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Abstract

Cadmium (Cd) is a carcinogenic metal which is implicated in breast cancer by epidemiological 

studies. It is reported to promote breast cancer cell growth in vitro through membrane receptors. 

The study described here examined Cd-mediated growth of non-metastatic human breast cancer 

derived cells that lack receptors for estrogen, progesterone, and HER2. Treatment of triple-

negative HCC 1937 cells with 0.1–0.5 μM Cd increased cell growth by activation of AKT and 

ERK. Accelerated cell cycle progression was achieved by increasing the levels of cyclins A, B, 

and E, as well as those of CDKs 1 and 2. Although triple negative cells lack estrogen receptor, 

they express high levels of EGFR. Therefore, further studies on HCC 1937 and another triple-

negative cell line, HCC 38, were conducted using specific siRNA and an inhibitor of EGFR to 

determine whether EGFR was responsible for mediating the effect of Cd. The results revealed that 

in both cell types EGFR was not only activated upon Cd treatment, but was also essential for the 

downstream activation of AKT and ERK. Based on these observations, it is concluded that, in 

breast cancer cells lacking estrogen receptor, sub-micromolar concentration of Cd can promote 

cells proliferation. Furthermore, that EGFR plays a critical role in this process.
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Introduction

Cadmium (Cd) is a toxic metal which is widely distributed in the environment. The general 

population is exposed to this element from fuel combustion, waste burning, and cigarette 

smoking, as well as through dietary intake from food and polluted water (Satarug et al., 

2010). Besides its acute toxicity to kidney and bone, Cd is an established Group 1 
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carcinogen because it causes lung cancer (Stayner et al., 1992). Retrospective and 

prospective epidemiology studies indicate that dietary Cd intake is also associated with 

increased breast cancer incidence (Julin et al., 2012; Itoh et al., 2014). Also, 

bioaccumulation of Cd in breast tissue of breast cancer patients is higher than in normal 

subjects (Romanowicz-Makowska et al., 2011; Strumylaite et al., 2011). In studies with rats, 

Cd was found to be a highly potent endocrine disruptor because it promoted growth of 

mammary gland and uterus after a single 5 μg/kg ip injection (Johnson et al., 2003).

The mechanism of breast cancer cell growth by Cd has been explored by a number of 

investigators. Garcia-Morales et al. (1994) reported that Cd stimulated growth of MCF-7 

cells by activating estrogen receptor alpha (ERα) and inducing the expression of ERα target 

genes involved in cell growth. Cd was shown to bind to the ligand-binding domain of ERα 

in a noncompetitive manner (Stoica et al., 2000). Several other studies have also reported the 

proliferation of Cd in ERα-positive MCF7 and T47D cells (Martin et al., 2003; Zang et al., 

2009). However, Silva et al. (2006) were unable to observe the estrogenicity of Cd in MCF7 

cells by E-Screen assay. Similarly, Benbrahim-Tallaa et al. (2009) reported Cd induced 

malignant transformation of non-tumorigenic breast epithelial MCF10A cells by an ER-

independent mechanism. Furthermore, in ERα-negative breast cancer SKBR3 cells, Yu et al. 

(2010) reported that Cd-induced cell growth via G protein coupled receptor 30 (GPR30). 

Thus, the role of ERα in facilitating the estrogenic effects of Cd in breast cancer cells is 

controversial. Lack of involvement of ERα in other types of cells has also been 

demonstrated. For example, in leiomyoma cancer ht-UtLM cells, Cd was reported to neither 

bind to ERα or β, or stimulate ER-induced transcriptional activity (Gao et al., 2015). 

Moreover, in a transgenic estrogen reporter mouse model, Cd did not induce estrogen-like 

effect via classical ER signaling (Ali et al., 2010).

There is a general agreement that Cd activates the mitogen signaling pathways such as 

mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) in breast 

cancer cells (Choe et al., 2003; Liu et al., 2008; Zang et al., 2009). These pathways converge 

signaling from various membrane receptors, including ER, GPR30, receptor tyrosine kinases 

(RTKs), and result in activation of genes involved in cell cycle regulation, cell proliferation 

and cell survival (Martin et al., 2000). Breast cancer is classified into different subtypes 

according to the expression of ER, progesterone receptor (PR), and human epidermal growth 

factor receptor 2 (HER2). Epidermal growth factor receptor (EGFR) is one of the RTKs 

which plays a pivotal roles in integrating hormone- and growth factor-mediated stimulation 

and subsequent activation of MAPK and PI3K pathways (Hoadley et al., 2007).

Although triple-negative breast cancer cells lack ER, PR, and HER2, the level of EGFR (or 

HER1) is amplified in this type of cancer as compared to the other breast cancer subtypes 

(Kao et al., 2009). Recently, our laboratory reported that even though Cd did not 

phosphorylate EGFR or ERα in breast cancer-derived MCF7 cells, both of these receptors 

were essential for the activation of ERK (Song et al., 2015). It is interesting to note that 

while the MCF7 cells are positive for ER, PR, and HER2, these cells have only low level of 

EGFR. Indeed, in recent years Cd has been implicated in EGFR-mediated MAPK activation 

in liver, lung and uterine cancer cells (Kundu et al., 2011; Ali et al., 2015; Gao et al., 2015). 

Therefore, the present study was designed to further delineate the role of EGFR in Cd-
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induced cell signaling and cell growth. We chose non-metastasized human ductal breast 

cancer cells that were triple-negative, but were known to be EGFR-positive. Thus these cells 

rendered themselves a good model to study the tumorigenic potential of Cd in the absence of 

ER.

Materials and methods

Reagents and supplies

PD 184161, Wortmannin and AG 1478 were purchased from Cayman Chemical (Ann 

Arbor, MI). Cd chloride, RIPA buffer, trypan blue, MTT, BSA, DMSO, PMSF and protease 

inhibitor were from Sigma-Aldrich (Dallas, TX). Apoptosis Detection Kit, containing 

propidium iodide (PI) and annexin V-FITC staining solutions was from BD Bioscience (San 

Jose, CA). Phosphatase inhibitor cocktail was from Roche (Indianapolis, IN). Primary 

antibodies for phospho-ERK (pERK; Thr 202/Tyr 204), ERK, phospho-AKT (pAKT; Ser 

473), and AKT were from Cell Signaling Technology (Danvers, MA). Antibodies for 

phospho-EGFR (pEGFR; Tyr 845), EGFR (1005), cyclin A (H-432), cyclin B1 (M-20), 

cyclin D1 (H-295), cyclin E (M-20), CDK 1 (p34) and CDK 2 (H-298) were from Santa 

Cruz Biotechnology (Dallas, TX). Goat anti-rabbit/mouse secondary antibodies were from 

Li-Cor (Lincoln, NE). EGFR siRNA (siGENOME Human EGFR 1956 – SMARTpool, 

catalog #M-003114-03-0005), nonsense siRNA (catalog #D-001206-01-05), transfection 

reagent, and RNase were from Thermo Scientific (Pittsburgh, PA). RPMI 1640 medium and 

supplements were from Life Technologies (Grand Island, NY). Fetal bovine serum (FBS) 

was from Atlanta Biologicals (Flowery Branch, GA). Human breast cancer cells HCC 1937 

and HCC 38 were from ATCC (Manassas, VA). Cell counting slides were from Nexcelom 

Bioscience (Lawrence, MA).

Cell proliferation

The HCC 1937 cells were seeded into 12-well plates at a density of 1×105 cells/well and 

cultured in phenol red-free RPMI 1640 medium supplemented with 10% FBS, 100 U/mL 

penicillin, 100 μg/mL streptomycin, and non-essential amino acids at 37°C and 5% CO2 for 

24 h. To deplete the growth factors, the medium was changed to phenol red-free RPMI 1640 

supplemented with 0.2% BSA instead of FBS and the cells were cultured for 48 h. The 

serum-starved cells were treated with 0.05 – 1.0 μM CdCl2 or 1 ng/mL EGF in 0.2 % BSA-

supplemented phenol-red free medium, with a change of medium after 2 days. At the end of 

4 days, the cells were harvested and stained with 10% trypan blue solution. The stained cells 

were counted using the Cellometer (Nexcelom Biosciences, Lawrence, MA).

Cell proliferation was also determined by the MTT assay. In this case, the HCC 1937 cells 

were seeded into 24-well plates at a density of 8×103 cells/well and cultured, serum-starved 

and treated with Cd and EGF as described above. After 4 days of treatment, the cells were 

incubated with 10% MTT solution (5 mg/mL). The solution was aspirated after 3 h and the 

insoluble formazan formed in the cells was dissolved by adding DMSO. Cell proliferation 

was determined by measuring the absorbance at 570 nm and subtracting the background 

absorbance at 690 nm.
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Apoptosis analysis

The HCC 1937 cells were serum-starved to deplete growth factors and treated with 0.1 or 

0.5 μM CdCl2 for 48 h as mentioned above. Cells incubated with BSA alone or with FBS 

served as negative and positive controls, respectively. After completion of incubation, the 

medium was aspirated and saved and the cells were harvested by using trypsin. Once 

harvested, the cells were returned to the aspirated medium to stop the activity of trypsin and 

centrifuged. The cell pellet was re-suspended and stained with annexin V-FITC and PI for 

15 min. The stained cells were analyzed for apoptosis using a flow cytometer (FACSVerse, 

BD Biosciences, CA).

Cell cycle analysis

Serum-starved HCC1937 cells were retreated with 0.5 μM CdCl2 for up to 48 h. Cells 

cultured in BSA alone or FBS were the negative and positive controls, respectively. At the 

end of 12, 24, 36, and 48 h treatment, the cells were harvested and fixed overnight in 70% 

ethanol. For measuring DNA content by flow cytometry, the cells were washed with 

phosphate-buffered saline (PBS) and incubated with a solution of 18 μg/mL PI and 40 

μg/mL RNase A for 40 min.

Transfection with siRNA

The HCC 1937 and HCC 38 cells were cultured in RPMI 1640 medium containing 10% 

FBS and transfected with 2 μL EGFR siRNA (20 μM) and 2 μL transfection reagent for 48 

h. Cells transfected with nonsense siRNA were used as negative control. The transfected 

cells were serum-starved in 0.2% BSA-supplemented phenol red-free medium for 12 h 

before treatment with Cd or EGF.

Western blot analysis

To determine the expression of cyclins and CDKs, serum-starved cells were treated with 

CdCl2 for 48 h in 0.2 % BSA-supplemented phenol red-free RPMI 1640 medium. For 

determination of ERK and AKT phosphorylation, the serum-starved cells were treated with 

CdCl2 in serum-free medium for 15 min or 6 h, respectively. Phosphorylation of EGFR was 

also determined after 15 min incubation with Cd. The cells were washed with PBS before 

harvest and lysed in RIPA buffer supplemented with protease inhibitor, 2 mM PMSF, and 

phosphatase inhibitor. The cell lysates were centrifuged at 14,000 × g for 10 min and 

proteins in the supernatant were separated by electrophoresis. Protein bands were transferred 

from the gel to the nitrocellulose membrane in an SD Semi-dry Transfer Cell (Bio-Rad, 

Hercules, CA) at 24 V for 1 h. The membrane was blocked in 5% non-fat milk for 1 h and 

incubated with corresponding primary antibody at 4°C. After overnight incubation, the 

membrane was washed three times with 0.1% PBS-Tween 20 for 10 min each and 

incubated, with the goat anti-rabbit/mouse secondary antibody (1:10,000 dilution). The 

membrane was washed again three times for 10 min each with PBS-Tween and scanned in 

an Odyssey Infrared Imager (Li-Cor, Lincoln, NE).
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Data analysis

All experiments were repeated at least three times. Flow cytometry data were analyzed by 

ModFit LT Software. Western blot data were analyzed and quantified by the Odyssey 

Infrared Imaging Software. One-way ANOVA and Tukey’s post hoc test were performed 

using SPSS and p < 0.05 was considered statistically significant.

Results

Cd treatment promotes HCC 1937 cell growth

In order to establish that Cd promoted the growth of ERα-negative breast cancer cells, the 

HCC 1937 cells, derived from a triple-negative human breast cancer, were used in this 

study. Since Cd is not a potent mitogen, its effect on cell growth could be masked by other 

more potent growth factors. Thus the cells were serum-starved for 48 h prior to Cd and EGF 

treatment in order to deplete potential growth promoters. As shown in Fig. 1A, there were 

2.37×105 live cells when the cells were cultured with BSA alone for 4 days following the 

initial serum starvation. Cd treatment, similar to EGF, had a growth promoter effect on the 

cells and at 0.5 μM Cd concentration the cell number increased by about 50% to 3.57×105. 

In comparison, cells cultured in the presence of FBS had 82% more cells than in the 

presence of BSA (data not shown).

Result obtained from the MTT assay had similar trend and validated the observation that at 

low levels Cd treatment resulted in cell proliferation in a concentration-dependent manner. 

As depicted in Fig. 1B, the MTT assay showed that at 0.5 μM Cd concentration, there was 

36% increase in cell proliferation over the BSA control. Higher concentration of Cd (1.0 

μM) did not promote cell growth and was potentially cytotoxic. Thus, these results 

demonstrated that, in triple-negative HCC 1937 breast cancer cells, sub-micromolar 

concentrations of Cd promote cell growth even in the absence of ERα. Based on these 

results, most of the studies described below were carried out at 0.5 μM Cd.

Cd treatment is not anti-apoptotic

To evaluate whether the increase in cell number observed upon low level Cd treatment could 

be due to a reduction in apoptosis, the serum-starved cells were cultured in the presence of 

10% FBS or 0.2% BSA with or without Cd. After 4 days the cells were harvested and 

stained with annexin V-FITC and PI and analyzed for apoptosis by flow cytometry (Fig. 2A 

and B). Based on the staining characteristics, live cells appeared in the lower left quadrant 

and cells undergoing apoptosis appeared in the lower right quadrant (Fig. 2A). As expected, 

cells cultured in the presence of FBS had the least number of apoptotic cells (5%). In 

comparison, 24% of the cells cultured in the presence of BSA were apoptotic. The 

proportion of cells undergoing apoptosis remained unchanged when Cd was also present 

(Fig. 2B). Thus, cell proliferation in response to Cd treatment was not due to prevention of 

apoptosis.

Cd promotes cell cycle progression

To further establish that Cd promoted the growth of HCC 1937 cells through cell cycle 

progression, the cells were first synchronized by 48 h serum starvation and then treated with 
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0.5 μM Cd for up to 48 h. Cells grown in the presence of 10% FBS or 0.2% BSA served as 

positive and negative controls, respectively. As shown in Fig. 3A and B, whereas cells 

grown in the presence of FBS continued to progress through the cell cycle, those cultured in 

the presence of BSA remained static. However, with the addition of Cd, the cell cycle was 

stimulated in cells cultured in BSA to about the same extent as in cells cultured with FBS. 

Over the 48 h period, Cd treatment resulted in a significant decrease in the cell population 

that was in S phase, with a concomitant increase in the population in G2/M phase. At 48 h, 

52% more cells were in the G2/M phase in the Cd-treated group than in the BSA control 

group. This marked change in cell distribution from the S to G2/M phase of the cell cycle 

indicated that Cd treatment caused the progression of cells through the cell cycle.

Cd increases expression of cyclins and CDKs

Cell cycle progression is precisely regulated by periodic expression of phase-specific 

heterodimeric protein kinases consisting of cyclins (regulatory subunit) and CDKs (catalytic 

subunit). Cyclin D/CDK 4 and 6 complex prompts cells to enter cell cycle and drive cells 

going through G1 phase. Cyclin E/CDK 2 complex is responsible for G1/S transition, and 

cyclin A/CDK 2 and cyclin B/CDK 1 drive the cells through S and G2 phases, respectively. 

Therefore, to investigate the mechanism of Cd-induced cell cycle progression, the 

expression of various cyclins and CDKs was examined in serum-starved cells treated with 

0.05–1.0 μM Cd for 48 h. The Western blot results summarized in Fig. 4A and B show that 

Cd treatment significantly increased the expression of cyclins A, B, and E, but not that of 

cyclin D. Also, whereas the expression of CDK 1 was significantly elevated at 0.1–1.0 μM 

Cd, CDK 2 expression was significantly elevated only at 0.5 μM Cd. These observations 

agreed with the cell cycle data presented in Fig. 3A and B which showed that Cd treatment 

accelerated the progression of HCC 1937 cells into G2/M phase.

Cd induces cell cycle progression through EGFR

Cd-induced mitogenic effect has been reported previously in ERα-positive breast cancer 

cells. The HCC 1937 cells used in the present study were ERα-negative, but EGFR positive. 

To examine whether EGFR alone played a role in Cd-induced cell cycle progression in the 

triple-negative cells, the serum-starved cells were treated for 48 h with 0.5 μM Cd in 0.2% 

BSA, with or without the EGFR inhibitor AG 1478. Cells treated with EGF served as 

positive controls. As depicted in Fig. 5A and B, both Cd and EGF treatments significantly 

increased the cell population in G2/M phase (56 and 96%, respectively). However, in the 

presence of EGF inhibitor, Cd had no significant effect on cell cycle progression. The 

importance of EGFR in Cd-induced expression of various cyclins and CDKs was also 

studied (Fig. 6A and B). As with the cell cycle, AG 1478 also blocked the Cd-induced 

increase in the expression of cyclins A, B, and E, as well as CDKs 1 and 2. These results 

demonstrate that in the triple-negative breast cancer cells EGFR is critical in mediating the 

effect of Cd on cell cycle progression.

Cd-induces cell cycle progression through MAPK and PI3K

MAPK and PI3K signaling pathways are downstream to EGFR and regulate cell cycle 

progression and cell proliferation. In Cd-treated breast cancer cells, both ERK 1/2 and AKT 

are phosphorylated (Liu et al., 2008). To test whether inhibition of these kinases would 
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block the Cd-induced cell cycle progression, inhibitors of MEK (PD 184161) and PI3K 

(Wortmannin) were utilized. As shown in Fig. 7A and B, both inhibitors prevented the Cd-

induced increases in the expression of cyclins A, B, and E, and CDKs 1 and 2. These results 

indicated that the activation of both MAPK and PI3K pathways was a required intermediary 

step in signal transduction for Cd-induced cell cycle progression.

Cd-induces activation of MAPK and PI3K through EGFR

EGFR is a key membrane receptor in signal transduction through the MAPK and PI3K 

pathways. To identify the contribution of EGFR in Cd-induced MAPK and PI3K activation, 

the EGFR inhibitor AG 1478 was utilized. The time course of ERK 1/2 and AKT 

phosphorylation by Cd (data not shown) revealed that maximum activation of these 

transcription factors in the HCC 1937 cells was at 15 min and 6 h, respectively.

Besides lacking ER, the HCC 1937 cells have a mutation in BRCA1 gene. Wild type 

BRCA1 reportedly inhibits estradiol- as well as EGF-induced activation of ERK and cell 

proliferation, but not the activation of AKT (Razandi et al., 2004). To examine whether the 

BRCA1 mutation had any effect on the Cd-induced activation of ERK and AKT, HCC 38 

cells containing wild type BRCA1 were compared with the HCC 1937 cells. The cells were 

serum-starved and treated for either 15 min or 6 h with 0.5 μM Cd or 1 ng/mL EGF in the 

presence or absence of 2 μM AG 1478 for 48 h. As depicted in Fig. 8A and B, in both cell 

lines Cd as well as EGF increased phosphorylation of ERK and AKT and this effect was 

blocked by inhibition of EGFR. Thus, these results show that BRCA1 mutation in the HCC 

1937 cells does not affect EGFR-mediated activation of ERK and AKT by Cd.

EGFR’s role in Cd-induced ERK 1/2 phosphorylation was further studied in both HCC 1937 

and HCC 38 cells by knocking down EGFR expression with siRNA as well as by inhibition 

of EGFR with AG 1478. The cells were serum-starved and treated with 0.5 or 1.0 μM Cd, or 

1 ng/mL EGF for 15 min. As shown in Fig. 9A and B, in both cell types, when the 

expression of EGFR was knocked down by transfection with siRNA, or its activity was 

blocked by the inhibitor, not only the Cd-induced phosphorylation of EGFR disappeared, 

but also that of ERK. These results further confirm that phosphorylation of EGFR is a 

prerequisite for Cd-induced activation of MAPK.

Discussion

Cd treatment produces cell cycle arrest at 10 μM and higher concentrations (Yang et al., 

2004; Xie and Shaikh, 2006). However, more recent studies in prostate and lung epithelial 

cells, mesangial cells, and breast cancer MCF-7 cells show that lower concentrations of Cd 

actually promote cell growth (Bakshi et al., 2008; Kundu et al., 2011). Similar to these 

reports, the present study showed that sub-micromolar concentration of Cd increased the 

growth of breast cancer HCC 1937 cells. Furthermore, Cd did so by regulating MAPK and 

P13K activation, and increasing expression of cyclins and CDKs. Inhibition of MAPK by 

PD 184161, and PI3K by Wortmannin, suppressed the expression cyclins and CDKs. This 

study further examined the involvement of EGFR in Cd-induced signal transduction and cell 

cycle progression by the use of an EGFR inhibitor and by siRNA knockdown. Both 

treatments abolished the Cd-induced activation of MAPK and PI3K pathways not only in the 
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HCC 1937 cells, but also in HCC 38 cells, thus establishing the importance of EGFR in this 

process.

A number of studies report that metals such as chromium, manganese, nickel, arsenic and 

lead activate Ras/MAPK pathways (Tessier and Pascal, 2006; Andrew et al., 2009; Chan et 

al., 2015). Cd-induced activation of MAPK and PI3K has also been reported in the ERα-

positive cells and this effect is attributed to the xenoestrogenic effect of Cd (Brama et al., 

2007; Ponce et al., 2013). The present study is the first to report the proliferative effect of 

low level Cd treatment on triple-negative breast cancer cells which are ERα negative. About 

20% of the breast cancer patients have triple-negative receptor phenotype (ER−, PR−, 

HER2−). These patients are resistant to hormone therapy and have the highest mortality rate 

and worst outcome. EGFR is an important biomarker in clinical therapy for this group of 

patients (Chen and Russo, 2011). In preclinical studies, suppressing triple-negative breast 

cancer cell growth by inhibition of EGFR is observed in both monoclonal antibody and 

small molecule inhibitor treatments (Oliveras-Ferraros et al., 2008). Non-metastasized 

ductal carcinoma with triple-negative receptor phenotype tends to proceed to invasive breast 

cancer (Bryan et al., 2006). HCC cell lines are epithelial cells derived from ductal carcinoma 

of breast tissue. The HCC 1937 and HCC 38 cells used in the present study were derived 

from two patients with different stage IIB, grade 3 breast cancer. Both cell lines are reported 

to respond about equally to EGF-induced phosphorylation of ERK and AKT (Niepel, et al., 

2014). The results presented here show that, in addition to EGF, these cells are also 

responsive to Cd-induced activation of ERK and AKT. This finding is important in that it 

establishes a strong association between EGFR and Cd exposure in promoting the growth of 

triple-negative breast cancer cells. By linking EGFR and its downstream signaling to Cd-

induced cell cycle promotion, this study further strengthens the necessity of managing Cd 

exposure in triple-negative breast cancer patients.

Progression into G2/M phase requires precise control of cell cycle machinery, which is 

regulated by kinases involved in signal transduction through a series of steps. It is well 

accepted that major cell cycle regulatory pathways are well conserved (Klein and Assoian, 

2008; Ma et al., 2010). Activation of MAPK pathway leads to enhanced activity of 

transcription factors such as Myc, AP-1, E2F1 and STAT3 (Lo et al., 2005; Hanada et al., 

2006). These transcription factors promote expression of cyclins and CDKs. Cyclin A/CDK 

2 and cyclin B/CDK 1 complexes sequentially phosphorylate FoxM1 to translocate into the 

nucleus and to transcribe executor of mitosis, such as cyclin B, and centromere protein F 

(Major et al., 2004; Laoukili et al., 2008; Chen et al., 2009). Activation of PI3K is 

commonly regarded as an anti-apoptotic signal because AKT phosphorylation induces anti-

apoptotic protein B-cell lymphoma 2 (Bcl-2) and survivin expression (Siddiqa et al., 2008). 

The sustained AKT activation contributes to cell survival by directly inactivating caspase 

family (Longo et al., 2008). The activation of PI3K/AKT pathway causes the cell to progress 

into late G2 phase, but the mechanism is not fully understood (Ornelas et al., 2013).

The results obtained in the present study suggest that Cd is an endocrine disruptor in the 

triple-negative breast cancer cells since it activated EGFR and downstream pathways which 

promoted cell cycle progression and cell proliferation. Recent reports in other cell types 

support our finding that Cd-induced cell proliferation is mediated through EGFR, however, 
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the underlying mechanisms of Cd-activated EGFR downstream pathways seem to differ 

between various cell types. For example, the human lung and airway epithelial cells respond 

to Cd independent of endocrine-relevant pathways (Kundu et al., 2011). In these cells, Cd 

activates EGFR and promotes an initial inflammatory response. This leads to the up-

regulation of NFκB, activation of AKT and STAT3, and increased expression of cyclin D1. 

The end result is cell cycle progression and cell proliferation. Also in human airway 

epithelial cells, another study reported that Cd treatment caused reactive oxygen species 

generation, upregulating HIF-1 and VEGF expression which is involved in tumorigenesis 

and angiogenesis (Jing et al., 2012). Growth factor receptors such as EGFR, HGFR, and 

VEGFR-R1, but not ERα, were responsible for Cd-induced MAPK activation in human 

uterine cancer leiomyoma cells (Gao et al., 2015). Activation of EGFR and downstream 

phosphorylation of Src, ERK and AKT has also been reported in rat mesangial cells upon 

Cd treatment (Xiao et al., 2009).

EGFR is a member of the HER family. When a ligand binds to EGFR (HER 1), it either 

undergoes homodimerization or heterodimerizes with other members of the HER family. 

Dimerization triggers autophosphorylation in the C-terminal residues and serves as a 

docking site for adaptor proteins. Although Cd is not a specific ligand for EGFR, it has the 

potential to interact with a number of amino acid residues in the receptor. In so doing, it is 

likely that Cd alters the conformation of EGFR and promotes the receptor-receptor contacts 

which result in dimerization. In the ectodomain crystals of human EGFR (PDB: 1MOX), 

presence of 11 Cd2+ ions has been reported by Garrett et al. (2002), suggesting that Cd has 

ample binding sites on EGFR. Further study is needed to delineate the nature of these 

interactions.

In summary, the present study demonstrates that sub-micromolar concentrations of Cd cause 

proliferation of triple-negative breast cancer cells which lack ERα, and it does so by 

regulating the cell cycle machinery through EGFR mediated cell signaling.
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Highlights

• Sub-micromolar concentrations of Cd promote cell growth in breast cancer cells 

that lack ER, PR, and HER2.

• The increase in cell number is not due to reduction in apoptosis.

• Growth promotion involves AKT and ERK signaling and downstream 

stimulation of cell cycle progression.

• Initiation of cell growth by Cd occurs at the cell membrane and requires the 

activation of EGFR.
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Fig. 1. 
Effect of Cd treatment on growth of HCC 1937 cells. The cells were serum-starved for 48 h 

before being treated with CdCl2 or 1 ng/mL EGF for 4 days. (A) The harvested cells were 

stained with trypan blue and live cells were counted. Counted cell number from three 

independent experiments are plotted as mean ± SD (n=3). (B) Cell growth was measured by 

the MTT assay and cell proliferation relative to the BSA control was plotted. Data from 

three independent experiments are plotted as mean ± SD (n=3). *Significantly different from 

the untreated control group (p < 0.05).

Wei et al. Page 14

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Quantification of apoptosis in HCC 1937 cells by flow cytometry. The cells were serum-

starved for 48 h before being treated with CdCl2 for 4 days. Cells cultured in FBS and BSA 

were positive and negative controls, respectively. Cells were harvested and stained with 

Annexin V-FITC/PI. (A) Representative contour plots of the distribution of cells according 

to PI staining (y-axis) versus annexin V-FITC staining (x-axis). Live cells were concentrated 

in the lower left quadrant and cells undergoing apoptosis appeared in the lower right 

quadrant. (B) Apoptotic cell population following various treatments. Data from three 

independent experiments are plotted as mean ± SD (n=3). *Significantly different from the 

FBS positive control group (p < 0.05).
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Fig. 3. 
Effect of Cd treatment on progression of cell cycle in HCC 1937 cells. The cells were 

serum-starved before being treated with 0.5 μM CdCl2 in 0.2% BSA. After incubation for 

12, 24, 36 or 48 h, the cells were harvest and DNA was stained with PI. Untreated cells and 

cells incubated with FBS served as negative and positive controls, respectively. (A) 

Representative plot of relative distribution of cells in various phases of cell cycle showing PI 

staining (y-axis) versus DNA content (x-axis). (B) Relative distribution of cells in various 

phases of cell cycle at different times after treatment is plotted as mean ± SD (n = 6). 

*Significantly different from the untreated control group (p < 0.05).
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Fig. 4. 
Effect of Cd treatment on the expression of cyclins and CDKs in HCC 1937 cells. The cells 

were serum-starved and treated with 0.05–1.0 μM CdCl2 in 0.2% BSA for 48 h. Untreated 

cells and cells grown in the presence of FBS served as negative and positive controls, 

respectively. (A) Representative Western blot of the expression of cyclins A, B, D, and E 

and CDKs 1 and 2. (B) Density relative to the untreated control group after various 

treatments is plotted as mean ± SD (n = 3). *Significantly different from the untreated 

control group (p < 0.05).
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Fig. 5. 
Effect of inhibition of EGFR on progression of cell cycle in HCC 1937 cells. The cells were 

serum-starved and treated with 0.5 μM CdCl2 in 0.2% BSA, with or without AG 1478 for 48 

h and DNA was stained with PI. Untreated cells and cells treated with EGF served as 

negative and positive controls, respectively. (A) Representative plot of relative distribution 

of cells in various phases of cell cycle showing PI staining (y-axis) versus DNA content (x-

axis). (B) Relative distribution of cells in G2/M phase after various treatments is plotted as 

mean ± SD (n = 3). *Significantly different from the untreated control group (p<0.05).
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Fig. 6. 
Effect of inhibition of EGFR on the expression of cyclins and CDKs in HCC 1937 cells. The 

cells were serum-starved and treated with 0.5 μM CdCl2 in 0.2% BSA, with or without AG 

1478 for 48 h. Untreated cells and cells treated with EGF served as negative and positive 

controls, respectively. (A) Representative Western blot of the expression of cyclins A, B, 

and E and CDKs 1 and 2. (B) Density relative to the untreated control group is plotted as 

mean ± SD (n =3). *Significantly different from the untreated control group (p < 0.05).
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Fig. 7. 
Effect of inhibition of ERK and AKT on the expression of cyclins and CDKs in HCC 1937 

cells. The serum-starved cells were treated with 0.5 μM CdCl2 in 0.2% BSA, in the presence 

or absence of PD 184161 or Wortmannin for 48 h. (A) Representative Western blot of the 

expression of cyclins A, B, and E and CDKs 1 and 2. (B) Density relative to the untreated 

control group is plotted as mean ± SD (n =3). *Significantly different from the untreated 

control group (p < 0.05).
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Fig. 8. 
Effect of inhibition of EGFR on ERK and AKT phosphorylation in HCC 1937 and HCC 38 

cells. The serum-starved cells were treated with 0.5 μM CdCl2 in 0.2% BSA in the presence 

or absence of AG 1478 for either 15 min or 6 h. Untreated cells and cells treated with EGF 

served as negative and positive controls, respectively. (A) Representative Western blot of 

the phosphorylated ERK and AKT. (B) Density relative to the untreated control is plotted as 

mean ± SD (n = 3). *Significantly different from the untreated control group (p < 
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0.05). †Significantly different from the respective non-AG 1478 treated blank group (p < 

0.05).
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Fig. 9. 
Effect of knock down of EGFR expression by siRNA on the phosphorylation of EGFR and 

ERK in HCC 1937 and HCC 38 cells. The cells were transfected with EGFR siRNA for 48 h 

and serum-starved for 12 h prior to treatment with 0.5 or 1.0 μM CdCl2 in 0.2% BSA for 15 

min. Cells transfected with either nonsense siRNA or EGFR siRNA alone, or treated with 

AG 1478 alone served as the respective negative controls. Cells treated with EGF served as 

positive controls. (A) Representative Western blot of the phosphorylated EGFR and ERK. 

(B) Density relative to the nonsense siRNA control is plotted as mean ± SD (n = 3). 
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*Significantly different from the nonsense siRNA control group (p < 0.05). †Significantly 

different from the respective nonsense siRNA group (p < 0.05).
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