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ABSTRACT 

 

Per- and polyfluoroalkyl substances (PFAS) are a class of compounds commonly used 

as surfactants in food contact materials and household items due to their hydrophobicity. 

However, their physicochemical properties render them highly resistant to degradation in 

the environment and human body. Thus, these chemicals are environmentally ubiquitous 

and have been found in the serum of 98% of U.S. citizens. Evidence implicates some well 

characterized PFAS in breast cell carcinogenesis and cancer progression. While PFAS-

induced receptor-positive breast cancer progression has been widely investigated, PFAS-

induced receptor-negative breast cancer has not, and molecular mechanisms remain 

unclear. Additionally, Generalized Read-Across of PFAS using cancer progression 

endpoints are lacking. This research analyzes and compares the effects of five PFAS of 

increasing alkyl chain length on triple negative breast cancer progression in vitro. Using 

the aggressive human cell line Hs578T the effects of five PFAS were analyzed across 

environmentally relevant concentrations. Progression was assessed through 2D cell 

proliferation assays and “2.5D” Matrigel migration and invasion assays. Results showed 

significant decreases in mean number of protrusions per cell and total colony formation 

per well with PFBA and PFDoA treatment. Significant decreases in colony formation were 
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observed with PFDA treatment at all concentrations. The mean length of the longest 

protrusion per cell was largely unimpacted by PFAS, except for decreases by PFDoA. 

When viewing the data though read-across lenses, near significant trends were seen in 

protrusion counts with increasing alkyl chain length at 1 nM and 10 nM PFAS. The highest 

alkyl length significantly decreased colony formation in a pattern seen across 10 nM, 100 

nM and 1000 nM concentrations. Cell proliferation was not impacted by PFAS treatment. 

These results will help elucidate whether triple negative breast cancer progression is 

related to concentrations and alkyl chain length, and whether short-chain PFAS exhibit 

increased progression as longer PFAS have been shown to promote. 
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Table 1: Abbreviation References 

Acronym Complete Term 

PFAS Per- and polyfluoroalkyl substances 

PFBA Perfluorobutanoic acid 

PFHxA Perfluorohexanoic acid 

PFHpA Perfluoroheptanoic acid 

PFOA Perfluorooctanoic acid 

PFOS Perfluorooctane sulfonic acid 

PFNA Perfluorononanoic acid 

PFDA Perfluorodecanoic acid 

PFDoA Perfluorododecanoic acid 

U.S. United States 

U.S. EPA United States Environmental 
Protection Agency 

GenRA Generalized Read-Across 

IARC International Agency for Research on 
Cancer 

NHANES National Health and Nutrition 
Examination Survey 

TNBC Triple negative breast cancer 

DMSO Dimethyl sulfoxide 

FBS Fetal bovine serum 

SF Serum free (no FBS) 

NF-κB Nuclear factor kappa B 

PPARα/γ Peroxisome proliferator-activated 
receptor-alpha and -gamma 

HER2 Human epidermal growth factor 
receptor 2 

Hs578T Human triple negative breast cancer 
cell line 

MCF10A Human receptor-negative breast 
epithelial cell line 

MDA-MB-231 Human triple negative breast cancer 
cell line 

qPCR Quantitative polymerase chain 
reaction 

EdU 5-ethynyl-2'-deoxyuridine (cell 
proliferation assay) 

SEM Standard error mean 
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Introduction 

 Per- and polyfluoroalkyl substances (PFAS) are a class of highly fluorinated 

chemicals that vary in their alkyl chain lengths and functional groups. They are commonly 

incorporated as surfactants in everyday products such as food packaging materials, 

nonstick cookware, upholstery, and personal care products due to their excellent oil and 

water repelling abilities1, 18. These abilities are a result of the incredibly strong carbon-

fluorine bonds which give the class of chemicals their renowned fluorinated characteristic. 

However, due to these bonds, they have become ubiquitous, persistent environmental 

contaminants presently detected in resources such as drinking water8, aquatic and 

animal-derived food2, 60, 66 and indoor dust52, the latter two being found in markedly high 

concentrations. For example, Barbo et al, 20232 sampled freshwater fish across >500 

sites in the United States (U.S.) for PFAS compound quantification. The researchers 

found perfluorooctane sulfonic acid (PFOS) concentrations to be 2400x higher than the 

United States Environmental Protection Agency’s (U.S. EPA) Lifetime Health Advisory 

Limit of 0.02 parts per thousand (ppt). This is equivalent to one month of water 

consumption at 48 ppt PFOS and demonstrates their environmental presence. Due to 

their environmental presence, PFAS are ingested or inhaled by humans and have been 

detected in the serum of 98% of individuals sampled by the National Health and Nutrition 

Examination Survey11 (NHANES). Further, PFAS can sequester within the human body 

for upwards of three decades for some long-chain PFAS, specifically in the kidneys, liver, 

and blood proteins58. These chemicals also display bioaccumulation and biomagnification 

abilities in non-human mammals6, further highlighting their propensity to sequester in 

tissues. Currently, it is estimated that nearly 15,000 PFAS exist40 and 600 PFAS are 

currently used in industry21, but only six are regulated in drinking water by the U.S. EPA41 
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and few have been well characterized by their health effects. Additionally, long-chain 

PFAS are being replaced by short-chain alternatives in industry35 as data on long-chain 

PFAS toxicity emerges. The effects of a couple of long-chain PFAS commonly found in 

human serum have been described previously. Perfluorooctanoic acid (PFOA) and PFOS 

are two highly studied long-chain PFAS with great evidence linking them to numerous 

illnesses, such as high cholesterol, thyroid disease, and cancers16, 37, 68. Additionally, a 

large body of in vitro, in vivo, and epidemiological evidence supports the carcinogenicity 

of these two PFAS7, 33, 44, 46, 47, 51, 57, leading to their classifications as a Group 1 

Carcinogen to Humans for PFOA and Group 2B Possible Carcinogen to Humans for 

PFOS by the International Agency for Research on Cancer (IARC)67. However, the link 

between carcinogenesis or cancer progression and the many other PFAS currently 

detected in human serum is unclear, sometimes with contrasting results. For example, 

the 2021 Toxicological Profile for Perfluoroalkyls58 released by the U.S. Department of 

Health and Human Services (DHHS) states there are no consistent associations between 

breast cancer risk and three long-chain PFAS. Yang et al., 202465 conducted a dose-

response meta-analysis including 748,188 participants to identify whether long-chain 

PFAS serum exposure significantly increase the odds of cancer incidence. These 

researchers found similar results to the DHHS. In contrast, Velarde et al., 202261 found 

significant associations between long-chain PFAS and breast cancer incidence in Filipina 

women from industrialized regions of the Philippines. Meanwhile, significant data 

absences exist for short-chain alternatives given their recency of substitution for long-

chain PFAS, but current epidemiological data show no cancer effects of these 

chemicals58. 
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Breast cancer is the second most common cancer in women and leading cause of 

cancer related deaths in women of Hispanic and African American ancestry9. Triple 

negative breast cancers (TNBCs) are a cancer subtype comprising 10 - 15% of breast 

cancer cases and are characterized by their lack of three cell surface proteins 

(progesterone receptor, estrogen receptor, human epidermal growth factor receptor 2 

(HER2)) which are common pharmacological targets. Thus, TNBC substantially lacks 

therapeutic options and is the most aggressive breast cancer type with the highest 

metastasis likelihood and lowest breast cancer 5-year survival rate55 of 77%. Disparities 

in TNBC are well documented, with Black women experiencing significantly higher 

incidence rates than all other races19. Further, incidence rates are increasing in some 

populations19.  

Studies on chemical exposure disparities among demographic groups are seldom 

but increasingly generated to aid in the understanding of how these chemicals may affect 

certain populations differently than others. Nelson et al., 201234 found perfluorononanoic 

acid (PFNA) to be highest in non-Hispanic Black individuals. Specifically looking at 

women, Nguyen et al., 202036 found perfluorodecanoic acid (PFDA) to be highest in non-

Hispanic Black women and other races. Similarly, Calafat et al., 200712 found PFOS and 

PFNA to be significantly higher in non-Hispanic Black individuals greater than 55 years of 

age relative to non-Hispanic white individuals. These three studies utilized publicly 

available NHANES datasets, but some researchers also focus on smaller communities 

within the U.S. For example, Liu et al., 202232 investigated two populations in Western 

New York state, Anglers and Burmese refugees, who consume PFAS contaminated 

freshwater fish at differing rates. This study found that anglers were mostly well-educated 
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non-Hispanic whites who were highly aware of fish advisories. In contrast, most Burmese 

refugees had no more than four years of education, were of low socioeconomic status, 

and were not aware of fish advisories thus consuming 5.5x more fish. Consequently, they 

displayed 3x higher serum PFOS levels than anglers and 8x greater than NHANES 

sampled individuals. These four examples demonstrate that PFAS disparities exist in the 

general U.S. population and within smaller, more specific U.S. communities. Reasons 

why exposure disparities may exist among demographic groups include culturally and 

personally related consumer choices, household income, food security, education, and 

occupation34 to name a few. 

As aforementioned, TNBC and PFAS disparities exist within the U.S population 

and can overlap such as in black women. Some long-chain PFAS are present at higher 

levels in individuals who are more susceptible to TNBC. However, studies investigating 

PFAS-driven TNBC progression are severely lacking. PFAS interference of canonical 

progesterone, estrogen, and HER2 signaling has been demonstrated to occur in vitro and 

in vivo29, 33, 64, leading to well-evidenced hypotheses on mechanistic drivers of receptor-

positive breast cancers. In contrast, mechanisms have not been concretely identified in 

TNBC. Wang et al, 202463 aimed to elucidate these mechanisms using 3D TNBC cell 

models, finding that the PFOA-induced Hippo pathway drives epithelial-to-mesenchymal 

characteristics and invasive phenotypes. Zhang et al., 201469 found PFOA-driven nuclear 

factor kappa B (NF-κB) signaling in TNBC cell invasion, and Sakai et al., 202250 implicates 

the peroxisome proliferator-activated receptor-alpha (PPARα) as a driver of migration 

after PFOA treatment. These are the only three studies we are aware of that investigate 

the PFAS – TNBC relationship.  
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Data gaps exist for both short- and long-chain PFAS. Generalized Read-Across 

(GenRA) is a method commonly employed by risk assessors such as the U.S. EPA to 

resolve data gaps on a chemical’s biological effects, wherein researchers use available 

data from well-characterized chemicals to predict endpoints for similar, data-poor 

chemicals22. For example, reported data outcomes from in vitro toxicity assays following 

perfluoroheptanoic acid (PFHpA) treatment may be used to predict outcomes for the 

structurally similar perfluorohexanoic acid (PFHxA) using a GenRA approach, as is 

described in Shah et al., 201653. In this paper, 50 toxicity endpoints from developmental, 

multigenerational, and sub chronic studies following PFAS treatment are assessed. 9 

PFAS are subsequently mapped and compared to PFHxA by chemical and bioactivity 

fingerprints. However, it is unclear if this method can be applied in terms of toxicity 

outcomes related to cancer progression. 

To this end, this study investigated short- and long-chain PFAS effects on in vitro 

TNBC cell proliferation, migration, and invasion across an environmentally relevant 

concentration gradient and aimed to elucidate the molecular mechanisms involved in the 

cancer progression. This study investigated the concentration-dependent responses of 

PFAS commonly found in human serum. It also investigated the alkyl chain effects to 

better understand whether long-chain PFAS promote greater breast cancer progression 

than short-chain alternatives. Concurrently, short- and long-chain PFAS data will be 

compared amongst each other to assess whether similar outcomes are found, thus 

revealing whether GenRA approaches may be applied in cancer progression bioassays 

involving phenotypic and molecular data.  
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Materials and Methods 

Cell culture 

TNBC cell line Hs578T was obtained from the American Type Culture Collection 

(Manassas, VA). The cells were cultured in T75 flasks (Cat. FB012937) in complete 

growth medium containing Gibco Dulbecco’s Modified Eagle’s Medium (Cat. 11960-044), 

1% Gibco Penicillin-Streptomycin (Cat. 15140122), 1% Gibco Sodium Pyruvate (Cat. 

11360070), 2% Gibco GlutaMAX Supplement (Cat. 35050061) (all Thermo Fisher 

Scientific; Waltham, MA), 10% fetal bovine serum (Cat. 100-106, GeminiBio; Sacramento, 

CA), and 0.1% Gibco recombinant human insulin (Cat. Z101065, ABM; Richmond, BC, 

CAN) dissolved in 0.1 N hydrochloric acid (Cat. Cat. L-11775, Thermo Fisher Scientific; 

Waltham, MA). Cells were incubated at 37 °C and 5% CO2 until reaching 90% confluence 

before passage using 0.25% trypsin (Cat. 25200056, Thermo Fisher Scientific; Waltham, 

MA). The cell line was selected due to its thorough characterization in the literature and 

our previous research indicating the cells to be affected by PFAS treatment.  
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PFAS Selection 

 

Table 2: Comparison of properties among the five PFAS chosen for the in vitro study. The table 

contains the PFAS full name, commonly used acronym, DTXSID, alkyl chain length, chemical structure, 

estimated human serum half-life, and mean Geometric Mean of all Biomonitoring California studies 

detecting the PFAS in human serum. Note: PFDoA was detected in only one of these studies, hence it is 

not a mean of geometric means but a single value.  

 

Five structurally similar PFAS of varying alkyl chain lengths were selected to 

analyze concentration- and alkyl chain length-dependent outcomes. These five PFAS are 

designated as priority chemicals13 currently detected in human serum from cross-state 

general California population sampling conducted by Biomonitoring California, a program 

run by the California Department of Public Health and California Environmental Protection 

Agency. These PFAS include perfluorobutanoic acid (PFBA) (98% purity, Cat.164194, 

Millipore Sigma; Milwaukee, WI), perfluorohexanoic acid (PFHxA) (95% purity, Cat. 307-

24-4, AAblocks; San Diego, CA), perfluorooctanoic acid (PFOA) (96% purity, Cat. 

AC173960250, Acros Organics; Geel, AN, BE), perfluorodecanoic acid (PFDA) (98% 
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purity, Cat. 177741, Sigma-Aldrich; St. Louis, MO), and perfluorododecanoic acid 

(PFDoA) (96% purity, Cat. L14113, Alfa Aesar; Ward Hill, MA). Short-chain PFAS include 

PFBA and PFHxA while long-chain PFAS include PFOA, PFDA, and PFDoA. All PFAS 

were extensively vortexed into 10 mM master stocks in ≥99.9% pure dimethyl sulfoxide 

(DMSO) (Cat. 472301, Sigma-Aldrich; St. Louis, MO) until visibly dissolved. 

 

PFAS Concentrations 

PFAS treatment concentrations for in vitro assays were informed by literature 

(2009 – 2024) describing PFAS concentrations in food and water resources and in human 

serum. A deep literature mining project was employed to collect all currently existing data 

from publicly available state and federal databases, technical reports, and publications 

available online. Initially, the project focused on PFDoA and concentrations were informed 

by this chemical’s environmental levels. Subsequent literature mining found the additional 

four chemicals to have comparable concentrations in human serum and resources5, 8, 28, 

32, 38, 42, 48, 52, 56, 59, 60, 61, 66. Four PFAS concentrations were ultimately chosen: 1 nM, 10 

nM, 100 nM, and 1000 nM. 0 - 10 nM concentrations are found in human serum while 10 

– 1000 nM are found in food sources and indoor dust. Working stocks of 1 µM, 10 µM, 

100 µM, and 1000 µM PFAS were prepared in ≥99.9% pure DMSO from well-vortexed 10 

mM master stocks.  
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2.5D Cell Invasion Assay (“3D On-Top”) 

 
Figure 1: Human breast cancer cell line Hs578T 2.5D cell invasion assay. A) Schematic demonstrating 
the 2.5D invasion assay. Cells were seeded on a Matrigel layer and allowed to adhere prior to PFAS or 
control treatment. After 48 hours, cells were imaged at 4x and 20x magnification for parameter extraction. 
B) Timeline of experimental procedures.  

 

Since the discovery of cell culture in 1885, the scientific feat of growing cells in 

monolayers in the 2D environment has led to significant discoveries in the fields of 

biochemical, molecular, physiological, and biological sciences43. However, as technology 

advances, new methods of cell culture arise that are more representative of the human 

biological experience. One example is the 3D culturing of cells, spheroids, and organoids 

which has significantly advanced in the past decade and captures phenotypes more 

comparable to in vivo models20. Cell phenotype and gene expression has been previously 

shown to significantly differ in 2D versus 3D cell culture27. Thus, we grew cells on growth 

factor reduced Matrigel (Cat. 354230, Corning; Tewksbury, MA) which is rich in laminin, 

collagen IV, and heparan, among other structural proteins, and mimics the basement 

membrane of human tissues23. Hs578T cells were seeded on a layer of polymerized 

Matrigel in 5% fetal bovine serum (FBS) culture media with PFAS treatment or 0.1% 
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DMSO control, informed by the protocol described by Lee et al., 201030. Given the method 

of seeding individual cells on top (rather than spheroids within) of Matrigel, the assay is 

coined as the 2.5D assay. Matrigel aliquots were stored at -20 °C long-term and thawed 

the night before the assay was performed in a container of ice at 4 °C. Matrigel was not 

thawed more than twice before use. Hs578T cells were serum-starved in T75 flasks for 

16 hours prior to the assay to synchronize the cells’ replication cycles. Optimization 

experiments were employed, revealing 200 μL Matrigel and 8,000 cells per well in 24-well 

plates were ideal for the 2.5D assay. Wells were rinsed with serum free media for proper 

Matrigel dispersion prior to coating using 200 μL liquid Matrigel. Matrigel was polymerized 

for 30 minutes at 37 °C followed by the addition of 8,000 cells per well in 250 μL serum 

free media. Cells were allowed to adhere to the Matrigel in 37 °C and 5% CO2 for 1.5 

hours to prevent potential confounding by FBS or PFAS treatment. Cells were then 

applied 250 μL treatment media containing 10% Matrigel and 10% FBS with or without 2, 

20, 200, and 2000 nM PFAS, for a final volume of 500 μL and final concentrations of 5% 

Matrigel, 5% FBS, and the concentrations aforementioned. To allow the cells to 

reorganize their microenvironment, 5% Matrigel was included in the cell culture media, 

while 5% FBS media was used based on our previous cell proliferation findings indicating 

standard 10% FBS may abrogate PFAS-induced cell proliferation observed at lower FBS 

concentrations. Both procedures have been successfully used previously27, 30. Serum free 

(SF) conditions acted as a negative control as is standard in the literature across cell 

lines.  

The cells were grown for 48 hours before imaging at 4x and 20x magnification 

using an Olympus CK53 inverted microscope (Evident; Tokyo, JPN) mounted with an 
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industrial digital camera (E3ISPM09000KPA, ToupTek; Hangzhou, ZJ, CN) compatible 

with the ToupView software (ToupTek; Hangzhou, ZJ, CN). Colony formation is commonly 

interpreted as a parameter of TNBC invasion and tumorigenesis10, 17, 49. Other papers 

have found colony formation to be indicative of cell migration given the cells’ ability to 

move towards each other across the well to form colonies39. Therefore, total colony 

formation per well may capture both migration and invasion parameters and was used as 

an indicator of migration in this study. The presence of pseudopodia, also known as 

protrusions, has also been previously described as an indicator of a more invasive TNBC 

cell phenotype15, 27, 31, 62, thus we quantified differences in the mean number of protrusions 

per cell and in the length of the longest protrusion per cell in 6 individual cancer cells per 

treatment group per biological replicate (i.e., cell passage). The independent experiments 

were repeated five times with five different biological replicates. Given the sensitivity of 

the matrix, some wells’ Matrigel coating became dislodged after media addition, possibly 

compromising the well’s integrity for the assay. Hence, some wells did not have data 

obtained from them and some treatment groups are noticeably missing a biological 

replicate. Nevertheless, all treatment groups have at least 3 biological replicates.  

At 4x, enough images were taken to capture the total colony formation per 

treatment group in each well across the five biological replicates. At 20x, six cells (i.e., 

technical replicates) per treatment group in each well across the five biological replicates 

were photographed for protrusion parameters. The value of six cells per treatment group 

was chosen for analysis after previous SAS power analyses found this value to be 

sufficient in detecting significant differences in protrusion counts between the negative 

and positive controls (p = 0.05). To avoid cell selection bias, the photographer closed their 
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eyes and shifted the well to a random field of view before focusing the microscope onto 

a group of cells. No more than 4 cells per field of view were analyzed. 4x colony images 

were blinded and data automatically extracted for colonies ≥8000 µm2 using the Cell 

Colony Edge detection macros on ImageJ (https://sourceforge.net/projects/cell-colony-

edge/files/). The area of 8000 µm2 was appropriate for discerning colonies from small 

clusters of few elongated cells during the optimization of the 2.5D assay. 20x cell images 

were blinded and distributed to four researchers wherein protrusion data were manually 

extracted using the ImageJ measurement tools (https://imagej.net/ij/). 

 

2D Cell Proliferation Assay 

Hs578T cells were serum-starved overnight in T75 flasks for 16 hours prior to the 

assay to synchronize the cells’ replication cycles. Cells were then passed and seeded in 

serum-free media in 6-well plates (Cat. FB012927, Thermo Fisher Scientific; Waltham, 

MA) at 105 cells per well. After a 1.5-hour attachment period, serum-free media was 

replaced with 0.1% DMSO control or treatment media (1 nM and 10 nM PFAS). These 

two concentrations were chosen based on results from the previous 2.5D invasion assay 

(see Results → PFAS effects on mean live cell number per well). Cells were allowed to 

proliferate for 48 hours and then trypsinized and stained by unfiltered Gibco 0.4% Trypan 

Blue (Cat. 15250-061, Life Technologies Corporation; Carlsbad, CA) for hemocytometer 

counting. Two technical replicates were sampled per well for each biological replicate, 

and three biological replicates were analyzed for most groups. 10 nM PFBA, 1 nM PFHxA, 

and 10 nM PFHxA underwent technical error thus having 2 biological replicates.   
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Statistical Analysis 

Cell colonies and protrusions were analyzed in linear regression accounting for 

repeated measures within biological replicates as mixed random and fixed effects (SAS 

9.0, PROC MIXED). Longest protrusions per cell were evaluated in linear regression 

adjusted for blinded imager and accounting for repeated measures within biological 

replicates as mixed random and fixed effects (SAS 9.0, PROC MIXED). Protrusion counts 

were evaluated in Poisson regression adjusted for blinded imager and accounting for 

repeated measures within biological replicates as mixed random and fixed effects (SAS 

9.0, PROC GENMOD). Cell proliferation data were analyzed by One-way ANOVA with 

Tukey’s post-hoc tests (p = 0.05) and simple linear regressions (p = 0.05) using GraphPad 

Prism10.1.2. All data was plotted using GraphPad Prism 10.1.2 and are reported as mean 

± standard error mean (SEM). 
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Results 

 

Figure 2: Representative 4x images of colony formation after 48 hours of treatment. Difference in 

media phenol red coloration is hypothesized to be caused by PFAS treatment effects on cell processes 

(e.g., respiration, metabolism), where more yellow coloration = pH < 7.  

 

 

Figure 3: Representative 20x images of individual cells with protrusions to be measured after 48 

hours of treatment. Networks connecting cells can be seen but are not analyzed in this study. Only 

individual cells are analyzed. 
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Figure 4: Representative 4x images of cell migration leading to colony formation. Cells were imaged 

at two- and 24-hours post-seeding. At two hours post-seeding, cells are evenly distributed across the well 

and begin to form networks with each other. At 24 hours post-seeding, cells migrated towards each other 

to form colonies.  

 

Concentration effects on invasive protrusion formation in Hs578T 

cells  

Across the five PFAS tested, significant concentration-dependent decreases in 

mean number of invasive protrusions per cell were seen in PFBA treatments of 100 nM 

(p = 0.01) and 1000 nM (p = 0.05), and a marginally significant decreasing trend in this 

group was evident (Figure 5A, ptrend = 0.05). Further, for PFDA treated groups, 1 nM (p = 

0.05), 10 nM (p < 0.0001), 100 nM (p = 0.001), and 1000 nM (p < 0.0001) concentrations 

significantly decreased protrusion counts (Figure 5D). In PFDoA treated groups, 10 nM 

(p = 0.06) and 100 nM (p = 0.003) concentrations decreased protrusion counts (Figure 

5E). Regarding the mean longest protrusion length per cell (Figure 6), no significant 

differences or significant trends were observed for most groups. However, PFDoA 

exhibited a significant decreasing trend (ptrend = 0.02) and 1000 nM concentration 

decreased the mean length longest protrusion length (Figure 6E, p = 0.07).   



16 
 

 

Figure 5: Short- and long-chain PFAS concentration-response effect on Hs578T mean number of 

protrusions per cell. Cell protrusion counts were measured after 48 hours of treatment of varying 

concentrations of A) PFBA, B) PFHxA, C) PFOA, D) PFDA, and E) PFDoA. 6 cells were measured per 

treatment; 5 biological replicates were run in total for most treatment groups. Significant or near significant 

decreases were seen in A) 100 nM and 1000 nM, D) 1 nM, 10 nM, 100 nM, and 1000 nM, and E) 10 nM 

and 100 nM. Decreasing trends were seen in PFBA treated groups. Figure depicts mean ± SEM. *p ≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 
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Figure 6: Short- and long-chain PFAS concentration-response effect on Hs578T mean length of the 

longest protrusion per cell. Cell protrusion lengths were measured after 48 hours of treatment of varying 

concentrations of A) PFBA, B) PFHxA, C) PFOA, D) PFDA, and E) PFDoA. 3 - 7 cells were measured per 

treatment; 5 biological replicates were run in total for most treatment groups. 1000 nM PFDoA decreased 

the mean longest protrusion length and PFDoA treatment exhibited a significant decreasing trend. Figure 

depicts mean ± SEM. 

 

Concentration effects on total colony formation per well in Hs578T 

cells 

Across the five PFAS tested on total colony formation per well, significant 

decreases were seen in 1000 nM PFBA (Figure 7A, p = 0.009) and a significant 

decreasing trend was evident in this group (ptrend = 0.02). Significant decreases were also 

seen in 10 nM (p = 0.01), 100 nM (p = 0.05), and 1000 nM (p = 0.006) PFDoA treated 

groups (Figure 7E) and a non-significant decreasing trend was evident (ptrend = 0.07).  
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Figure 7: Short- and long-chain PFAS concentration-response effect on Hs578T total colony area 

per well. Total colony area was measured in each well after 48 hours of treatment of varying concentrations 

of A) PFBA, B) PFHxA, C) PFOA, D) PFDA, and E) PFDoA. 5 biological replicates were run in total for most 

treatment groups. Significant decreases in total colony area were seen in 1000 nM PFBA, 10 nM PFDoA, 

100 nM PFDoA, and 1000 nM PFDoA. Decreasing trends were seen with increasing PFBA treatment and 

PFDoA treatment. Figure depicts mean ± SEM. *p ≤ 0.05, **p ≤ 0.01. 

 

Alkyl chain length effects on invasive protrusion formation in Hs578T 

cells 

When comparing the effects of alkyl length on the mean number of protrusions per 

cell, no significant effects were seen within any of the four concentrations tested (Figure 

8). However, 1 nM PFAS treatment (Figure 8A) induced positive trends in the mean 

number of protrusions per cell that neared significance (p = 0.06). Upon 10 nM PFAS 

treatment (Figure 8B), this trend reversed (p = 0.06). No trends were observed in the 100 

nM and 1000 nM concentrations. When comparing the effects of alkyl length on the mean 

longest protrusion length per cell, no significant effects were seen within any of the four 

concentrations tested (Figure 9).  
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Figure 8: Alkyl chain length effect on Hs578T mean number of protrusions per cell. Cell protrusion 

counts were measured after 48 hours of treatment of five PFAS of increasing alkyl chain length at A) 1nM, 

B) 10 nM, C) 100 nM, and D) 1000 nM. 6 cells were measured per treatment; 5 biological replicates were 

run in total for most treatment groups. No significant differences between alkyl lengths were observed in 

any of the four concentrations tested. An increasing trend was seen with 1 nM PFAS treatment and a 

decreasing trend with 10 nM treatment. Figure depicts mean ± SEM. 
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Figure 9: Alkyl chain length effects on Hs578T mean length of the longest protrusions per cell. The 

Longest protrusion lengths were measured after 48 hours of treatment of five PFAS of increasing alkyl chain 

length at A) 1nM, B) 10 nM, C) 100 nM, and D) 1000 nM. 3 - 7 cells were measured per treatment; 5 

biological replicates were run in total for most treatment groups. No significant differences between alkyl 

lengths were observed in any of the four concentrations tested. Figure depicts mean ± SEM. 

 

Alkyl chain length effects on total colony formation per well in Hs578T 

cells 

When comparing the effects of alkyl length on total colony formation per well, 

PFDoA treated groups were the only PFAS treated groups to be significantly affected in 

colony formation. This effect was most pronounced in 100 nM treatment (Figure 10C), 

where PFDoA treatment significantly lowered total colony area per well relative to PFOA 
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(p = 0.03) and PFDA (p = 0.04) treated groups. Alkyl length did not affect colony formation 

in the rest of the concentrations tested, though the pattern of decreased colony formation 

with PFDoA treatment was seen in 10 nM (Figure 10B) and 1000 nM (Figure 10D) 

treatments.  

 

Figure 10: Alkyl chain length effects on Hs578T total colony area per well. Total colony area per well 

was measured after 48 hours of treatment of five PFAS of increasing alkyl chain length at A) 1nM, B) 10 

nM, C) 100 nM, and D) 1000 nM. 5 biological replicates were run in total for most treatment groups. 

Significant decreases in colony formation were seen with 100 nM PFDoA treatment when compared to 

PFOA and PFDA. Significant trends were not observed. Figure depicts mean ± SEM.  
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Concentration effects on mean live and dead cell number per well 

The concentrations of 1 nM and 10 nM were of interest for 2D cell proliferation 

since 2.5D findings suggested increasing alkyl length at these concentrations promoted 

near-significant trends in mean number of protrusions per cell (Figure 8A and 8B). These 

concentrations are also the most relevant to the human exposure experience, with human 

serum PFAS levels falling between 0 – 10 nM. No significant effects of 1 nM and 10 nM 

PFAS on the mean viable cell number (Figure 11) or mean non-viable cell number (Figure 

12) per well were observed relative to the 5% FBS control. Batch effects are observed to 

highly increase variance among the three biological replicates, with replicate one 

consistently yielding lower viable cell number values and replicate three higher values 

across treatments. Additionally, 10 nM PFAS treatments are observed to consistently 

decrease the mean viable cell number per well relative to 1 nM treatment, though this 

difference was not significant. 
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Figure 11: Short- and long-chain PFAS treatment on Hs578T mean viable cell number per well. Mean 

live cell number per well were measured after 48 hours of PFAS treatment at 1 nM and 10 nM with Trypan 

Blue. These concentrations did not significantly affect mean live cell number. Two technical replicates were 

sampled per well; three biological replicates were run in total for most groups. Figure depicts mean ± SEM.   
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Figure 12: Short- and long-chain PFAS treatment on Hs578T mean non-viable cell number per well. 

Mean dead cell number per well were measured after 48 hours of PFAS treatment at 1 nM and 10 nM with 

Trypan Blue. These concentrations did not significantly affect mean dead cell number. Two technical 

replicates were sampled per well; three biological replicates were run in total for most groups. Figure depicts 

mean ± SEM. 

 

Alkyl chain length effects on mean live cell number per well 

No significant effects of increasing alkyl chain length on the mean live cell number 

per well were observed in either 1 nM or 10 nM treated PFAS groups (Figure 13). Batch 

effects are observed to highly increase variance among the three biological replicates as 

previously mentioned.  
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Figure 13: Alkyl chain effects on mean live cell number per well. Mean live cell number per well were 

measured after 48 hours of treatment of five PFAS of increasing alkyl chain length at A) 1nM and B) 10 nM 

PFAS with Trypan Blue. Mean live cell number was not significantly affected by alkyl chain length at either 

1 nM or 10 nM PFAS treatment. Significant trends were not observed. 
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Discussion: 

PFAS accumulation in human food and water resources is of growing concern as 

the production and use of these chemicals increases worldwide. Studies on the health 

effects of short-chain alternatives are lacking but increasingly being generated as 

pressure to produce data increases. Data gaps on the cancer progressive effects of the 

long-chain PFAS in our study are of pressing concern given their continued presence in 

human serum and the current findings implicating the well-characterized, structurally 

similar PFOA to kidney, testicular, and liver cancers16, 37. Additionally, IARC classified 

PFOA as a Group 1 carcinogen to humans in 202367, which stimulates concern for 

structurally similar PFAS. Researchers are attempting to remedy these data gaps by 

using GenRA methodology. Current GenRA focuses on cellular and organismal toxicities 

that are separate from cancer progression endpoints, which we attempted to compare in 

this study between PFAS of varying sizes. The association between PFAS and breast 

cancer remains to be debated58, 61, 65. The increasing evidence suggests breast cancer 

progression is driven by PFAS in receptor-positive33 and possibly -negative50 breast 

cancer types. Although, research and evidence for the latter is sparse14, increased TNBC 

incidence rates in Black women of post-menopausal age19 who may display higher serum 

levels of long-chain PFAS12, 34, 36 support the possibility of PFAS environmental injustice. 

Thus, continued efforts must be made towards elucidating the PFAS – TNBC relationship. 

Cell proliferation migration, and invasion are three drivers of malignant cancer 

progression that were investigated in our study. We found that short- and long-chain PFAS 

treatments across environmentally relevant concentrations were not sufficient to 

significantly induce a more aggressive cell phenotype using the human TNBC cell line 
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Hs578T in 2D or 2.5D cultures. In contrast, PFAS seem to prevent progression in some 

cases.  

The five PFAS assessed in Hs578T significantly reduced or had no effect on the 

mean number of protrusions per cell. For example, high PFBA concentrations (100 nM 

and 1000 nM) significantly decreased the mean number of protrusions per cell reflected 

by a concentration-dependent decrease in protrusion counts. PFDA decreased protrusion 

counts across all concentrations tested, and PFDoA decreased protrusion counts at 10 

nM and 100 nM concentrations. No literature has yet extracted protrusion count data from 

PFAS-treated human TNBC cell lines, but Zhang et al., 201469 demonstrated significant 

increases in TNBC invasion following PFOA treatment in the TNBC cell line MDA-MB-

231. In contrast to our null PFOA protrusion results, the researchers showed that 5 nM, 

10 nM, and 50 nM concentrations significantly increased transwell invasion after 72 hours 

of treatment, supported by molecular evidence.  

The five PFAS generally had no effect on the mean length of the longest protrusion 

per cell. PFDoA was the only treatment which resulted in a concentration-dependent 

decrease and in which 100 nM PFDoA significantly decreased the longest protrusion 

length. While no literature has yet extracted cell protrusion length data from PFAS-treated 

human TNBC cell lines, Wang et al., 202463 employed similar 3D culture methods to 

assess cell morphology following PFBA and PFOA treatment. The researchers treated 

MDA-MB-231 cells with 100 nM – 1uM PFBA or PFOA for 120 hours and found 1 μM 

PFOA treatment to increase cell protrusion length and fissure. Protrusion lengthening and 

fissure are indicative of a cell’s ability to detach from the basement membrane and 
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migrate or invade surrounding tissues. These parameters were assessed with scanning 

electron microscopy but were not quantified in the study. 

The five PFAS assessed significantly reduced or had no effect on total colony area 

per well. We found that 1000 nM PFBA and 10 - 1000 nM PFDoA significantly reduced 

total colony area per well. Additionally, PFBA and PFDoA displayed concentration-

dependent decreases in total colony area per well. PFDoA treatment reduced colony area 

to the lowest levels seen across treatments, possibly suggesting a cytotoxic effect in 2.5D 

in these cells. Currently, no literature has assessed PFAS effects on human TNBC colony 

formation. However, Wang et al., 202463 tested the effects of 100 nM – 10 μM PFBA or 

PFOA on MDA-MB-231 cell deformation, a well-known indicator of invasion, in 3D. After 

120 hours of treatment, 1 μM PFOA significantly increased cell deformation rates. The 

research team also assessed cell migration using transwell inserts over the same time 

length, finding 1 μM of both PFAS to significantly increase the percentage of migrated 

cells relative to the control. In the study, the effects of migration by PFOA were greater 

than those of PFBA, and only PFOA-induced migration was supported by molecular 

evidence. Furthermore, Zhang et al., 201469 tested the effects of 100 μM PFOA on MDA-

MB-231 wound healing migration. After 60 – 72 hours, PFOA induced significantly higher 

wound closure and thus migratory capability relative to the control.  

Cell proliferation was then investigated to understand if PFAS promoted cell 

growth. This was completed by Trypan Blue staining and subsequent cell counting of both 

viable and non-viable cells. We found no significant effects of PFAS treatment at 1 nM or 

10 nM on TNBC cell proliferation or cell death. Instead, viable cell decreases can be seen 

for all PFAS treated groups relative to the 5% FBS control in a concentration-dependent 
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fashion, though not significantly. This is unlikely to be caused by PFAS toxicity given that 

the cell death data are similar across treatments and relatively low compared to viable 

cell numbers. Strikingly, the negative and positive controls were not significantly different 

when analyzed among all the data via One-Way ANOVA with Tukey’s post-hoc test. 

However, when compared via unpaired T-test, the controls were significantly different (p 

= 0.004). This highlights that the current results exhibit enough variance to mask true 

effects of treatment. This variance is caused by batch effects, as biological replicates one 

and three consistently yield lower and higher values, respectively, regardless of 

treatments. Current findings must be disentangled using more biological replicates and 

by removing batch effects. Batch effects can be removed by normalization of PFAS 

treated groups to the 5% FBS control or by using software to analyze the data accounting 

for repeated measures within biological replicates, as was completed for the 2.5D assay 

data (see Methods → Statistical Analysis). Originally, batch effects were also observed in 

the 2.5D data when using three biological replicates, thus two more replicates were 

supplied to better understand the results. The two additional biological replicates changed 

the understanding of the data significantly, and it may be the same case with the cell 

proliferation data. Additionally, our proliferation assay can be paired with more evidence, 

such as flow cytometry, immunocytochemistry, and qPCR of proliferation involved genes 

for a more profound understanding of PFAS effects on cell proliferation. While comparing 

this study’s proliferation data to existing PFAS – TNBC literature may be premature given 

the large variance exhibited, our proliferation data currently agrees with the literature. 

Pierozan et al., 202245 tested the concentration-dependent responses of PFBA and 

PFHxA treated MCF10A cells (a receptor-negative breast epithelial cell line) on cell 
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proliferation using concentrations of 500 pM – 500 μM. After 72 hours, the researchers 

then assessed cell number and MTT formazan production to determine the proliferative 

effects of the two short-chain PFAS, finding null results at all concentrations. Similarly, 

Zhang et al., 201469 tested the effects of 0 – 150 nM PFOA on MTT formazan production 

of the TNBC cell line MDA-MB-231 after 72 hours, finding no effects by PFOA. Wang et 

al., 202463 tested the effects of PFBA and PFOA on Cell Counting Kit-8 formazan 

production of MDA-MB-231 using concentrations of 100 pM – 1 mM. After 24 - 120 hours, 

the researchers found that PFBA and PFOA did not affect formazan production at the 

concentrations and 48-hour time point we used in our study. Finally, Sakai et al., 202250 

tested the effects of PFOA treated MDA-MB-231 cells using concentrations of 1 μM – 1 

mM. After 48 hours, the researchers assessed MTS formazan production, finding that 

PFOA did not affect cell proliferation once more. While this last example uses 

concentrations two orders of magnitude higher than our proliferation assay, the four 

examples together suggest PFAS do not promote receptor-negative breast cell 

proliferative phenotypes, agreeing with our results. It is important to note, however, that 

MTT and MTS assays should be carefully interpreted when assessing proliferation. These 

two assays utilize mitochondrial reduction of MTT into formazan. PFAS may interfere with 

normal mitochondrial function and affect the results, thus separate proliferation assays 

are preferred. The latter three studies are the only ones we are aware of testing PFAS on 

TNBC proliferation, so our PFDA and PFDoA findings cannot be compared to existing 

literature. 

It must be highlighted that the methods of the studies aforementioned differ greatly 

from ours in cell line, treatment time length, 2.5D model, and data extraction, possibly 
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leading to deviations from published literature. Interestingly, in our study the significant 

decreasing effects of PFBA and PFOA treatment are reflected in two of our parameters: 

the mean number of protrusions per cell and total colony formation per well. This suggests 

that the colony formation assay is more of an invasion assay as it is frequently described 

to be10, 17, 49, rather than a migration assay which it is less associated with. It also suggests 

invasion is indeed hindered by these PFAS. More established migration assays need to 

be implemented to elucidate the effects of our treatments on TNBC migration. 

When viewing the data through a GenRA approach, there were no significant 

effects of alkyl chain length on mean number of protrusions- or on the mean length of the 

longest protrusion per cell. While a positive trend in the former parameter was seen with 

increasing alkyl length 1 nM PFAS, the trend reversed at 10 nM PFAS, highlighting 

inconsistency between treatment concentrations and undermining the true effects of alkyl 

length on the protrusion count parameter. Alternatively, these results can be interpreted 

as long-chain PFAS promoting increases in mean number of protrusions per cell at low 

concentrations and decreases at higher concentrations as a result of toxicity. Further 

validation methods must be employed to determine if this is true. Colony formation 

seemed to be the parameter most affected by alkyl length. At 100 nM PFAS treatment, 

PFDoA significantly decreased total colony area per well relative to PFOA and PFDA. 

This pattern was also observed in 10 nm and 1000 nM PFAS treatment but was not 

significant. These results suggest that a combination of concentration and alkyl length 

may promote decreased colony formation in these cells, possibly due to cytotoxicity in the 

2.5D environment. While not significant, the long-chain PFOA and PFDA seem to 

increase total colony formation per well in 10 nM – 1000 nM treated groups relative to 
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PFBA and PFHxA, displaying non-significant increasing trends. However, it is difficult to 

state with confidence that this is the case given the variance. When assessing cell 

proliferation, no effects of alkyl length on live or dead cell number were observed.  

 

Future work 

Our methods were not without limitations. For example, a downside of the 2.5D 

assay is that the cells can grow through the Z plane in addition to the X and Y planes, 

likely under sampling the protrusion counts per cell. However, this is a systematic 

challenge present in all treatment groups that did not affect the ability of the researchers 

to capture the significant differences between the controls, which eases some of this 

concern. In future studies, protrusion extraction can be refined using more sensitive 

methods such as by using cytoskeleton dyes to quantify migration and invasion by 

assessing effects of PFAS on actin filament formation24. Utilizing scanning electron 

microscopy has shown to capture protrusion extension and fissure development in PFOA 

treated MDA-MB-231 cells63
, which may also be an option. Cell protrusion formation may 

also be cell density dependent, where higher densities promote higher numbers of 

protrusions per cell due to intercell communication and close proximity. This has yet to be 

tested but was visually observed to occur in the 2.5D assay and is worth exploring. 

Additionally, the 2.5D assay can be refined by the extraction of cell proliferation data from 

this more biologically relevant model10, 25, 26. During our study, we attempted to gather cell 

proliferation data from the 2.5D assay using a CyQuant nucleic acid binding fluorescent 

dye (Cat. C7026, Thermo Fisher Scientific; Waltham, MA) following whole-cell and colony 

extraction from the 2.5D system. However, technical challenges in extracting all cells 
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hindered these efforts. In future studies, methods described in the literature to work in 3D 

systems can be employed such as EdU cell proliferation assays or DAPI staining. 

Molecular evidence often complements the phenotypic data. RNA extraction from 2.5D 

systems is possible, however, we experienced technical challenges in extracting good 

quality RNA from the 2.5D assay as confirmed by fragment analyzer analysis. This issue 

can be remedied with further optimizations. In the meantime, cells have been seeded and 

treated with 1 nM and 10 nM PFAS in the 2D environment absent of Matrigel and good 

quality RNA has been extracted. Thus, PCR of genes involved in the proliferation, 

migration, invasion, and apoptosis of cells as well as those involved in canonical cancer 

progression signaling cascades are currently underway at the time of this writing. 

Mechanisms possibly involved in TNBC progression will be elucidated and compared to 

the literature.  

Admittedly, an obstacle in our study was an inter-person effect in the measurement 

of cell protrusions in 2.5D. Due to the large number of images and time commitments, 

blinded images were distributed to four trained researchers for protrusion data extraction. 

Subsequent SAS analyses of the data accounting for blinded imager revealed significant 

deviations between researchers in a few treatment groups within some biological 

replicates. This possibly leads to higher-than-expected variance between biological 

replicates and may explain some of the variance in our study, thus moving forward all 

images will be analyzed by one individual and current findings will be re-analyzed by one 

individual. Automation of cell protrusion data extraction is a possibility that is being 

explored as well, which could circumvent human error. If we focus on the cell parameter 

of longest protrusion length per cell, it appears that this parameter is not a good indicator 
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of invasiveness in Hs578T as originally believed. This cell line develops protrusions of 

similar lengths in serum free conditions and FBS treated groups, which could be a 

consequence of the highly invasive nature of this stellate breast cancer type. It was also 

visually apparent under light microscopy that serum starved cells plated in 2D exhibit 

thinner cell bodies and extended protrusions, likely a sign of poor health. Thus, it can be 

hypothesized that starvation stress induces cell deformation that could be mistaken for 

invasive protrusion formation in 2.5D. A better negative control that inhibits invasion can 

be used moving forward. Alternatively, the longest protrusion length parameter can be 

replaced with more detailed invasion parameters such as immunofluorescence of 

cytoskeleton proteins. On the other hand, our null results from this parameter can also be 

explained by our methods, specifically our technical replicate sampling scheme. As 

previously mentioned, six cells per well per biological replicate were selected for 

protrusion analysis. However, if a cell had zero protrusions it could not be incorporated 

into the protrusion length parameter, leading to a minimum of three cells analyzed in some 

treatments. This is an insufficient sample size given the heterogenous morphology of this 

cell line. Future work will redefine the sampling scheme to prevent under sampling. Of 

course, it cannot be forgotten that this work focuses on acute exposure in one cell type. 

True human exposure occurs at timelines from months to years, with inter-cell 

communication. PFAS are known to be immunotoxic and the immune system is heavily 

involved in tumor progression, thus the results of this study must be carefully interpreted 

knowing this. Future work can improve upon the methods used in this study such as by 

treating cells chronically and by the involvement of coculture for a better understanding 

of PFAS induced TNBC progression. 
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Conclusions  

To our knowledge, this is the first study to use the 2.5D model to assess PFAS 

treated triple negative breast cancer cell progression by the quantification and analysis of 

individual cell and total colony parameters. PFAS treatment on breast cancers in 2.5D 

and 3D environments, which are more resemblant of the human biological experience, 

are severely lacking. Furthermore, Generalized Read-Across with cancer progression 

endpoints such as those involved in this study have yet to be explored in depth. The 

strength of read-across comes from the increasing number of studies assessing the same 

endpoints following similar treatments, which we aimed to contribute to in this study. Given 

that the TNBC subtype is a heterogenous disease in itself, 2.5D and 3D models must be 

increasingly employed using various triple negative cell lines to elucidate their relationship 

with PFAS exposure.  
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