quadratic model. The log-rank test was used to determine statistical significance in Kaplan-

Meier analysis. An unpaired, 2-sample t-test was used within timepoints to evaluate BLI 

measurements from 4T1s co-cultured with 3T3s, perilipin-2 and ORO lipid droplet analyses 

without inhibition, BODIPY-C16 uptake, lysosomal acidification without inhibition in both 3T3s 

and 4T1s, autophagosome cross-sectional area in 3T3s without inhibition, 4T1 scratch-wound 

closure times, concentration of L-lactate in fibroblast CM, intracellular pyruvate levels, and Ki67 

expression. Autophagosomal area, lysosomal acidification, and lipid droplet analyses from ORO 

and perilipin-2 staining with inhibition were analyzed in a general linear model (ANOVA), along 

with OCR and ECAR analyses from Seahorse. A Mann-Whitney test for non-normally 

distributed distributions was used to analyze tumor spheroid outgrowth and 4T1 

autophagosome cross-sectional area. Post hoc analyses were performed with either a Tukey or 

Games-Howell adjustment for multiple comparisons for equal and non-equal variances, 

respectively. Pearson correlation coefficients were calculated to evaluate correlation between 

genes from the TCGA BRCA dataset. All analyses were performed using Minitab 18. 

 

Supplemental Material 

Fig. S1 shows relative radiosensitivities of 3T3 fibroblast and 4T1 TNBC cells as well as 

additional characterization of post-RT lipid droplet dynamics in fibroblasts through perilipin-2 

intensity analysis and BODIPY flow cytometry analysis. Fig. S2 shows FASN expression 

analysis in fibroblasts following RT, evaluation of inhibition of lipid uptake on fibroblast lipid 

droplets, and additional analysis of the impact of autophagy inhibition on fibroblast lipid droplets 

through perilipin-2 analysis. The figure also demonstrates the abrogation of lysosomal 

acidification in irradiated fibroblasts upon chloroquine incubation. Fig. S3 shows representative 
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OCR and ECAR plots of Seahorse XFe96 runs with 3T3 and iMF fibroblasts, intracellular 

pyruvate levels and Ki67-positive cells in irradiated fibroblast populations, autophagy markers in 

4T1 TNBC cells when incubated with control and irradiated fibroblast CM, and proliferative 

effects of AZD3965 on 4T1 TNBC cells. 
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Figure Legends 

Figure 1. Radiation increases lipid droplets in fibroblasts. (A) Bioluminescence imaging 

signal of 4T1luc TNBC cells co-cultured with either unirradiated or 6-day post-RT 3T3s for 48 

hours normalized to signal from 4T1luc TNBC cells alone (n = 5). (B) Kaplan-Meier analysis of 

overall survival utilizing NAT data from the TCGA BRCA dataset accessed through UCSC’s 

Xena platform (Goldman et al., 2020; Koboldt et al., 2012) and grouping patients based on high 

or low Plin2 gene expression. (C) Representative images of 3T3s stained with perilipin-2 (red) 

and counterstained with NucBlue (blue) at 7 days after RT. (D) Quantification of the cross-

sectional area of lipid droplets from perilipin-2 IF staining of 3T3s (n = 5). (E) Representative 

images of 3T3s stained with ORO and counterstained with hematoxylin at 7 days after RT. (F) 

Quantification of the lipid droplet area positively stained with ORO in 3T3s and normalized per 

cell (n = 4, 3 day; n = 6, 7 day). (G) Representative images of human iMFs stained with ORO 

and counterstained with hematoxylin at 7 days after RT. (H) Quantification of the lipid droplet 

area positively stained with ORO in iMFs and normalized per cell (n = 3 – 4). For A and D–H, 

statistical significance was determined by an unpaired two-tailed t-test within timepoints with 

*p<0.05 and **p<0.01. For B, statistical analysis was performed using the log-rank test. Error 

bars show standard deviation. Scale bars are 50 μm. 

 

Figure 2. Radiation induces prolonged autophagy upregulation in fibroblasts and 

promotes lipid droplet formation. (A) Representative images of 3T3s 3 days after RT 

following BODIPY-labeled palmitate (green) uptake. Cells are counterstained with Hoechst 

(blue). (B) Quantification of fluorescence images of BODIPY-labeled palmitate uptake in 

irradiated and control 3T3s up to 7 days after RT (n = 3). (C) Representative images of 

LysoTracker Red DND-99 staining (red) with NucBlue counterstaining (blue) in irradiated and 

control 3T3s 3 days after RT. (D) Quantification of live cell lysosomal staining in irradiated and 

control 3T3s (n = 4). (E) Representative images of LC3B staining (green) with NucBlue 

counterstaining (blue) 3 days after RT in 3T3s. Autophagosomes are identified by the formation 

of bright LC3B puncta. (F) Quantification of normalized autophagosome cross-sectional area 

per cell in irradiated and control 3T3s up to 7 days after RT (n = 5). (G) Representative images 

of LC3B staining (green) with NucBlue counterstaining (blue) in irradiated and unirradiated 3T3s 

3 days after RT following autophagy inhibition with CQ. (H) Corresponding quantification of 

normalized autophagosome cross-sectional area per cell in irradiated and control 3T3s at 3 and 

7 days after RT (n = 6, 3 day, non-equal variances; n = 5, 7 day, equal variances). (I) 

Quantification of the lipid droplet area positively stained with ORO in irradiated and control 3T3s 
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at 3 and 7 days after RT with and without CQ incubation (n = 4, equal variances). (J) 

Quantification of ORO staining in irradiated and control iMFs at 3 and 7 days after RT with and 

without CQ incubation (n = 3 – 4, equal variances). For A, E, and G, scale bars are 50 μm. For 

C, scale bars are 10 μm. For B–F, statistical analysis was determined by an unpaired two-tailed 

t-test within timepoints with *p<0.05, **p<0.01, and ***p<0.001. For H–J, Statistical analysis was 

determined by one-way ANOVA with Tukey simultaneous tests for equal variances or Games-

Howell pairwise comparisons for non-equal variances with *p<0.05 and **p<0.01. Error bars 

show standard deviation. 

 

Figure 3. Radiation-induced autophagy maintains high levels of mitochondrial respiration 

and aerobic glycolysis following damage. (A) Representative flow cytometry analysis of 

MitoTracker-Deep-Red-stained irradiated and unirradiated 3T3s at 3 and 7 days after RT. (B) 

Representative flow cytometry analysis of MitoTracker-Deep-Red-stained irradiated and 

unirradiated 3T3s with and without CQ incubation. (C) ATP-linked OCR in irradiated and 

unirradiated 3T3s with and without CQ incubation (n = 3 biological replicates, non-equal 

variances). (D) Non-mitochondrial OCR in irradiated and unirradiated 3T3s at 3 and 7 days after 

RT (n = 3 biological replicates). (E) ATP-linked OCR in irradiated and unirradiated 3T3s at 3 and 

7 days after RT with and without etomoxir incubation to evaluate FAO (n = 3 biological 

replicates; non-equal variances for 3 day timepoint and equal variances for 7 day timepoint). (F) 

Baseline ECAR in irradiated and unirradiated 3T3s at 3 and 7 days after RT with and without 

CQ incubation (n = 3 biological replicates, equal variances). (G) Glycolytic ECAR in irradiated 

and unirradiated 3T3s 7 days after RT with and without CQ incubation (n = 3 biological 

replicates, non-equal variances). (H) Reserve glycolytic ECAR in irradiated and unirradiated 

3T3s 7 days after RT with and without CQ incubation (n = 3 biological replicates, equal 

variances). (I) Glycolytic ECAR in irradiated and unirradiated iMFs 7 days after RT with and 

without CQ incubation (n = 3 biological replicates, non-equal variances). (J) ATP-linked OCR in 

irradiated and unirradiated iMFs 7 days after RT with and without CQ incubation (n = 3 

biological replicates, non-equal variances). Statistical analyses for A–C and E–J determined by 

one-way ANOVA using either Tukey or Games-Howell pairwise comparison corrections for 

equal or non-equal variances, respectively. Symbols for pairwise comparisons: * for comparison 

to 0 Gy & 0 μM inhibitor, # for comparison to 10 Gy & 0 μM inhibitor, and + for comparison to 0 

Gy & high concentration of inhibitor, where *, #, +p<0.05, **, ##, ++p<0.01, and ***, ###, +++p<0.001. 

Statistical analysis for D was determined by an unpaired two-tailed t-test with ***p<0.001. Error 

bars show standard deviation. 
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Figure 4. Radiation-induced aerobic glycolysis of fibroblasts results in lactate metabolic 

crosstalk with breast cancer cells. (A) Quantification of live cell lysosomal staining in 4T1s 

incubated with 7-day post-RT or unirradiated control 3T3 fibroblast CM (n = 3). (B) Normalized 

autophagosome cross-sectional area per cell in TNBC cells incubated with 7-day post-RT or 

unirradiated 3T3 fibroblast CM (n = 5). (C) Quantification of L-lactate concentration in fibroblast 

CM collected 7 days after RT from irradiated and unirradiated 3T3s (n = 4). (D) Representative 

images of 4T1 cells in scratch wound assays at 0-, 6-, and 15-hour timepoints following 

incubation in either 7-day post-RT or unirradiated fibroblast CM. Scale bars are 200 μm. (E) 

Quantification of the percent closure of the scratch wound gap of 4T1 cells 15-hours following 

gap creation (n = 5 – 6). (F) Representative images of 4T1 TNBC tumor spheroids after 9 days 

of incubation in either 7-day post-RT or unirradiated fibroblast CM with or without 50 nM 

AZD3965. Scale bars are 500 μm. (G) Quantification of the percent outgrowth from the core of 

tumor spheroids at 9 days after incubation in fibroblast CM with or without AZD3965 (n = 5 

biological replicates). (H) Plin2 expression in NAT gathered from the TCGA BRCA dataset 

(Goldman et al., 2020) plotted against Map1lc3b, Lipa, and Ldha gene expression data with 

Pearson correlation coefficients (n = 113 patient samples). For A, C, and E, statistical analysis 

was determined by an unpaired two-tailed t-test with *p<0.05. For B and G, statistical analysis 

was determined by a Mann-Whitney non-parametric test for non-normally distributed 

distributions. For B, ***p<0.001. For G, **p<0.01 and ***p<0.001 shows statistical significance in 

comparison to 0 Gy + 0 nM AZD3965, ###p<0.001 in comparison to 10 Gy + 0 nM AZD3965, and 
++p<0.01 in comparison to 0 Gy + 50 nM AZD3965. Error bars show standard deviation. 
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