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SUMMARY

Lymphoma is a group of blood cancers that develop from the immune system, and
one of the main risk factors is associated with exposure to environmental chem-
icals. Bisphenol A (BPA) is a common chemical used in the manufacture of mate-
rials in polycarbonate and epoxy plastic products and can interfere with the
immune system. BPA is considered to possibly induce lymphoma development
by affecting the immune system, but its potential mechanisms have not been
well established. This study performed a gene-network analysis of microarray
data sets in human lymphoma tissues as well as in human cells with BPA exposure
to explore module genes and construct the potential pathway for lymphomagen-
esis in response to BPA. This study provided evidence that BPA exposure resulted
in disrupted cell cycle and DNA damage by activating CTNNB1, the initiator
of the aberrant constructed CTNNB1-NFKB1-AR-IGF1-TWIST1 pathway, which
may potentially lead to lymphomagenesis.

INTRODUCTION

Lymphoma is a group of blood cancers developed from lymphocytes in the immune system, which is cate-

gorized into Hodgkin lymphoma (HL) and non-Hodgkin lymphoma (NHL). NHL is ranked as the fifth to ninth

most common cancer in most countries worldwide, with almost 510,000 new cases estimated in 2018

(Miranda-Filho et al., 2019). It has been reported that the age-adjusted incidence rates of NHL per

100,000 between 2008 and 2012 were generally much higher in countries with high Human Development

Index (HDI) (the highest 17.6/13, respectively, versus the lowest 1.6/1.0 per 100,000males/females). Altered

immune systems have an increased risk of NHL (Grulich et al., 2007; Purdue et al., 2011). Besides viral and

bacterial infections as well as use of immunosuppressive drugs, previous epidemiologic studies have re-

vealed that exposure to chemicals and changes in diet and lifestyle contributed to modifiable risk factors

of NHL (Alexander et al., 2007; Chiu and Hou, 2015; Morton et al., 2006). Although descriptive epidemi-

ology of NHL risk factors has been well characterized using population-based cancer registry data, the

key effector and its downstream pathway for lymphomagenesis underlying such risk factors is not yet

well established.

Bisphenol A (BPA) is an industrial chemical used to create polycarbonate plastic and epoxy resins. Owing to

its hardness and strength over a wide range of temperatures, global production of BPA was predicted to

exceed 5 million metric tons by 2015 (Gore et al., 2015). Most people are exposed to BPA leached from

polycarbonate containers of consuming food and beverages and resin-based dental sealants and bonding

agents (Konieczna et al., 2015). It has been reported that estimates of higher daily BPA intake between 2000

and 2016 were more common in economically developed countries (Huang et al., 2017b). BPA has a long-

known ability to interfere with immune and inflammation responses through several signaling pathways

and alteration of various immune cells (Clayton et al., 2011; Murata and Kang, 2018). Altered immune sys-

tems have an increased risk of NHL (Grulich et al., 2007; Purdue et al., 2011). In addition, DNA damage has

been reported following BPA exposure to nonmalignant human breast cell lines (Pfeifer et al., 2015) and

human bronchial cell lines (George and Rupasinghe, 2018). Cumulating evidence from solid tumors and

acute myeloid leukemia highlights the roles of BPA exposure in promoting tumor progression through a

variety of genes involved in cancer cell survival advantages (Nomiri et al., 2019). Exposure to BPA is asso-

ciated with increased aggressiveness of a variety of cancers, such as lung cancer (Zhang et al., 2014), ovarian
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cancer (Ptak et al., 2014), colorectal cancer (Chen et al., 2015), breast cancer (Song et al., 2015), cervical can-

cer (Ma et al., 2015), and nasopharyngeal cancer (Zeng, 2020).

DNA damage accumulates in hematopoietic stem cells (HSCs) during aging (Beerman et al., 2014; Rübe

et al., 2011). DNA double-strand breaks (DSBs) are considered the most lethal DNA damage and have

been found increased in CD19-positive cells of chronic lymphocytic leukemia compared with those of

monoclonal B cell lymphocytosis and healthy ones (Popp et al., 2019). Since BPA exposure contributes

to DNA damage and dysregulated immune responses, DNA-damaged lymphoid cells would render

lymphoma development and progression in a compromised immune microenvironment. However, it is

currently unknown how human lymphoid cells survive DNA damage induced by BPA during the progres-

sion of lymphoma. Therefore, we proposed a novel and applicable pathway construction approach for

potential lymphomagenesis in response to BPA exposure by performing a gene-network analysis of micro-

array data sets in human lymphoma tissues and in human cells exposed to BPA for exploring module genes

and their potential interconnection. Furthermore, the identified key gene CTNNB1 dysregulated by BPA in

the constructed pathway CTNNB1-NFKB1-AR-IGF1-TWIST1 underlying the lymphoma pathogenesis and

progression was validated in human lymphoblastoid TK6 cells with BPA-induced DNA damage.
RESULTS

The framework of the present study is divided into four main parts (Figure 1): (A) collection of microarray

data and gene filtering, (B) identification of gene modules of NHL and BPA exposure and analysis of their

gene ontology term, (C) gene-network reconstruction for a potential pathway of the NHL progression cor-

responding to BPA exposure, and (D) validation of potential target genes and examination of carcinogenic

effect in TK6 cells exposure to BPA.
Module genes and ontological network of NHL and BPA exposure

First of all, we utilized six NHL data sets containing 309 samples and four BPA data sets containing 98 samples

from ArrayExpress. The DEGs of NHL (n = 4,593) and BPA exposure (n = 4,028) were constructed into gene

modules by weighted gene correlation network analysis (WGCNA) to construct two subnetworks. In the

gene ontological subnetworks (Figure 2), the functions of NHL module genes were clustered into regulation

of phospholipase activity, lymphoid progenitor cell differentiation, B cell apoptotic process, regulation of

leukocyte-mediated cytotoxicity, fibroblast growth factor receptor signaling pathway, regulation of reactive

oxygen species metabolic process, regulation of meiotic nuclear division, aorta development, regulation of

leukocyte-mediated immunity, regulation of DNA-templated transcription and initiation, lung epithelial cell

differentiation, and regulation of immune response (Figure 2A). On the other hand, the functions of BPAmod-

ule genes were categorized into activin receptor signaling pathway, regulation of immune response, macro-

phage differentiation, regulation of cyclic adenosine monophosphate metabolic process, interleukin-1 secre-

tion, fibroblast growth factor receptor signaling pathway, mitotic cell cycle phase transition, neutrophil

degranulation, regulation of substrate adhesion dependent cell spreading, aorta development, and regula-

tion of nuclear factor kappa B (NF-kB) signals (Figure 2B). Attractively, there were three overlapping functions

involved in regulation of immune response, aorta development, and fibroblast growth factor receptor

signaling pathway between module genes of NHL and BPA exposure (Figure 2C).
Subnetwork and potential pathway of NHL and BPA exposure

Genes in the aforementioned ontological subnetworks were further selected by high gene connectivity to

predict potential regulatory pathways for development of NHL (Figure 3A), BPA exposure (Figure 3B), and

progression of NHL in response to BPA exposure (Figure 3C). In Figure 3C, red lines represent the regula-

tory pathway of BPA exposure only. Blue lines display the regulatory pathway of NHL, while black lines indi-

cate the collaborative regulatory pathway of BPA exposure and NHL. NFKB1 (purple circle) is the only one

gene that interacts with red, blue, and black lines. As a result, NFKB1 was chosen as a middle point to

explore its upstream (BPA only) and downstream (intersection of BPA and NHL) genes. The upstream

gene of NFKB1, CTNNB1, was considered to be an initiator gene of BPA exposure. Previous studies

have presented that Twist expression is higher in diffuse large B cell lymphoma (DLBCL) (Lemma et al.,

2013), and Twist1 is related to epithelial-mesenchymal transition (Huang et al., 2018). Sequentially, Twist1

was regarded as the downstream end in the proposed pathway, and the downstream genes following

NFKB1 were AR, IGF1, and TWIST1 and postulated to be carcinogenic genes of NHL progression after

BPA exposure. The predicted potential pathway related to NHL progression attributed to BPA exposure
2 iScience 24, 102888, August 20, 2021



Figure 1. Framework of this study
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is shown in Figure 3D. Eventually, the proposed pathway of NHL progression in response to BPA exposure

was concentrated on dysregulated CTNNB1-NFKB1-AR-IGF1-TWIST1 pathway, which was validated with

BPA-treated human lymphoblastoid TK6 cell line, one of the standard cell lines for in vitro mammalian

cell genotoxicity tests.
Target gene expression, cell cycle distribution, and DNA strand break in exposure to BPA

IncreasedmRNA expressions of CTNNB1, NFKB1, AR, IGF1, and TWIST1 in TK6 cells were shown in a dose-

response and time-dependent manner following BPA treatment (Figure 4). Moreover, markedly increased

cell percentage arrested in G2/M phase cell cycle was observed by flow cytometry after 72 hr exposure to

10-nM BPA compared with control (Figure 5). Comparable percentage increments of cells arrested were
iScience 24, 102888, August 20, 2021 3



Figure 2. Ontological gene network of module genes

(A–C) (A) NHL, (B) BPA exposure, and (C) integration of NHL and BPA exposure. The ontological gene network was

visualized by Cytoscape plug-in ClueGO.
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Figure 3. The collaborative regulatory pathway for progression of NHL in response to BPA exposure

(A–D) (A) NHL subnetwork, (B) BPA subnetwork, and (C) regulatory pathway from the intersection of NHL and BPAmodules were illustrated; (D) the potential

regulatory pathway of NHL progression in response to BPA exposure. Color lines reflect pathway differences between NHL and BPA (red: BPA exposure,

blue: NHL, black: interactions of NHL and BPA exposure).
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found between 103 and 105 nM BPA. Furthermore, the tail DNA% of a mixture of DNA damage (single-

strand breaks [SSBs], double-strand breaks [DSBs], and alkali-labile sites) (Figures 6A and 6B) and DSBs

(Figures 6C and 6D) were significantly increased in TK6 cells treated with 10-105 nM BPA for 72 hr, which

indicated BPA-induced DNA SSBs and DSBs in TK6 cells. As to the BPA-associated DNA damage, we

further determined the status of DNA-repair-associated genes in BPA-treated TK6 cells. TP53 and CDKN1A

mRNA expression were significantly decreased after 72 hr of exposure to BPA (Figures 7A and 7B).
Expression of downstream genes of CTNNB1 in exposure to BPA after CTNNB1 siRNA

transfection

For validation, siRNA transfection was used to knockdown the upstream target gene CTNNB1 expression

for evaluation of subsequent alterations of the regulatory pathway NFKB1-AR-IGF1-TWIST1, cell cycle

distribution, DNA-repair-associated genes, and DNA damage in TK6 cells following BPA exposure.

Compared with vehicles in each group of increasing BPA doses, the BPA upregulated mRNA expressions

of NFKB1, AR, IGF1, and TWIST1 were reciprocally downregulated in CTNNBA siRNA-transfected TK6 cells

(Figure 8). These results substantiated that CTNNB1 was the initiator gene of the constructed CTNNB1-

NFKB1-AR-IGF1-TWIST1 pathway regulated by BPA.
iScience 24, 102888, August 20, 2021 5



Figure 4. Gene expression of target genes of carcinogenesis in TK6 cells after BPA exposure

TK6 cells were treated with various concentrations (10, 103, 105 nM) of BPA for 24, 48, and 72 hr. Fold changes of gene

expression of (A) CTNNB1, (B) NFKB1, (C) AR, (D) IGF1, and (E) TWIST1 between BPA exposure and control. *p < 0.05

indicated a significant difference between BPA exposure and control.
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Cell cycle distribution and DNA strand break in exposure to BPA after CTNNB1 siRNA

transfection

With respect to BPA-associated cell-cycle arrest, flow cytometric results were compared between TK6 cells

under BPA treatment of increasing doses and with/without siCTNNB1 transfection (Figure 9). Compared

with vehicles in each dose group, BPA-associated increased cell groups arrested in G2/Mphase were recip-

rocally shifted in CTNNBA siRNA-transfected TK6 cells. These results further supported that BPA exposure

played a role in cell-cycle arrest at G2/Mphase through activation of the CTNNB1-NFKB1-AR-IGF1-TWIST1

pathway. Additionally, to understand the role of CTNNB1 playing in DNA strand break, the siCTNNB1-

transfected TK6 cells were introduced in the comet assay under alkaline and neutral conditions for

investigating the effects of CTNNB1 gene on BPA-induced DNA strand break. Increased tail DNA% of a

mixture of DNA SSBs and DSBs by BPA in each dose group was significantly reduced in the presence of

siCTNNB1 transfection (Figures 10A and 10B). Similar reciprocal reduction patterns in the tail DNA% of

DSBs were demonstrated in siCTNNB1-transfected cells compared with vehicles in each BPA dose group
6 iScience 24, 102888, August 20, 2021



Figure 5. Cell cycle distribution of TK6 cells exposed to BPA

(A) The graphs showed cell cycle profiles in TK6 cells exposed to various concentrations (10, 103, 105 nM) of BPA for 72 hr. The peaks in the illustration

correspond to the G0/G1, S, and G2/M phases of the cell cycle.

(B) Histogram showed the percentages of cells in each phase of the cell cycle after BPA exposure for 72 hr.
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(Figures 10C and 10D). These results verified that CTNNB1 participated in the initial event of BPA-mediated

DNA breaks.

Colony formation in exposure to BPA after CTNNB1 siRNA transfection

To further clarify interconnections between the constructed pathway and DNA-associated repair genes,

compared with vehicles in each dose group, BPA-downregulated mRNA expressions of TP53 and CDKN1A

were reciprocally upregulated in siCTNNB1-transfected TK6 cells (Figure 11). These results provided evi-

dence that BPA exposure dysregulated DNA-repair-associated genes TP53 and CDKN1A through

CTNNB1 activation. Most importantly, we performed TK6 cell colony-forming assay (Figure 12) to evaluate

whether BPA exposure was involved in lymphomagenesis via activation of CTNNB1. The 72-hr dose-

dependent colony formations of TK6 cells visibly promoted by BPA treatment were significantly sup-

pressed in siCTNNB1-transfected TK6 cells in each dose group. Strikingly, these compelling results

demonstrated that BPA-promoted colony formations, indicative of lymphomagenesis, were mediated by

activation of CTNNB1, the initiator of the novel constructed CTNNB1-NFKB1-AR-IGF1-TWIST1 pathway.

DISCUSSION

Following rapid global economic and industrial development in recent years, cumulating modifiable can-

cer risk factors are identifiedmainly based on epidemiological studies (Islami et al., 2018; Stein and Colditz,

2004). A recently published proteogenomic analysis proves the perspective of environmental-carcinogens-

driven sequential pathways initiated with DNA damage contributing to pathogenesis and progression of

non-smoking lung cancer in East Asia (Chen et al., 2020). With regard to BPA, most epidemiological and

laboratory studies focused on and indicated the carcinogenic risk of BPA for breast cancer (Seachrist

et al., 2016). The environmentally relevant concentration of BPA is at ppb (mg/L) level, and BPAwas routinely

detected in blood and urine in the range of ng/mL (ppb) (Vandenberg et al., 2010). Based on the reported

levels of BPA in body fluids and tissues, the theoretical internal dose of the general population has been

estimated around 10–100 nM (Vandenberg et al., 2007). Genotoxicity of BPA has been demonstrated in

BPA-treated human breast cancer cells (MCF-7) (Aghajanpour-Mir et al., 2016), human epithelial type 2 cells

(Hep-2), and human lung fibroblasts (MRC-5) (Ramos et al., 2019).

This study combined the gene-network meta-analysis and in vitro validation to clarify the potential adverse

effects of BPA on lymphomagenesis through CTNNB1-NFKB1-AR-IGF1-TWIST1 pathway. Human TK6 cell

line, characterized by chromosome stability, high efficiency of cell proliferation, and colony formation

(Lorge et al., 2016), used in the present study was one of the standard cell lines for in vitro mammalian
iScience 24, 102888, August 20, 2021 7



Figure 6. DNA single-strand breaks and double-strand breaks of TK6 cells exposed to BPA

DNA strand breaks were determined using comet assay in TK6 cells exposed to BPA for 72 hr.

(A and B) (A) The fluorescent images were taken and (B) the percentage of tail of a mixture of DNA DSBs and SSBs was measured under alkaline conditions.

(C and D) (C) The fluorescent images were taken and (D) the percentage of tail DNA DSBs was measured under neutral conditions. Scale bar = 50 mm;

*p < 0.05 indicated a significant difference between BPA exposure and control.
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cell genotoxicity tests. A second cell line, human lymphoblastoid SUP-B15 cells, was used to explore BPA

effects on genes of interest as well (see Figures S1–S3). In spite of inevitable intrinsic differences between

these two cell lines, we presented the results of BPA exposure in SUP-B15 cells to validate the certain key

findings in TK6 cells. After BPA exposure, the expression of NFKB1 and TWIST1 in SUP-B15 cells was

increased (see Figures S1B and S1E) with similar patterns observed in TK6 cells. An associated review

showed that activatedWnt/CTNNB1 (b-catenin) pathway to intermediate to high levels lead to lymphopoi-

esis of T and B lineages, and dysregulated Wnt/CTNNB1 signaling is a frequent event in oncogenesis of T

and B cell lymphoid leukemias (Chiarini et al., 2020). Another interesting review (Karimaian et al., 2017) pro-

vided a comprehensive molecular insight of cross talk between Wnt/CTNNB1 pathway and DNA damage

response. In this study, BPA exposure increased the gene expression of CTNNB1, NFKB1, AR, IGF1, and

TWIST1 and caused DNA SSB and DSB damage, accompanied by cell cycle arrest in the G2/M phase for

DNA repair. BPA exposure also reduced gene expression of TP53 and CDKN1A and enhanced colony for-

mation, which indicated that DNA repair dysfunction potentially promotes the occurrence of lymphoma-

genesis underlying the CTNNB1-mediated pathway. To the best of our knowledge, this study was the first

to present the evidence that BPA exposure promoted lymphomagenesis through CTNNB1-activation-

associated cell cycle arrest, DNA breaks, and reduced DNA repair potential.
8 iScience 24, 102888, August 20, 2021



Figure 7. Expression of DNA-repair-associated genes TP53 and CDKN1A in TK6 cells after BPA exposure

TK6 cells were treated with various concentrations (10, 103 and 105 nM) of BPA for 24, 48, and 72 hr. Fold changes of gene

expression of (A) TP53 and (B) CDKN1A between BPA exposure and control. *p < 0.05 indicated a significant difference

between BPA exposure and control.

ll
OPEN ACCESS

iScience
Article
Initial ontological gene-network analysis identified common pathways of BPA exposure and lymphoma-

genesis which were involved in regulation of fibroblast growth factor receptor, aorta development, and

immune response. Uterine fibroblast growth factor signal was upregulated by chronic BPA exposure in a

mouse model (Neff et al., 2019). Altered angiogenic activity of the human endometrial endothelial cell

was observed following in vitro BPA treatment. Aortic atherosclerotic lesions have been demonstrated

as a result of BPA exposure (Fang et al., 2014; Sui et al., 2014; Trusca et al., 2019) and associated NF-kB

activation (Trusca et al., 2019). Basic fibroblast growth factor, a key angiogenic factor, was found to be a

poor prognostic factor in NHL (Pazgal et al., 2002). Intravascular large B cell lymphoma, an aggressive

type NHL, has been reported with aortic involvement (Aghajanpour-Mir et al., 2016). Emerging evidence
Figure 8. Gene expression of downstream genes of CTNNB1 in TK6 cells exposed to BPA after siCTNNB1

transfection

Relative gene expression of (A) NFKB1, (B) AR, (C) IGF1, and (D) TWIST1 in TK6 cells exposed to BPA for 72 hr after

siCTNNB1 transfection (homo-960). *p < 0.05 indicated a significant difference between siCTNNB1 transfection and

vehicle.

iScience 24, 102888, August 20, 2021 9



Figure 9. Cell cycle distribution of TK6 cells exposed to BPA after siCTNNB1 transfection

(A–H) The graphs showed cell cycle profiles in TK6 cells exposed to BPA for 72 hr after siCTNNB1 transfection (homo-960). The peaks in the illustration

correspond to the G0/G1, S, and G2/M phases of the cell cycle.

(I) Histogram showed the percentages of cells in G2/M phase of the cell cycle after BPA exposure for 72 hr *p < 0.05 indicated a significant difference

between siCTNNB1 transfection and vehicle.

ll
OPEN ACCESS

iScience
Article
indicated the importance of angiogenesis and angiogenic therapy to B cell NHL (Jiang and Li, 2020).

Altered immune systems have an increased risk of NHL (Grulich et al., 2007; Purdue et al., 2011).

According to our gene-network analysis, the CTNNB1 gene encoding b-catenin protein was the key initi-

ator gene of the novel constructed BPA-dysregulated CTNNB1-NFKB1-AR-IGF1-TWIST1 pathway involved

in lymphomagenesis. The key role of CTNNB1 gene in the CTNNB1-NFKB1-AR-IGF1-TWIST1 pathway was

well demonstrated in the BPA-treated human lymphoblastoid TK6 cell line. Activation of the canonical Wnt

pathway was shown in BPA-treated human ovarian (Hui et al., 2018) and nasopharyngeal (Zeng, 2020) can-

cer cell lines. Compared with reactive hyperplasia of lymph nodes, b-catenin was overexpressed and

nuclear accentuation in those of DLBCL, which were strongly correlated with clinical stages (Ge et al.,

2012). Similar b-catenin expression patterns were also found in initiating cells of mantle cell lymphoma

(MCL) (Mathur et al., 2015). There are several ways of cross talk between Wnt/b-catenin and NF-kB path-

ways during inflammation (Aghajanpour-Mir et al., 2016) and MCL lymphomagenesis (Lazarian et al.,

2020). The NFKB1 gene encodes canonical NF-kB subunit p105, which is processed by the proteasome

into p50 to form a p65/p50 heterodimer transcription factor, and is considered a regulator of innate immu-

nity. Canonical NF-kB signals are connected to pathological pathways in low-grade Mucosa-associated

lymphoid tissue (MALT) lymphoma (Hamoudi et al., 2010; Nagel et al., 2014), high-grade MCL (Aghajan-

pour-Mir et al., 2016; Lazarian et al., 2020), as well as DLBCL of ABC type (Compagno et al., 2009; Davis
10 iScience 24, 102888, August 20, 2021



Figure 10. DNA single-strand breaks and double-strand breaks in TK6 cells exposed to BPA after siCTNNB1 transfection

DNA strand breaks were determined using comet assay in TK6 cells exposed to BPA for 72 hr after siCTNNB1 transfection (homo-960).

(A and B) (A) The fluorescent images were taken and (B) the percentage of tail of a mixture of DNA DSBs and SSBs was measured under alkaline conditions.

(C and D) (C) The fluorescent images were taken and (D) the percentage of tail DNA DSBs was measured under neutral conditions. Scale bar = 50 mm;

*p < 0.05 indicates a significant difference between siCTNNB1 transfection and vehicle.
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et al., 2001; Nagel et al., 2014). AR (androgen receptor) interplay with NF-kB has been linked in prostate

cancer (Malinen et al., 2017; Zhang et al., 2009). BPA regulates the function of AR via multiple ways (Lee

et al., 2003; Pelch et al., 2019; Teng et al., 2013). AR blockade has been investigated for MCL therapy

(Chow et al., 2020; Mostaghel et al., 2017), a high-grade lymphoma with male predominance (Aghajan-

pour-Mir et al., 2016), and increased AR expression (Mostaghel et al., 2017). Androgens were demonstrated

to promote mRNA expression of IGF1 (insulin-like growth factor 1) and its receptor in the primate ovary

(Aghajanpour-Mir et al., 2016). Correlation between serum levels of IGF1 and androgens was reported

in all women enrolled in an acne study (Cappel et al., 2005). It has been shown in adipose stromal/stem cells

(Ohlstein et al., 2014) and human embryonic stem cells (Huang et al., 2017a) that IGF1 was regulated by BPA

exposure. Variable levels of IGF1 receptor (IGF1-R) were found between 8 DLBCL cell lines (Stromberg

et al., 2015). IGF1 signal was associated with proliferation of DLBCL (Zhou et al., 2017). TWIST is a transcrip-

tion factor involved in mesoderm development (Miraoui and Marie, 2010). IGF1-induced Twist expression
iScience 24, 102888, August 20, 2021 11



Figure 11. Gene expressions of TP53 and CDKN1A in TK6 cells exposed to BPA after siCTNNB1 transfection

Relative gene expression of (A) TP53 and (B) CDKN1A expression in TK6 cells exposed to BPA for 72 hr after siCTNNB1

transfection (homo-960). *p < 0.05 indicates a significant difference between siCTNNB1 transfection and vehicle.
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in mouse fibroblast cell lines was associated with antiapoptotic effects of IGF1-R (Dupont et al., 2001).

Twist1 expression was upregulated, and epithelial-mesenchymal transition was induced in prostate tissue

from aged mice exposed to oral BPA (Huang et al., 2018). Much higher percentages of nuclear Twist

expression were found in DLBCL, compared with lack of expression in lymphocytes from lymph nodes

with benign hyperplasia (Lemma et al., 2013).

DNA damage can change the DNA sequence of cells on tumor promotion and activate the DNA repair

mechanism to correct the errors. Thus, when DNA repair is inefficient, such lesions can lead to mutations

that ultimately cause cancer. This study revealed that BPA exposure suppressed gene expression of TP53

and CDKN1A in TK6 cells and SUP-B15 cells (see Figure S2). DNA SSBs and DSBs were observed in human

peripheral blood mononuclear cells post 1 to 4 hr of BPA treatment in a dose-dependent manner (Mokra

et al., 2017). DNA damage on peripheral blood mononuclear cells following 4 hr of BPA exposure was not

completely repaired after 2 hr of BPA-free duration (Mokra et al., 2017). Such BPA dose-dependent DNA

damage was reproduced by TK6 cells treated with BPA for 72 hr in the present study. It was reported with a

model of nematode, Caenorhabditis elegans, that BPA exposure altered DNA DSBs repair process, check-

point activation, as well as repair gene expression and eventually left severe chromosome abnormalities,

maturation delay in late prophase (Allard and Colaiácovo, 2010). A variety of recurrent chromosome trans-

locations are found in B cell lymphomas ranging from low-grade to high-grade subtypes (Vega and Me-

deiros, 2003). Such translocations usually result from DNA DSBs (Nambiar and Raghavan, 2011) and erro-

neous repair (Iarovaia et al., 2014). G2/M checkpoint prevents damaged cells from mitosis initiation. Cells

inflicted with unimpaired damages during G1 or S phase accumulate in G2 phase and usually undergo

repair and/or apoptosis. Cells with G2/M failure exposed to etoposide led to cell proliferation with fixed

chromosome translocations (Nakada et al., 2006). Our flow cytometric results showed that TK6 cell percent-

age arrested in G2/M was markedly increased in 72-hr 10-nM BPA-treated group compared with the con-

trol. Such increments of cells arrested were comparable between groups with 72-hr 103 and 105 nM BPA

exposure. However, colony formations of TK6 cells were significantly promoted by BPA exposure in a

dose-dependent pattern from 10 to 105 nM. Both BPA-induced G2/M arrest and promoted colony forma-

tion were proved to be CTNNB1 gene regulated.

Because degrees of DNA damage and colony formation were increased under comparable percentage of

G2/M arrest between 103 and 105 nM BPA exposure, p53 and CDKN1A genes, the two closely intercon-

nected key players in cell cycle, were further investigated for b-catenin-mediated clonogenic survival po-

tential. Both p53 and CDKN1A genes were upregulated upon CTNNB1 gene knockdown across BPA

time and dose exposure groups. In 72-hr exposure, p53 and CDKN1A were both significantly downregu-

lated in 105 nM BPA-treated groups compared with control. It is well known that p53, a central tumor sup-

pressor gene, is important for cell cycle arrest and following repair to stabilize a variable forms of DNA

damage (Williams and Schumacher, 2016) by activation of DNA repair machinery to preserve cells (Mahe-

muti et al., 2018) or by induction of apoptosis to eliminate cells from the irrevocable damage (Liu et al.,

2017) DNA damage accelerates the mutagenesis of human cancer cells carrying TP53 mutation (Moulder

et al., 2018). Disrupted p53 function was shown to be a predictor of treatment failure and poor prognosis

in B and T cell NHL (Moller et al., 1999). Mutations of p53 also predicted poor prognosis of DLBCL andMCL
12 iScience 24, 102888, August 20, 2021



Figure 12. Colony formation of TK6 cells in exposed

to BPA after siCTNNB1 transfection

The average number of colonies formed in TK6 cells

exposed to BPA for 72 hr after siCTNNB1 transfection

(homo-960) in six randomly sampled visual fields. *p <

0.05 indicates a significant difference between

siCTNNB1 transfection and vehicle.
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in a meta-analysis (Xu et al., 2017). p21 protein encoded by CDKN1A gene is a potent cyclin-dependent

kinase inhibitor with multiple functions in regulation of cell cycle, apoptosis, and transcription after DNA

damage for repair (Karimian et al., 2016). This study found that downregulated CTNNB1 by its targeting

siRNA can elevate the gene expression of BPA-reduced TP53 and CDKN1A to attenuate BPA-induced

DNA damage. b-Catenin inhibited CDKN1A gene expression in breast cancer cell lines (Xu et al., 2016),

which was consistent with our results. NF-kB activation following irradiation to human leukemic and breast

cancer cell lines induced p21 expression and resultant G2/M cell cycle arrest (Wuerzberger-Davis et al.,

2005). BPA exposure (10 and 103 nM) reduces CDKN1A gene expression and increases cell proliferation

in human breast cancer MCF-7 cells (Lee et al., 2012) Em-Myc mice lacking both CDKN1A and TP53 signif-

icantly increase the incidence of lymphoma (Valente et al., 2016). Additionally, the excess CTNNB1 can

reduce TP53 protein levels and restrain TP53 signaling in human colon cancer cells (Sadot et al., 2001).

Knockdown of CTNNB1 increases the expression of CDKN1A to decrease cell viability and neurosphere

formation in glioma stem cells (Yang et al., 2016). According to the aforementioned studies and our find-

ings, BPA exposure would induce CTNNB1 to decrease TP53 and CDKN1A expressions and cause DNA

damage and DNA repair dysregulation, which may lead to lymphomagenesis.

DNADSBs weremuchmore common in cells of diffuse large B cell lymphomas (DLBCL) than in chronic lym-

phocytic leukemia cells and cells of reactive follicles (Derenzini et al., 2015). In patients with DLBCL

following rituximab plus cyclophosphamide, doxorubicin, vincristine and prednisone/cyclophosphamide,

doxorubicin, vincristine and prednisone-like therapies, those with high DNA DSBs had worse overall sur-

vival than those with low DNA DSBs. b-Catenin protein encoded by CTNNB1 gene is a key downstream

effector of the Wnt/b-catenin pathway. Wnt/b-catenin pathway induced aging of mesenchymal stem cells

through DNA damage response (Zhang et al., 2011). b-Catenin is responsible for self-renewal activity and

leukemic potential of CML progenitor cells (Jamieson et al., 2004; Zhao et al., 2007). Cat T cell lymphoma

induced by b-catenin activation had recurrent translocations but survived under DNA damage not repaired

(Dose et al., 2014).

To sum up, our present study provided evidence that BPA genotoxicities to p53 wild-type TK6 cells took

place with CTNNB1-mediated DNA damage and G2M arrest. Downregulation of p53 and CDKN1A genes

following CTNNB1 activation by BPA enhanced potent clonogenic survival in DNA-damaged TK6 cells.

BPA-activated CTNNB1-NFKB1-AR-IGF1-TWIST1 pathway might be involved in proliferation of TK6 cells

selected by BPA-induced DNA damage.

Limitations of the study

This research only focused on cell line testing. If we can verify in animal experiments and compare with

actual patient samples, the results will increase clinical application value.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

BPA (bis-(4-hydroxyphenyl)-propane Sigma-Aldrich, Whitehouse

Station, NJ

Cat# 239658

DMSO (dimethyl sulfoxide) Sigma-Aldrich Cat# D4540

Horse serum (HS) Gibco, Grand Island, NY Cat# 16050-122

Penicillin-streptomycin Corning, Blacksburg, VA Cat# 30-002-CI

RNA TRIzol Invitrogen, Carlsbad, CA Cat# 1559601

Chloroform Sigma-Aldrich Cat# 67-66-3

Isopropanol Sigma-Aldrich Cat# RD-34863

SYBR Green PCR master mix Applied Biosystems, Foster

City, CA

Cat# 4368706

Propidium iodide Invitrogen P3566

Low-melting agarose Amresco, Solon, OH Cat# 9012-36-6

RPMI-1640 medium Gibco, Rockville, MD Cat# 31800-022

Lipofectamine Invitrogen N/A

Critical commercial assays

High-capacity cDNA reverse transcription kit Applied Biosystems Cat# 4368814

Sybr green master mix Applied Biosystems Cat# 4368706

Comet assay kit Trevigen Inc, Gaithersburg, MD Cat# 4250-050-K

Deposited data

Microarray data sets of BPA exposure ArrayExpress E-GEOD-10270, E-GEOD-17624, E-GEOD-32158,

E-GEOD-32160

Microarray data sets of non-Hodgkin lymphoma ArrayExpress E-GEOD-65135, E-GEOD-53820, E-GEOD-12195,

E-GEOD-10524, E-GEOD-66384, E-GEOD-55267

Experimental models: Cell lines

Human lymphoblastoid TK6 cell line ATCC CRL-8015�

Human lymphoblastoid SUP-B15 cell line ATCC CRL-1929�

Oligonucleotides

Primer sequences of b-actin (sense):

5’-TTGTTACAGGAAGTCCCTTGCC-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of b-actin (anti-sense):

5’-ATGCTATCACCTCCCCTGTGTG-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of CTNNB1 (sense):

5’-ACCAGCCGACACCAAGAAG-3

Genomics, Xizhi District, Taiwan N/A

Primer sequences of CTNNB1 (anti-sense):

5’-TCGAATCAATCCAACAGTAGCCT-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of NFKB1 (sense):

5’-CAATCATCCACCTTCATTCTCAAC-3

Genomics, Xizhi District, Taiwan N/A

Primer sequences of NFKB1 (anti-sense):

5’-TCCACCACATCTTCCTGCTTA -3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of AR (sense):

5’-TGCCCATACTCACTCAGATTCC-3’

Genomics, Xizhi District, Taiwan N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primer sequences of AR (anti-sense):

5’-CCACACCAACCAGACCTTTCC-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of IGF1 (sense):

5’-CACCACCTCCCTTCATAACCTT-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of IGF1 (anti-sense)

5’-TCTTGACGACTTGCTGCTGCT-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of TWIST1 (sense):

5’-CGGGAGTCCGCAGTCTTA-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of TWIST1 (anti-sense):

5’-GCTTGAGGGTCTGAATCTTG-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of TP53 (sense):

5’-CCTGAGGTGTAGACGCCAACT-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of TP53 (anti-sense):

5’-GTACTGTAGGAAGAGGAAGGAGAC-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of CDKN1A (sense):

5’-GGGACAGCAGAGGAAGACCAT-3’

Genomics, Xizhi District, Taiwan N/A

Primer sequences of CDKN1A (anti-sense):

5’-GGAGTGGTAGAAATCTGTCATGCT-3’

Genomics, Xizhi District, Taiwan N/A

CTNNB1 siRNA homo-960:

F-5’CCCAAGCUUUAGUAAAUAUTT-3’

R-5’AUA UUUACUAAAGCUUGGGTT-3’

Integrated DNA Technologies,

Coralville, IA

N/A

CTNNB1 siRNA homo-1996:

F-5’GCCACAAGAUUACAAGAAATT-3’

R-5’UUUCUUGUAAUCUUGUGGCTT-3’

Integrated DNA Technologies,

Coralville, IA

N/A

Software and algorithms

ModFit LTTM software Verity Software House,

Topsham, ME

http://www.vsh.com

Robust Multi-array Average Weighted gene correlation

network analysis (WGCNA)

N/A

Differentially expressed genes (D56EG) NetworkAnalyst http://www.networkanalyst.ca/

Gene ontology (GO) DAVID http://david.ncifcrf.gov

Cytoscape Cytoscape Consortium http://cytoscape.org

ClueGO Cytoscape APP N/A

CluePedia Cytoscape APP N/A

CaspLab Comet assay software

project (CASP)

N/A

Other

Affymetrix GeneChip Thermo Fisher Scientific,

Wilmington, MA

Human Genome U133 Plus 2.0

CometSlideTM Trevigen, Gaithersburg, MD N/A

Nanodrop 2000c Thermo Fisher Scientific,

Wilmington, MA

N/A

G:Box ChemiXT16 system Syngene, Frederick, MD N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be contacted directly to and will be

fulfilled by the Lead Contact, Chun-Yu Chuang (cychuang@mx.nthu.edu.tw).
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Materials availability

This study did not generate new unique reagents.
Data and code availability

All bioinformatic data sets used in this manuscript were obtained from publicly accessible ArrayExpress as

indicated in the Method details.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

A human lymphoblastoid cell line TK6 (ATCC� CRL-8015�) derived from a 5-year-old male with hereditary

spherocytosis was cultured with RPMI-1640 medium (31800-022, Gibco, Rockville, MD), 10% horse serum

(HS; 16050-122, Gibco, Grand Island, NY), and 1% (v/v) penicillin-streptomycin (30-002-CI; Corning, Blacks-

burg, VA), in a 5% CO2 incubator at 37
�C. A human B lymphoblast cell line SUP-B15 (ATCC� CRL-1929�)

derived from a 8-year-old male with acute lymphoblastic leukemia was cultured with Iscove’s modified

Dulbecco’s medium (IMDM; Gibco�), supplemented with 20% fetal bovine serum, 0.05 mM2-b-mercaptoe-

thanol, and 1% (v/v) penicillin-streptomycin, in a 5% CO2 incubator at 37�C. BPA (bis-(4-hydroxyphenyl)-

propane; purity > 99%, 239658, Sigma-Aldrich, Whitehouse Station, NJ) was dissolved in dimethyl sulfoxide

(DMSO; D4540, Sigma-Aldrich) to prepare a stock solution (100 mM) and diluted into different concentra-

tions (10, 103, and 105 nM) by the culture medium. TK6 cells were treated with BPA at 10, 102, 103, 104, and

105 nM for 24, 48, and 72 h. SUP-B15 cells were treated with BPA at 10 and 103 nM for 24, 48, and 72 h,

respectively.
METHOD DETAILS

Collection and normalization of microarray data sets

Microarray data sets of NHL collected in this study were systematically searched with the terms ‘‘Homo sa-

piens’’ and ‘‘non-Hodgkin lymphoma’’ from Jan 1, 2011 to Aug 31, 2015 on the ArrayExpress website. Six

data sets containing raw data files of 309 samples were ultimately used in the present study (E-GEOD-

65135; E-GEOD-53820; E-GEOD-12195; E-GEOD-10524; E-GEOD-66384; E-GEOD-55267). On the other

hand, microarray data sets of BPA exposure were collected on the ArrayExpress website using the keyword

‘‘Homo sapiens’’ and ‘‘bisphenol A’’ from Jan 1, 2011 to Aug 31, 2015. Four data sets containing raw data

files of 98 samples were ultimately used in the present study (E-GEOD-10270; E-GEOD-17624; E-GEOD-

32158; E-GEOD-32160). All of these recruited samples were accessed in Affymetrix GeneChip (Human

Genome U133 Plus 2.0) platform and normalized by processing background correction, expression estima-

tion, and summarization using Robust Multi-array Average (RMA) methods to produce log2 expression

measurements in Affy package.
Identification of differentially expressed genes

We merged microarray data sets using R software after preprocessing and normalizing gene expression

data from different microarrays. The third quarter of standard deviation (SD) was used to filter differentially

expressed genes (DEGs) between NHL versus normal of microarray data sets and BPA exposure versus

nonexposure of microarray data sets. The filtering 4,593 DEGs of NHL (fold change R 1.3) and 4,028

DEGs of BPA exposure (fold change R 1.2) were imported into WGCNA for constructing gene modules.

The consensus modules for NHL (NHL vs. normal) and BPA exposure (BPA exposure vs. nonexposure)

were identified to further analyze the relationship among these modules. For each consensus module

(NHL and BPA exposure), the exploration first created correlation matrices from DEGs (obtained by calcu-

lating the Pearson correlation coefficients (r) between all variable gene sets across all subjects in processed

data sets) and then weighted DEGs based on the number of samples used in these data sets. The modules

formed from the weighted correlation matrices were conducted using the WGCNA package in the R envi-

ronment (data not shown). In the NHL group, the two modules (blue: r = 0.52, p = 0.03; turquoise: r = 0.49,

p = 0.03) containing 699 genes revealed the higher correlation with cancer traits. In the BPA group, the tur-

quoise (r = 0.36, p = 0.05) module containing 400 genes presented a representatively higher correlation.
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Construction of gene network for identifying gene ontology and regulatory pathway

The module genes of NHL and BPA exposure outputted from R analysis were analyzed by Cytoscape to

construct two individual gene subnetworks of NHL and BPA exposure, respectively, and plugged-in

ClueGO and CluePedia to figure out potential biological functions and predict a potential pathway that

presented NHL development along with BPA exposure. In these two subnetwork analyses, 699 module

genes of NHL were extended to 1152 genes and 400 module genes of BPA exposure were expanded to

839 genes in the network analysis. These two gene subnetworks of NHL and BPA exposure were further

merged to reconstruct a union gene-gene regulatory network corresponding to NHL and BPA exposure.

Then, a regulatory pathway predicted by the relatively higher connectivity genes in the above merged

network represented the potential progression of NHL in response to BPA exposure.

Total RNA extraction

The total RNA of TK6 cells was isolated using RNA TRIzol (15596018; Invitrogen, Carlsbad, CA). After

the culture medium was removed, cells were dissolved in TRIzol reagent and mixed with chloroform

(67-66-3; Sigma-Aldrich). The mixture was shaken vigorously and centrifuged at 12,000 g for 15 min at

4�C. The layer of RNA was in the upper supernatant and transferred to a fresh eppendorf tube. The super-

natant was added to isopropanol (RD-34863, Sigma-Aldrich) for 10 min at room temperature. The RNA pel-

let was precipitated after centrifugation at 12,000 g for 10 min at 4�C and washed by 75% ethanol with

centrifugation at 7,500 g for 5 min at 4�C to remove ethanol. The RNA pellet was dried up and dissolved

in 30 mL of RNase-free water. The quantity and quality of purified RNA was measured using Nanodrop

2000c (Thermo, Wilmington, MA).

Reverse transcription polymerase chain reaction and quantitative real-time polymerase chain

reaction for mRNA determination

cDNA was synthesized from total RNA by a high-capacity cDNA reverse transcription kit (4368814, Applied

Biosystems, Foster City, CA). In brief, 2 mg of RNA was added into MultiScribeTM reverse transcriptase,

10X RT random primers, 25X dNTP mix, 10X RT buffer, and RNase-free water in a PCR tube and subse-

quently amplified using ABI 2720 thermal cycler (Applied Biosystems).

A quantitative real-time polymerase chain reaction (PCR) was performed to quantify the message expres-

sion pattern of synthesized cDNA products. cDNA was amplified by PCR using 2X power SYBR Green PCR

master mix (4368706, Applied Biosystems), 10 mM forward and reverse primers, and RNase-free water.

Quantitative determination of PCR products was carried out by ABI 7300 Sequence Detection System

(Applied Biosystems) according to the manufacturer’s instruction.

Cell cycle analysis

TK6 cells were treated with 10, 103, and 105 nM concentrations of BPA for 72 h. All harvested cells were

washed with ice-cold phosphate-buffered saline (PBS) and then fixed with ice-cold 70% ethanol overnight

at -20�C. The cells were then stained with propidium iodide (PI; P3566; Invitrogen) solution containing

a final concentration of 200 mg/mL RNase A and 20 mg/mL PI. After incubation at 37�C for 30 min

in the dark, the cell cycle profiles were determined using the PE channel of a flow cytometer (Becton

Dickinson BD FACSCanto, San Jose, CA) and analyzed usingModFit LTTM software (Verity Software House,

Topsham, ME).

Comet assay

A comet assay kit was purchased from Trevigen Inc. (4250-050-K; Gaithersburg, MD) to determine the phe-

nomenon of DNA damage. TK6 cells treated with BPA (10, 103, and 105 nM) for 72 h were detected for DNA

damage at the level of single cells under neutral (DSBs) or alkaline (a mixture of DNA SSBs, DSBs, and alkali-

labile sites) conditions. After 72 h of BPA exposure, TK6 cells were harvested andmixed with a low-melting-

temperature agarose (LMA) at a ratio of 1:10 (v/v) onto TrevCometSlideTM and kept for 10 min at 4�C. The
slides were then immersed in a 4�C lysis solution for at least 1 h. After removing from the lysis buffer, the

slides were gently immersed in 50 mL of 4�C 1X neutral electrophoresis buffer for neutral comet assay or

4�C 1X alkaline unwinding solution for alkaline comet assay for 30 min. Electrophoresis was performed

at 25 V for 30 min in the dark. After electrophoresis, the slides were immersed in a DNA precipitation so-

lution for 30 min and quickly immersed in 70% ethanol for 30 min at room temperature. Then, the slides

were then allowed to dry before being stained with SYBR Gold dye for 30 min in a dark refrigerator.
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Ten random fields per slide were photographed under fluorescence microscope (Ti-TIRF-E, Nikon, Tokyo,

Japan), and each experimental condition group was carried out in triplicates for three time-independent

experiments. Tail DNA% of 60 cells at least was analyzed using the comet assay software project (CASP).

Tail DNA% was calculated following the equation: Tail DNA% = 100 3 Tail DNA intensity/Cell DNA

intensity.
Colony formation assay

TK6 cells were resuspended in 1.5 mL of 0.3% low-melting agarose (9012-36-6; Amresco, Solon, OH) con-

taining 2X RPMI 1640 and 2X HS and plated on top of 1.5 mL bottom layer of 0.5% low-melting agarose in

RPMI 1640. The cells in a 6-well plate were fed with 200 mL of medium per well twice a week, and the col-

onies were counted after 17 days of growth. The colonies were fixed with absolute methanol and stained

with 10% aqueous Giemsa solution for 30 min. Colony formation images of each well were photographed

under a G:Box ChemiXT16 system (Syngene, Frederick, MD), and the number of colonies was counted.
Transfection of small interfering RNA

The CTNNB1 siRNA was transfected into TK6 and SUP-B15 cells using lipofectamine transfection reagent

(Invitrogen) in serum-free medium. The CTNNB1 siRNA is obtained from Integrated DNA Technologies

(Coralville, IA; homo-960: F 5’CCCAAGCUUUAGUAAAUAUTT3’, R 5’AUA UUUACUAAAGCUUGGGTT3’;

homo-1996: F 5’GCCACAAGAUUACAAGAAATT3’, R 5’UUUCUUGUAAUCUUGUGGCTT3’). The siRNAs

at 10, 20, and 30 nM were diluted in 150 mL of RPMI-1640 medium without HS at 25�C for 5 min. The

5 mL of lipofectamine was added into 150 mL of RPMI-1640 medium without HS at 25�C for 5 min. The

siRNA-lipofectamine transfection complex was formed by mixing the siRNA and lipofectamine and incu-

bated at 25�C for 5 min. TK6 cells were cultured in RPMI-1640 medium with the transfection complex at

37�C in a 5% CO2 incubator for 24 h. Twenty-four hours after transfection, the transfection medium was

changed with fresh culture medium supplemented with 10% HS. Then, the transfected cells were main-

tained for an additional 8 h. Total RNA was extracted from siRNA-transfected cells to determine mRNAs

expression using quantitative real-time PCR (q-PCR).
QUANTIFICATION AND STATISTICAL ANALYSIS

Results were described as mean G SD. The student t-test was used to analyze the differences of gene

expression between BPA exposure groups and control (BPA nonexposure group), and one-way analysis

of variance test was used to determine the difference between three or more groups. All statistical signif-

icances were determined at two-tailed p-value < 0.05.
ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum and is not part of a clinical trial.
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