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Abstract 

Purpose: Cadmium (Cd) is a major environmental toxin produced by industrial and other 
types of pollution that are classified as a human carcinogen. The mutation of KRAS, a 
GTP-binding protein that plays an important role in the control of proliferation, 
differentiation, and survival, is closely related to cancer. This study investigates the 
BEAS-2B cell line under the exposure of Cd by analyzing the mutation and the increased 
expression of KRAS under Cd exposure. Methods: Any in vitro cell migrations and cell 
invasions can be analyzed by the Boyden Chamber Assay. Any signs of in vivo metastasis 
can be visualized through the injection into mice. The mechanism of cell apoptosis can 
be measured by Annexin V/PI and Caspase Cleavage Western Blotting. Any change of 
expression or mutation of KRAS can be examined by NGS. The number of cells can be 
counted with a hemocytometer. Results: There are five groups of possible results. The 
five groups consist of all possible results regarding in vitro cell migration, in vivo 
metastasis, cell apoptosis, KRAS mutation, and total amount of growth of CEBE cells. 
Conclusion: The result of this study will provide knowledge and insights on Cd as a 
human carcinogen and the relationship between KRAS expression or mutation and cell 
growth. Should the hypothesis of this study be supported, further studies should focus 
on the determination and analysis of the mutation and the change of expression level of 
KRAS. 
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1. Introduction 

Cadmium (Cd) is an extremely significant environmental toxin produced by industrial and other types 

of pollution. The International Agency for Research on Cancer (IARC) had classified Cd as a human 

carcinogen in 1993 [1]. Occupations associated with plastics, mining, smelting, electroplating, and 

battery manufacture are considered to have a high risk of Cd exposure, and Cd is also present in 

inhaled cigarette smoke. Relatively, fast-developing countries including China and India face more 

serious concerns relating to the exposure and absorption of Cd [2]. Also, clinical and statistical 

analyses in the past have shown that the absorption of Cd and Cd compounds may cause lung, 

nasopharyngeal, kidney, prostate, and breast cancer [3,4].  

Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS) is responsible for activating MAPK 

signaling to lead to cell growth and is regulated through Guanosine-5'-triphosphate (GTP)-binding. 

The KRAS protein has been proven crucial for the control of proliferation, differentiation, and 

survival in the Ras-Raf-MAPK pathway. Previous studies have shown that one of the most common 

causes of human cancer is the activation of the KRAS gene [5], and the mutation of KRAS is the 
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dominant factor that causes colorectal [6], pancreatic [7], and other cancers in various human cell 

lines including MCF10A [8] and RWPE-1 [9] human cell lines.  

Beyond Cd, other elements have also shown similar carcinogenic properties. Previous research has 

shown that long term exposure normal human cell lines under Arsenic (As), another important 

environmental toxin and human carcinogen cause the BEAS-2B cell line to mutate malignantly with 

increased growth and decreased apoptosis [10].  

2. Hypothesis 

Since Cd exhibits similar properties with As such as the close association of causing cancers and the 

ability to mutate cells malignantly, it is reasonable to hypothesize that similar to As, increasing 

amounts or increasing the exposure time of Cd causes a mutation in KRAS or increased expression 

of KRAS, causing decreased apoptosis and increased cell growth and metastasis of cancer cells.  

3. Methods 

3.1 Materials 

This study will use the Human Bronchial Epithelial Cell Line (BEAS-2B) cell line. Cell migration 

and invasion will be measured by the Boyden chamber assay. Metastasis will be examined via 

injection in mice. The mechanism of cell apoptosis will be measured by Annexin V/PI and Caspase 

Cleavage Western Blotting. The number of cells will be counted with a hemocytometer.  

3.2 Cell Culture 

The BEAS-2B is a non-tumorigenic, human bronchial epithelium cell line that will be used by this 

study. BEAS-2B can be cultured in the bronchial epithelial cell growth basal medium (BEBM) with 

10% fetal bovine serum (FBS). BEAS-2B cells will be cultured in a humidified environment of 95% 

air and 5% carbon dioxide with a temperature of 37°C. Cd-exposed BEAS-2B (CEBE) cells can be 

developed from cultured BEAS-2B cells under 10 μM Cd for 8 weeks.  

3.3 Animal model 

The BALB/C mice will be used in this study. CEBE cells will be injected by xenograft into BALB/C 

mice to visualize any signs of metastasis. The tumorigenic human lung A549 cell line can be used as 

the positive control group in the mouse injection, and an injection of normal BEAS-2B cells can serve 

as the negative control group.  

3.4 Cell migration and invasion assay 

The Boyden chamber assay will be performed to analyze cell migration and invasion. The Boyden 

chamber assay measures cell migration and invasion with chemoattractants. The migration of CEBE 

cells is measured, and normal untreated BEAS-2B cells can be used as the negative control group. 

3.5 Cell apoptosis assay 

Annexin V/Propidium Iodide (PI) by FACS and Caspase cleavage assay by Western Blotting can be 

used to analyze the mechanism of cell apoptosis. Annexin V/PI can be used to detect if cells are viable, 

apoptotic, or necrotic from the plasma membrane. The caspase cleavage assay detects the activity of 

caspase 3/8/9 in cell lysates and can be visualized by western blotting. BEAS-2B cells with 

overexpression of B-cell lymphoma 2 (BCL-2) can be used as the positive control group for decreased 

apoptosis, and normal BEAS-2B cells can be used as the negative control group for decreased 

apoptosis.  

3.6 KRAS mutation assay 

Next-generation sequencing (NGS) can be used to determine any mutation of the KRAS in codons 

12, 13, 59, 61, 117, and 146 of the CEBE cells. The normal BEAS-2B cells can be used as the negative 

control group.  
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3.7 Cell growth 

A hemocytometer can be used to measure the amount of cell growth. Cells can be placed in a cell 

culture flask and the number of present CEBE cells will be measured. Normal BEAS-2B cells can be 

used as a negative control group. 

3.8 Statistical Analysis 

The statistical significance of all numerical data gathered through the Boyden chamber assay, 

Annexin V/PI, Caspase cleavage essay, and NGS can be analyzed using T-Test on GraphPad Prism® 

(p <0.05). 

4. Results 

4.1 Result Group 1: In vitro Cell Migration measured by Boyden chamber assay 

Possible Result 1-1: CEBE cells show more migration and invasion than normal BEAS-2B cells. 

Possible Result 1-2: CEBE cells exhibit the same pattern of migration and invasion than normal 

BEAS-2B cells. 

Possible Result 1-3: CEBE cells show fewer signs of migration and invasion than normal BEAS-2B 

cells. 

 

Table 1. Possible Results for Result Group 1: In Vitro Cell Migration 

Result Group 1 Result 1-1 Result 1-2 Result 1-3 

In Vitro Cell Migration ↑ -- ↓ 

Note. “↑” represents a significant increase of in vitro cell migration, “--" represents no significant 

change of in vitro cell migration, “↓” represents a significant decrease of in vitro cell migration.  

 

4.2 Result Group 2: In vivo Metastasis visualized by mouse injection 

Possible Result 2-1: Similar to A549 injection, CEBE cell injection into mice exhibit visual signs of 

metastasis.  

Possible Result 2-2: Similar to normal BEAS-2B, CEBE cell injection into mice exhibit no visual 

clues of metastasis.  

 

Table 2. Possible Results for Result Group 2: In Vivo Metastasis 

Result Group 2 Result 2-1 Result 2-2 

In Vivo Metastasis + -- 

Note. “+” represents the exhibition of visual signs of metastasis, “--” represents the absence of visual 

signs of metastasis 

 

4.3 Result Group 3: Cell apoptosis measured by Annexin V/PI and Caspase cleavage assay 

with Western blotting 

Possible Result 3-1: Similar to BEAS-2B cells with overexpressed BCL-2, CEBE cells show a lower 

rate of cell apoptosis than the normal BEAS-2B cells, according to both Annexin V/PI and Caspase 

cleavage assays.  

Possible Result 3-2: CEBE cells show a normal rate of apoptosis that is consistent with the apoptosis 

rate of normal BEAS-2B cells, according to both Annexin V/PI and Caspase cleavage assays.  

Possible Result 3-3: CEBE cells show a higher rate of apoptosis than both normal BEAS-2B cells 

and BEAS-2B cells with BCL-2 overexpression, according to both Annexin V/PI and Caspase 

cleavage assays.  
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Possible Result 3-4: Regardless of the results, Annexin V/PI and Caspase cleavage assay show 

different conclusions of CEBE cell apoptosis rate that contradict with each other.  

 

Table 3. Possible Results for Result Group 3: Apoptosis Rate 

Result Group 3 Result 3-1 Result 3-2 Result 3-3 Result 3-4 

Apoptosis Rate ↓ -- ↑ ? 

Note. “↓” represents a significant decrease of apoptosis rate, “--" represents no significant change of 

apoptosis rate, “↑” represents a significant increase of apoptosis rate, “?” represents an inconsistency 

between methods.  

 

4.4 Result Group 4: KRAS mutation measured by NGS 

Possible Result 4-1: NGS shows a mutation in the KRAS gene of CEBE cells that differs from normal 

BEAS-2B cells.  

Possible Result 4-2: NGS does not show a mutation in the KRAS gene of CEBE cells and the KRAS 

gene does not differ from normal BEAS-2B cells.  

 

Table 4. Possible Results for Result Group 4: KRAS Mutation 

Result Group 4 Result 4-1 Result 4-2 

KRAS Mutation + -- 

Note. “+” represents the presence of KRAS mutation, “--” represents the absence of KRAS mutation.  

 

4.5 Result Group 5: Cell growth measured by hemocytometer 

Possible Result 5-1: The CEBE cell culture has a significantly higher number than the normal BEAS-

2B cell culture, as measured by the hemocytometer.  

Possible Result 5-2: The CEBE cell culture does not have a significant difference in number compared 

to the normal BEAS-2B cell culture, as measured by the hemocytometer.  

Possible Result 5-3: The CEBE cell culture has a significantly lower number than the normal BEAS-

2B cell culture, as measured by the hemocytometer.  

 

Table 5. Possible Results for Result Group 5: Cell Growth 

Result Group 5 Result 5-1 Result 5-2 Result 5-3 

Cell Growth ↑ -- ↓ 

Note. “↑” represents a significant increase of cell growth, “--" represents no significant change of cell 

growth, “↓” represents a significant decrease of cell growth. 

 

5. Discussion 

5.1 Discussion Within Result Groups 

5.1.1 Result Group 1 

Result Group 1 consists of all three possible results regarding the in vitro cell migration of the CEBE 

cells. Within this group, result 1-1 supports and is consistent with the hypothesis that CEBE cells will 

exhibit more signs of migration and invasion than normal BEAS-2B cells. Result 1-2 contradicts the 

hypothesis by showing Cd exposure does not affect the migration of BEAS-2B cells. Result 1-3 also 

contradicts the hypothesis. This result shows CEBE cells exhibit fewer signs of migration than normal 

BEAS-2B cells. Should this result be attained, understandings from previous clinical research, that 
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the absorption of Cd is a major factor to cause cancer, would be contradicted, as result 1-3 shows 

CEBE cells are most likely not metastatic.  

5.1.2 Result Group 2 

Result Group 2 includes both possible results regarding the in vivo migration and metastasis of the 

CEBE cells. The result from result group 2 should be consistent with the result of result group 1. 

Within this group, result 2-1 supports the hypothesis by showing that CEBE cells exhibit metastasis 

when injected into BALB/C mice. Result 2-2 contradicts the hypothesis, showing that CEBE cells 

show no significant signs of metastasis when injected into BALB/C mice. Result 2-2 would contradict 

the general understanding that Cd exposure leads to metastatic cancer. If this result is acquired, then 

further research should be done to determine the actual cause, if not Cd, of cancer.  

5.1.3 Result Group 3 

Result Group 3 covers three possible results, along with a potential error, regarding the apoptosis rate 

of CEBE cells. Result 3-1 supports the hypothesis by showing that CEBE cells exhibit a lower rate 

of apoptosis than normal BEAS-2B cells. Result 3-2 contradicts the hypothesis that BEAS-2B cells 

under Cd exposure do not show a change in the rate of apoptosis. Should result 3-3 be achieved, this 

result suggests that CEBE cells exhibit a higher rate of apoptosis than normal BEAS-2B cells. This 

result might suggest that the exposure under Cd causes BEAS-2B cells to be less malignant for the 

higher apoptosis rate. The unexpected result 3-4 indicates a potential systematic error. Result 3-4 

shows an inconsistency between two measurements on the same quantity.  

5.1.4 Result Group 4 

Result Group 4 consists of two possible results. Unlike the previous and the last result groups, result 

group 4 discusses the potential cause of any irregular characteristics of CEBE cells. Result 4-1 

supports the hypothesis by showing that there is a mutation of the KRAS gene. If the other results 

groups suggest that there are CEBE cells show different characteristics from normal BEAS-2B cells, 

this result will support the hypothesis that KRAS is likely the cause of the change of characteristics. 

Result 4-2 contradicts the hypothesis by showing CEBE cells have no mutated KRAS. If the other 

result groups show no difference in characteristics of the CEBE cells from normal BEAS-2B cells, 

then it is reasonable to suggest that Cd exposure has no significant impact. On the contrary, if other 

result groups show significant changes in characteristics of the CEBE cells, then it should be claimed 

that Cd causes other mutations, rather than KRAS mutations, which lead to the change of the 

characteristics of the CEBE cells.  

5.1.5 Result Group 5 

Result Group 5 contains three possible results regarding the overall amount of CTBE cell growth. 

The result from result group 5 should be consistent with the results from result group 3 regarding the 

apoptosis rate. Result 5-1 supports the hypothesis, showing that CEBE cells grow into a higher 

number than normal BEAS-2B cells. Result 5-2 contradicts the hypothesis by showing that the 

number of CEBE cells have no significant differences from normal BEAS-2B cells. Should result 5-

3 be acquired, it would be confirmed that CTBE cells grow into a smaller number than normal BEAS-

2B cells. If that is to be the case, further research should take place for the determination of whether 

Cd exposure could be a treatment of cancer since CEBE cells exhibit a lower cell growth than normal.  

5.2 Overall Discussion 

The combination of results 1-1, 2-1, 3-1, 4-1, 5-1 fully supports the hypothesis that Cd exposure on 

BEAS-2B cells causes a mutation in KRAS or increased expression of KRAS, causing decreased 

apoptosis, increased cell growth, and metastasis of cancer cells. This result is consistent with previous 

clinical research that suggested Cd exposure increases the risk of cancer and previous molecular 

research that the mutation and overexpression of KRAS is a factor that contributes to increased cell 

growth and cancer.  

On the contrary, the combination of results 1-2, 2-2, 3-2, 4-2, 5-2 fully contradicts the hypothesis, 

with the conclusion that Cd exposure on BEAS-2B cells does not cause mutation or increased 
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expression of KRAS, which does not affect the rate of apoptosis, cell growth, and metastasis. This 

combination of results fails to explain the conclusion from previous clinical research that Cd is a 

major contributing factor to cause cancer. Should this result be acquired, further research is required 

to find out the valid reason that would lead to cancer.  

The combination of results 1-2, 2-2, 3-2, 4-1, 5-2 partially supports the hypothesis, showing that Cd 

exposure on BEAS-2B cells causes a mutation in KRAS, but this combination of results contradicts 

the current understanding of KRAS mutation. KRAS is responsible for the control of the cell signal 

that regulates cell growth, and the mutation of KRAS is known to cause unregulated cell growth. This 

result affirms the understanding that Cd exposure causes mutated KRAS, but fails to explain the 

relationship between Cd, KRAS, and cancer.  

The combination of results 1-1, 2-1, 3-1, 4-2, 5-1 partially supports the hypothesis, showing that Cd 

exposure on BEAS-2B cells causes decreased apoptosis, increased cell growth, and metastasis of 

cancer cells, but Cd exposure does not cause the mutation of KRAS. This combination of results 

indicate that Cd is a contributing factor to the malignant growth of cancer cells, but the malignancy 

is the result of another factor/other factors instead of the mutation of KRAS. This result affirms the 

understanding that Cd exposure causes cancer but fails to explain the reason of increased cell growth.  

The following combinations of results, including the result 3-4, the combination of the results 3-1 and 

5-2, the combination of the results 3-2 and 5-1, the combination of the results 1-1 and 2-2, or the 

combination of the results 1-3 and 2-1 indicate potential systematic errors. Result 3-4 shows a 

contradiction of the same measurement between two assays. The combinations of results 3-1 and 5-

2 and the combination of results 3-2 and 5-1 shows an inconsistency between the rate of cell apoptosis 

and the numbers of cells present. The combinations of results 1-1 and 2-2 and the combination of 

results 1-3 and 2-1 shows an inconsistency between the mechanism of cell migration and the 

metastasis state of the injected cell on the mice.  

6. Conclusion 

Generally, this study explores the effect of Cd exposure on KRAS expression and the mutation of the 

BEAS-2B cell line. A part of the results of this study will indicate whether Cd exposure will change 

the number of BEAS-2B cells from aspects including cell growth and the rate of apoptosis. Another 

aspect of the results will indicate whether CEBE cells will exhibit abnormal cell migration patterns, 

from in vitro and in vivo testing. Lastly, the results of this study will also indicate whether any 

abnormalities from Cd exposure is caused by the mutation of KRAS. Previous clinical studies 

concluded that Cd exposure increases the risk of cancer, and previous molecular studies concluded 

that the cellular absorption of As leads to mutated KRAS, as well as the mutation of KRAS, leads to 

uncontrolled and unregulated cell growth. This study connects the previous knowledge in the context 

of a different environmental toxin, that whether Cd, an environmental toxin and human carcinogen 

similar to As, would lead to unregulated cell growth and migration pattern that results in cancer. The 

different results and outcomes of this study could assume different conclusions. If the hypothesis is 

fully supported, then it would be affirmed to conclude that Cd exposure causes a mutation in KRAS 

or increased expression of KRAS, which then causes decreased apoptosis and increased cell growth 

and metastasis of cancer cells. If the hypothesis is fully contradicted, then it could be asserted that Cd 

exposure does not cause any mutation in KRAS, and the rate of cell growth and migration would not 

be affected. Some other results such as the results that partly support the hypothesis may lead to 

further research. Regardless of the results themselves, this study should build up the general 

knowledge about Cd-exposed cell lines and the expression of KRAS. 
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