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Gene Expression and Transcriptome
Profiling of Changes in a Cancer Cell
Line Post-Exposure to Cadmium
Telluride Quantum Dots: Possible
Implications in Oncogenesis

Mohammed S. Aldughaim1, Mashael R. Al-Anazi2, Marie Fe F. Bohol2 ,
Dilek Colak3 , Hani Alothaid4 , Salma Majid Wakil5, Samya T. Hagos5,
Daoud Ali6, Saud Alarifi6 , Sashmita Rout7, Saad Alkahtani6,
Mohammed N. Al-Ahdal2,8, and Ahmed A. Al-Qahtani2,8

Abstract
Cadmium telluride quantum dots (CdTe-QDs) are acquiring great interest in terms of their applications in biomedical sciences.
Despite earlier sporadic studies on possible oncogenic roles and anticancer properties of CdTe-QDs, there is limited information
regarding the oncogenic potential of CdTe-QDs in cancer progression. Here, we investigated the oncogenic effects of CdTe-QDs
on the gene expression profiles of Chang cancer cells. Chang cancer cells were treated with 2 different doses of CdTe-QDs
(10 and 25 mg/ml) at different time intervals (6, 12, and 24 h). Functional annotations helped identify the gene expression profile in
terms of its biological process, canonical pathways, and gene interaction networks activated. It was found that the gene expression
profiles varied in a time and dose-dependent manner. Validation of transcriptional changes of several genes through quantitative
PCR showed that several genes upregulated by CdTe-QD exposure were somewhat linked with oncogenesis. CdTe-QD-
triggered functional pathways that appear to associate with gene expression, cell proliferation, migration, adhesion, cell-cycle
progression, signal transduction, and metabolism. Overall, CdTe-QD exposure led to changes in the gene expression profiles of
the Chang cancer cells, highlighting that this nanoparticle can further drive oncogenesis and cancer progression, a finding that
indicates the merit of immediate in vivo investigation.

Keywords
Quantum dots, nanocrystals, microarray, tumorigenesis, nanotoxicity, CdTe-QDs

1 Research Centre, King Fahad Medical City, Riyadh, Saudi Arabia
2 Department of Infection and Immunity, Research Centre, King Faisal Specialist Hospital & Research Centre, Riyadh, Saudi Arabia
3 Department of Biostatistics, Epidemiology and Scientific Computing, Research Centre, King Faisal Specialist Hospital & Research Centre, Riyadh, Saudi Arabia
4 Department of Basic Medical Sciences, Faculty of Applied Medical Sciences, Al-Baha University, Al-Baha, Saudi Arabia
5 Genotyping Core Facility, Research Centre, King Faisal Specialist Hospital & Research Centre, Riyadh, Saudi Arabia
6 Department of Zoology, College of Science, King Saud University, Riyadh, Saudi Arabia
7 Advanced Centre for Treatment, Research, and Education in Cancer, Tata memorial Hospital, Mumbai, India
8 Department of Microbiology and Immunology, Alfaisal University, School of Medicine, Riyadh, Saudi Arabia

Received 28 March 2021; received revised 28 April 2021; accepted 30 April 2021

Corresponding Author:

Ahmed A. Al-Qahtani, Department of Infection and Immunity, Research Centre, King Faisal Specialist Hospital & Research Centre, Makkah Al Mukarramah Branch

Road, Al Madhar Ash Shamali, Riyadh 11211, Saudi Arabia.

Email: aqahtani@kfshrc.edu.sa

Dose-Response:
An International Journal
April-June 2021:1-18
ª The Author(s) 2021
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/15593258211019880
journals.sagepub.com/home/dos

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0003-1981-2327
https://orcid.org/0000-0003-1981-2327
https://orcid.org/0000-0001-6485-8768
https://orcid.org/0000-0001-6485-8768
https://orcid.org/0000-0003-0132-558X
https://orcid.org/0000-0003-0132-558X
https://orcid.org/0000-0002-3613-5228
https://orcid.org/0000-0002-3613-5228
mailto:aqahtani@kfshrc.edu.sa
https://sagepub.com/journals-permissions
https://doi.org/10.1177/15593258211019880
http://journals.sagepub.com/home/dos
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage


Introduction

Quantum dots (QDs) are colloidal and fluorescence-based

semiconductor nanocrystals, which have been studied as a

novel probe for biomedical applications both in vitro and

in vivo, due to their unique optical and electronic properties.1

QDs contain elements from groups II to VI or III to V and are

composed of clusters of cadmium selenide, cadmium sulphide,

indium arsenide, or indium phosphide (2-10 nm in diameter).

Their unique properties include wide and continuous absorp-

tion spectra, narrow emission spectra, and high light stability.1

In addition to their use in solar cells and light-emitting devices

(LEDs), QDs have attracted great interest in biomedical appli-

cations for multiple colour imaging and targeted drug deliv-

ery.2,3 Although QDs have excellent diagnostic and therapeutic

potential, considerable fluorescence loss following injection

into tissues/organs has been reported due to degradation of

coated surface ligands or dyes absorbed to the surface when

subjected to the presence of body fluids.4

The associated cytotoxicity of QDs that influences cell

growth and viability, depending on size, capping materials,

surface chemistry, and coating bioactivity, has also been

reported.5 Due to the ease of production in their aqueous phase,

cadmium telluride QDs (CdTe-QDs) are the most frequently

used.6,7 However, the potential toxicity of CdTe-QDs to human

health following exposure to the particle stems from their par-

ticle size, heavy metal formulation, concentration, and duration

of exposure. Additionally, the cytotoxic mechanisms of CdTe-

QDs include desorption of free QD core upon degradation, and

free radical formation, the interaction of QDs with intracellular

components and pathways, and generation of reactive oxygen

species (ROS).7 It should also be noted here that small-

diameter CdTe-QDs (2 nm) are more toxic than large CdTe-

QDs (5 nm). Findings from previous studies indicate that

CdTe-QD exposure to human hepatocellular carcinoma HepG2

cells causes enhanced levels of ROS, together with apoptotic

induction characterized by altered levels of caspase 3, poly

ADP-ribose polymerase (PARP) cleavage, and externalization

of phosphatidylserine (PS)] via extrinsic pathways (as evident

from increased Fas and caspase 8 levels). In addition, rats

exposed to 3-mercaptopropionic acid (MPA)-modified CdTe-

QDs showed impaired spatial learning and memory, involving

PI3K-Akt and MPAK-ERK signaling pathways.8,9 A further

finding is that CdTe-QDs induce apoptosis in human breast

cancer cells via ROS generation.10 They can also reduce via-

bility and motility in mice spermatozoa,11 and their exposure to

Hydra vulgaris – an invertebrate model – induces chromoso-

mal fragmentation.12 The potential carcinogenic effect of CdTe

QDs in normal human bronchial epithelial cells has also been

documented.13

Nanoparticles with cytotoxic effects have been widely

investigated for potential anticancer properties.14 Unfortu-

nately, some of these nanoparticles may induce their cytotoxic

effect on normal cells, or even drive cancer progression.15,16 In

the same manner, nanoparticles, such as CdTe QDs that have

diagnostic potential, may exhibit similar negative properties,

and there have been reports of the cytotoxic potential of CdTe

QDs on cancer cells.17 As such, it is pertinent to investigate the

mechanisms of QD cytotoxicity. Indeed, to assess the global

effect of nanoparticles on target cells, transcriptomic profiling

has been undertaken in several studies, as in the case of silver

and titanium nanoparticles,18 genotoxic and non-genotoxic car-

cinogens,19 11-nm dimercaptosuccinic acid-coated magnetite

nanoparticles,20 and for fibroblasts.21

The aim of this study is thus to investigate the effects of

CdTe-QD exposure in Chang cancer cells via microarray gene

expression profiling to explore their oncogenic potential in

terms of causing a more aggressive form of cancer. In addition,

we aim to identify the pathways and networks associated with

the differential gene expression in CdTe-QD-exposed cancer

cells.

Materials and Methods

Characterization of CdTe QDs

CdTe QDs were procured from Nano Impex (Mississauga,

Ontario, Canada); the characterization of CdTe QDs nanocrys-

tals has been previously reported.22 Nanocrystals were sus-

pended in a culture medium at a concentration of 1 mg/mL

and sonicated using a Branson sonifier (Branson Ultrasonics,

Danbury, CT, USA) at 40 W for 15 min before use.

Cell Culture

Human Chang cancer cells line were grown in Dulbecco’s

modified Eagle’s medium (DMEM) (Gibco-BRL, Grand

Island, NY, USA) supplemented with 10% fetal bovine serum

(FBS) (HyClone Laboratories, Logan, UT) and antibiotics

(100 IU/mL penicillin, 100 mg/mL streptomycin). The cells

were incubated at 37�C and 5% v/v CO2 until 80% confluence

was achieved.

Treatment of Cells with CdTe-QDs

Chang cancer cells were exposed to varying concentrations of

CdTe-QDs at different time points. Firstly, the cells (1 � 105

cells/well) were seeded into 24-well plates and incubated until

the optimal confluence was reached. After washing with Phos-

phate Buffered Saline (PBS) (Fisher BioReagents), the cells

were then placed in a fresh growth media, containing either

10 mg/mL or 25 mg/mL of CdTe-QDs, and further incubated for

6 h, 12 h and 24 h at each concentration.

Microarray Analysis

The total RNA content of the exposed Chang cancer cells was

extracted using QIAamp RNA Blood Mini Kit (Qiagen, Hilden,

Germany) following the manufacturer’s instructions.

The integrity of the extracted RNA was determined using the

Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa

Clara, CA, USA). For microarray analysis, cDNA synthesis of

the total RNA was first performed. Briefly, cDNA synthesis of

2 Dose-Response: An International Journal



the total RNA was transcribed using a High-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Foster City,

CA, USA). The obtained cDNA was subsequently used for

in vitro analysis of global gene transcription, using GeneChip

(Affymetrix, Santa Clara, CA, USA) following the manufac-

turer’s instructions. To analyze the global gene expression pro-

file, generated fluorescent oligonucleotide probes were

hybridized to the GeneChips® Human Genome HG-U133

Array in a GeneChip® hybridization oven, as per the standard

instructions of the manufacturer. This array contained nearly

55,000 probe sets, representing over 39,000 transcripts from

33,000 previously identified human genes. Post-hybridization

washing and staining were performed with a GeneChip® Flui-

dics Station 400 (Affymetrix). Subsequently, findings were

visualized using a Gene Array scanner (Affymetrix). For image

quantitation, GeneChip® Operating Software was utilized.

Data normalization was performed using the GC Robust

Multi-array Average (GC-RMA) algorithm. Significantly regu-

lated genes for different doses (10 mg and 25 mg) at the three-

time points (6 h, 12 h, and 24 h) were determined using 2-factor

analysis of variance (ANOVA) by including dosage, time, and

their interactions in the statistical model. Genes exhibiting false

discovery rate (FDR)-adjusted P-value < 0.05 and the absolute

fold changes (FC) > 2 in treated cells as compared with those of

the control cells were considered significant. Statistical analy-

sis was conducted with the PARTEK Genomics Suite

(Partek Inc., St. Lois, MO, USA).

Quantitative RT-PCR Validation of Microarray Gene
Expression

To validate the microarray analysis, selected genes that were

significantly and differentially expressed in the microarray

analysis were individually tested via qRT-PCR. Isolated RNA

was treated with DNase I (Promega, Madison, USA), and

cDNA was synthesized using All-in-One cDNA Synthesis

SuperMix (Biotool, Houston, USA). Primers and probes for the

target genes were purchased from Applied Biosystems (Foster

City, California, USA). A Taqman Universal qPCR Master

Mix (Applied Biosystems) was then used, and the amplification

reaction was set up using the Applied Biosystems 7900HT Fast

Real-Time PCR System.

The cycling parameters were as follows: 5 min at 90-95�C,

40 cycles of 30 s at 95�C, and 45 s at 60�C. The fold-changes of

the specific RNA transcripts were calculated using the DCt

method, and the mRNA expression levels of studied genes

were then normalized to GAPDH. The final data for qRT-

PCR were described as mean + standard deviation (SD)

change relative to the untreated cells.

Functional Pathway, Upstream Regulator, and Network
Analysis

Functional, pathway and gene ontology (GO) enrichment anal-

yses were performed using the Database for Annotation, Visua-

lization and Integrated Discovery (DAVID), Protein Analysis

Through Evolutionary Relationships (PANTHER™) classifica-

tion systems, and Ingenuity Pathways Analysis (IPA) (QIA-

GEN Inc., https://www.qiagenbioinformatics.com/products/i

ngenuity-pathway-analysis). We also performed canonical

pathways and gene network analysis using IPA. The DEGs lists

for each concentration for different time points were mapped to

their corresponding gene object in the Ingenuity Pathway

Knowledge Base and protein-protein interaction networks.

A right-tailed Fisher’s exact test was used to calculate a

P-value, determining the probability that the biological func-

tion (or pathway) assigned to that data set can be explained by

chance alone, based on the functional/pathway annotations

stored in the Ingenuity Knowledge Base. All statistical tests

were 2-sided and a P-value < 0.05 was considered statistically

significant.

Results:

CdTe QD Exposure Induced Differential Expression
of Potentially Oncogenic Genes

Microarray analysis revealed that CdTe-QD-exposed Chang

cancer cells triggered differential expressions of various genes,

with a possible contribution to oncogenesis. CdTe-QD

(10 mg/ml) treatment led to the identification of a total of

1891 DEGs at 6 h, 12 h, and 24 h, resulting in 1072, 972, and

27 DEGs respectively (Figure 1A). However, a considerably

higher number of DEGs (10,575) were detected in cells exposed

to 25 mg/mL CdTe-QDs at all time points. These included 1089,

7644, and 5773 DEGs at 6 h, 12 h, and 24 h respectively (Figure

1B). The genes and pathways identified in each treatment group

are summarized in Supplementary Tables (1-6). Fold changes

were seen in the case of several genes, which are associated with

cell cycle regulation and signal transduction.

Cluster Analysis of CdTe-QD Sensitive Genes

Venn diagrams were generated to analyze the specific and

common genes triggered as a result of CdTe-QD exposures

(10 and 25 mg/ml) at different time points. Treatments

with10 mg/mL of CdTe-QDs revealed that 7 genes were either

commonly upregulated or suppressed at all the time points

tested (6 h, 12 h, and 24 h) (Figure 1A). The heat map of DEGs

observed at 10 mg/mL of CdTe-QDs (Figure 2A) shows the

expression levels of various genes that were upregulated (red)

and suppressed (green) within the -3.0*3.0 range. The y-axis

of the heat map shows the corresponding most-associated GO

for biological processes (Figure 2A). Genes associated with

transcription, post-transcriptional modifications, cell cycle,

anion transport, and homeostasis were highly expressed in the

unexposed control cells (0 mg/ml; 0 h) and in cells treated with

10 mg/mL of CdTe-QDs at 0 h, and this expression was main-

tained in the controlled unexposed cells until the 24 h point.

However, in cells exposed to 10 mg/mL CdTe-QD, the expres-

sion of the set of genes remained high at 6 h, and a suppression

in the expression of these genes was observed at 12 h. This later
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increased at 24 h. In the same manner, genes involved in devel-

opmental processes, organelle organization, cell adhesion, and

signal transduction were also highly expressed in unexposed

control cells, and the CdTe-QD-exposed cells at 0 h were

weakly expressed at 6 h in the CdTe-QD-exposed cells.

Furthermore, the expression of these sets of genes was further

reduced at 12 h and 24 h in the low-dose (10 mg/mL) CdTe-QD-

exposed cells. The genes involved with the GO of processes of

metabolism, cellular organization, and protein organization

exhibited a lower expression level in the controls, but higher

expression level in the cells exposed to low-dose CdTe-QDs

until the 6 h point. However, after 12 h and 24 h exposure, the

expression of these genes reduced to a moderate level.

Hierarchical clustering analysis revealed that the DEGs

expressed in response to low-doses of CdTe-QDs were classi-

fied into four groups based on the time of exposures of 0 h, 6 h,

12 h, and 24 h. We observed that the gene expression pattern of

cells at 24 h was similar to the control (0 h), whereas 6 h and 12

h exposure showed more diverse and unique expression pat-

terns (Figure 2A). We performed a similar analysis for the

DEGs in the cancer cells exposed to the high dose (25 mg/ml)

of CdTe-QDs across the time points 6 h, 12 h, and 24 h. As

shown in the Venn diagram in Figure 1B, 355 unique DEGs

were identified each at 6 h, 12 h, and 24 h time points in the

high-dose treatment. Figure 2B also illustrates the heat map of

DEGs induced or repressed for this treatment group (25 mg/ml

CdTe-QDs) at the time points investigated. The heat map of

DEGs in response to this high dose of CdTe-QDs showed genes

associated with GO processes of negative regulation of apop-

totic process and mesoderm development to be most highly

expressed in controls, followed by the CdTe-QD high-dose

exposure group of 6 h, while the expression was further

reduced at the 12 h time point. These expression levels were

found to have reduced in the cells treated with the higher dose

of CdTe-QDs at 24 h. The genes involved in metabolism, pro-

tein modification, transport, localization, and fatty acid beta-

oxidation were highly expressed in the unexposed cells, and in

the high-dose CdTe-QD-exposed cancer cells at 6 h. These

genes were downregulated in the cells exposed to CdTe-QDs

at 12 h, and their expressions were comparatively weak at 24 h.

In addition, after 6 h and 12 h exposure to high-dose treatment

group of cells, the unexposed cells showed much lower expres-

sion of genes linked to metabolite production, glycolysis, chro-

matin organization and nuclear transport. These genes were

strongly expressed in the cells treated for 24 h with the high

dose of CdTe-QDs. Chang cells exposed to the high dose of

CdTe-QDs and incubated for 12 h exhibited increased expres-

sion of several genes associated with transcription, post-

transcriptional mRNA processing, and cell cycle regulation.

However, the expression of these genes was downregulated

at 6 h, 24 h, and in the unexposed control cells (Figure 2B).

In the hierarchical clustering analysis for high-dose CdTe-QD

treatment, we observed the resulting DEGs forming four clus-

ters based on different time durations of exposure. The DEGs

also exhibited induced or suppressed expression in the exposed

cells at the 6 h point compared to the gene expression patterns

for each of the time durations of 12 h and 24 h, both of which

were distinctive (Figure 2B).

Gene Ontology Analysis of CdTe-QD-Responsive Genes

We performed enrichment analysis of gene ontology to deter-

mine the possible role of the DEGs in the Chang cancer cells

treated with different doses of CdTe-QDs for varying time

durations. Figure 3A shows the 11 GO categories of biological

processes that were significantly upregulated (P < 0.05) in the

Figure 1. Venn diagrams representing the differentially expressed genes specific or common to different time points in 10 mg (A) and 25 mg (B).
Microarray analysis revealed that CdTe-QDs treated Chang cancer cells triggered differential expressions of various genes (DEGs). CdTe-QDs
(10 mg/mL) treatment revealed 1891 DEGs at 6 h, 12 h, and 24 h, resulting in 1072, 972 and 27 DEGs respectively (A). A higher number of DEGs
(10,575) were detected with 25 mg/mL CdTe-QD. This included 1089, 7644 and 5773 DEGs at 6 h, 12 h and 24 h respectively (B). Venn diagrams
were generated to determine the possible outcome of specific and common genes triggered as a result of CdTe-QDs treatments (10 and 25mg/mL)
at different time points.
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cells treated with 10 mg/mL of CdTe-QDs at 6 h. These include

organismal, cellular, and tissue development, gene expression,

cellular movement, growth and proliferation, cell death and

survival, cancer and reproductive system diseases, and orga-

nismal survival. The GO analysis for the cells treated with 25

mg/mL CdTe-QDs for 6 h revealed that cancer; reproductive

Figure 2. Heat maps of union of DEGs at 10 mg (A) and 25 mg (B). Hierarchical clustering clearly separated genes into several clusters, revealing
the most-associated GO biological processes for each cluster of genes. Red and green denote highly and weakly expressed genes, respectively,
within the -3.0*3.0 range. The y-axis of the heat map shows the corresponding most-associated GO biological processes. At 10 mg, the genes
associated with RNA splicing showed greater expression while expression of genes involved in mRNA processing and splicing, apoptosis and
mRNA polyadenylation were reduced sequentially at 24 h and 12 h with low-dose CdTe-QDs. (A). At 25 mg, the genes involved in lipid and
carbohydrate metabolism were highly expressed (B).
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Figure 3. Gene ontology of DEGs significant at 10 mg and 25 mg at 6 h. The X-axis indicates the significance (–log10 (P-value)). 11 GO categories
of biological processes were significantly upregulated (P < 0.05) in cells treated with 10 mg/mL of CdTe-QDs at 6 h (A). GO analysis for the cells
treated with 25 mg/mL CdTe-QDs for 6 h revealed that cancer; reproductive system and gastro-intestinal diseases; cellular development, growth
and proliferation; organismal development; connective tissue development and function; cell death and survival, cell and organ morphology; and
nucleic acid metabolism responses were significantly affected (B). 10 mg/mL CdTe-QDs at 12 h identified processes including RNA post-
transcriptional modification; cancer; gastrointestinal and hepatic diseases; tissue, cellular, organismal development; cell death and survival;
cellular development, growth and proliferation; protein synthesis; and behaviour responses (C),

6 Dose-Response: An International Journal



Figure 3. (contined). while 25 mg/mL CdTe-QD for 12 h revealed pathways involved in cell death and survival; cell cycle; cellular, tissue and
organismal development; gene expression; organismal survival; cellular growth and proliferation; cancer and gastro-intestinal diseases; and
connective tissue development (D). For 10 mg/mL CdTe-QDs at 24 h, genes pertaining to infectious diseases; tissue and cell morphology; cell-to-
cell signaling and interaction; cellular assembly and organization; cancer; cell cycle; cell death and survival; connective tissue development and
function; and embryonic development processes were the highlights (E). For 25 mg/mL CdTe-QDs at 24 h, gene expression was associated with
cell death and survival; organismal survival; cellular, tissue and organismal development; cellular growth and proliferation; cancer and gastro-
intestinal diseases; cellular movement; cell cycle and connective tissue development (F).
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system and gastro-intestinal diseases; cellular development,

growth, and proliferation; organismal development; connective

tissue development and function; cell death and survival; cell

and organ morphology; and nucleic acid metabolism responses

were all significantly affected (Figure 3B). Similar analysis on

the cells treated with 10 mg/mL CdTe-QDs for 12 h showed

genes responsible for RNA post-transcriptional modification;

cancer, gastrointestinal and hepatic diseases; tissue, cellular

and organismal development; cell death and survival; cellular

development, growth, and proliferation; protein synthesis; and

behaviour responses were significantly induced (Figure 3C).

Figure 3D demonstrates that expression of genes responsible

for biological processes, including cell death and survival; cell

cycle; cellular, tissue, and organismal development; gene

expression; organismal survival; cellular growth and prolifera-

tion; cancer and gastro-intestinal diseases; and connective tis-

sue development and function were significantly enhanced in

Chang cancer cells exposed to 25 mg/mL CdTe-QDs for 12 h.

In cells treated with 10 mg/mL CdTe-QDs for 24 h, the GO

analysis associated the responsive genes with infectious dis-

eases; tissue and cell morphology; cell-to-cell signaling and

interaction; cellular assembly and organization; cancer; cell

cycle; cell death and survival; connective tissue development

and function; and embryonic development processes (Figure

3E). Further analysis of the cells treated with 25 mg/mL

CdTe-QDs for 24 h revealed significant induction of genes

responsible for cell death and survival; organismal survival;

cellular, tissue and organismal development; cellular growth

and proliferation; cancer and gastrointestinal diseases; cellular

movement; cell cycle and connective tissue development; and

function responses (Figure 3F).

Canonical Pathway and Network Analysis

To understand the functional annotations and molecular inter-

actions of the DEGs, a canonical pathway and network analysis

were performed. Pathway analysis for the DEGs in the cells

exposed to 10 mg/mL CdTe-QDs for 6 h showed RhoA, eIF2

and FAK signaling, hepatic fibrosis, and virus entry via endo-

cytic pathways as the significantly (P < 0.05) affected path-

ways (Figure 4A). RhoA and integrin signaling, regulation of

the epithelial-mesenchymal transition pathway, virus entry via

endocytic pathways, and cell cycle G1/S checkpoint regulation

were found to be significantly upregulated in the cells exposed

to the higher dose of 25 mg/mL CdTe-QDs for 6 h (Figure 4B).

Figure 4C reveals the significantly associated pathways with

the DEGs in cells treated with 10 mg/mL CdTe-QDs for 12 h,

and these include osteoarthritis, agrin interactions of the neu-

romuscular junction, gluconeogenesis I, cleavage and polyade-

nylation of pre-mRNA, and dermatan sulphate degradation

pathways. Similarly, for the same duration (i.e. 12 h), a higher

dose of 25 mg/mL of CdTe-QDs resulted in ATM and HIPPO

signaling, the role of PKR in interferon induction and antiviral

response, unfolded protein response, and cell cycle G2/M dam-

age check-point regulation pathway enrichment (Figure 4D).

In conducting biosynthesis of heme from uroporphyrinogen,

Paxillin, and Ga12/13 signaling, prostanoid and heme bio-

synthesis pathways were observed to be significantly enriched

in cells treated with 10 mg/mL of CdTe-QDs for 24 h (Figure

4E). Furthermore, analysis of DEGs in cells treated with CdTe-

QDs (25 mg/mL for 24 h) revealed activities of pathways,

including unfolded protein response, cholesterol biosynthesis

I, II, and III, and dermatan sulphate degradation responses

(Figure 4F).

The most significant gene-to-gene interaction network gen-

erated for the DEGs in the treatment group 10 mg/mL for 6 h is

shown in Figure 5A. We observed that there was upregulation

of 24 genes (RAB35, CSNK1A1, AKT2, EEF1E1, SRSF5,

SRSF4, SRSF3, WTAP, MRTO4, AIMP2, RBM25, GAS5,

MALAT1, NRG, TM9SF3, ELF1, FBXO11, DOK3, AMD1,

XPO7, HEATR3, C9ORF3, MIOS, and FKBP15) and down-

regulation of 10 genes (CDK18, Alcohol Group Acceptor phos-

photransferase, PKN1, SH3PXD2B, SORBS2, H1FX, KLHL24,

EGFR, Phosphatidylinositol-4,5- bisphosphate 3-kinase and

PLEKHG2). In the Chang cancer cells treated with 25 mg/mL

of CdTe-QDs for 6 h, high expression of 25 genes (TRA2B,

SAFB, LUC7L2, SRRT, WTAP, SRSF3, SRSF4, SRSF5, SRSF6,

SRSF7, SRSF8, TRA2A, MRPS15, NFX1, RAB14, CBFB,

SMURF2, ERM, RAB2A, ATF6B, GFM1, ELK4, ARHGAP35,

AP15, and PMCH) was observed. However, only 8 genes

(ICAM5, ARHGAP5, RHOGAP, LDLRAD4, MAG13, NLGN2,

DLX3, and CGA) exhibited low expression (Figure 5B). In

contrast to 6 h exposure, network analysis for cells treated with

10 mg/mL of CdTe-QDs for 12 h depicts 7 upregulated genes

(NAA50, IDS, YTHDF3, PHAX, NOL7, SP100 andUSP31) and

26 downregulated genes (SCAF11, BCOR, B3GALNT2, CALU,

NBPF10, LETMD1, ORMDL1, MYO1G, FOS, NACA, PNISR,

RPL10, MALAT1, RPS24, L3MBTL1, SFPQ, PAN2, gene for

60 S ribosomal subunit, CBX3, HP1, NR2C1, HNRNPA3,

DUB, RPL37A, RPL37 and USP34) (Figure 5C).

Network analysis of cells exposed to CdTe-QDs (25 mg/ml)

for 12 h exposure revealed a significant network of gene inter-

action, which included 20 genes that were upregulated

(IGF2BP3, DICER1, RBM25, SMCHD1, SMN1/SMN2, SFPQ,

KHDRBS1, DHX9, EWSR1, ZNF184, ZNF383, CRY1,

DCUN1D1, FUS, YWHAH, AKIRIN1, ABI1, PIK3R1, KCTD5,

and NEK1). and 15 genes that were downregulated (GREB1 L,

OBSL1, HNRNPR, SLC38A5, TMEM261, HNRNPD, CUTA,

IMMP2 L, SYNCRIP, PKM, TLN1, GOPC, CYFIP1,

CCDC88A, and KIAA0930) (Figure 5D). Furthermore, in cells

treated with 10 mg/mL of CdTe-QDs for 24 h, 7 genes were

significantly overexpressed (F2RL2, PPIA, ZNF83, DHX9,

MT1F, MT1E, and RSAD2), whereas 7 genes were suppressed

(ITGB4, PTGS1, PTK2, PHLDA1, FAK-SRC, TXNIP, and

HSPA6) (Figure 5E). Figure 5F shows upregulation of 12 genes

(SLC7A6OS, MAP4K4, SNAI2, GNAS, KYAT1, RIMKLB,

NXF1, DDX59, METTL5, EED, ANKRD33B, and NAA25) and

downregulation of 22 genes (ALG14, ALG9, IQSEC2,

SAMD4B, MAGED2, ILK, ST6GALNAC4, SLC35B4,

TMEM141, RAB5C, MEX3D, SNCA, VAPA, DPY19L4,

MEGF8, PCYOX1 L, ALG1, TMEM117, DCAKD, GNAI2,

SLC39A9 and APMAP) in the cells treated with 25 mg/mL of

8 Dose-Response: An International Journal



Figure 4. Canonical pathways of DEGs that are significant in 10 mg and 25 mg at 6 h. X-axis indicates the significance (–log10 (P-value)). The
threshold line represents a P value of 0.05. For 10 mg/mL CdTe-QDs at 6 h, RhoA, eIF2 and FAK signaling, hepatic fibrosis and endocytic pathways
are the significantly (P < 0.05) affected pathways (A). For 25 mg/mL CdTe-QDs at 6 h, RhoA and integrin signaling, EMT pathway, endocytic
pathways and cell cycle G1/S checkpoint regulation were upregulated (B). For 10 mg/mL CdTe-QDs at 12 h, significantly associated pathways
included osteoarthritis, agrin interactions of neuromuscular junction, gluconeogenesis I, cleavage and poladenylation of pre-mRNA and derma-
tan sulphate degradation pathways (C). For 25 mg/mL of CdTe-QDs at 12 h, ATM and HIPPO signaling, role of PKR in interferon induction and
anti-viral response, unfolded protein response, and cell cycle G2/M damage check-point regulation pathways were enriched (D). For 10 mg/mL
CdTe-QDs at 24 h, biosynthesis from uroporphyrinogen, Paxillin and Ga12/13 signaling, prostanoid and heme biosynthesis pathways were
significantly enriched (E). For 25 mg/mL at 24 h, pathways associated with unfolded protein response, cholesterol biosynthesis I, II and III, and
dermatan sulphate degradation responses were highlighted (F).
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CdTe-QDs for 24 h (see Figure 5F). Taken together, it appears

that cells exposed to the high-dose of CdTe-QDs for 12 h and

24 h exhibited reduced responsiveness with respect to the num-

ber of genes whose expression levels were influenced when

compared to the cells exposed to the low dose CdTe-QDs (Fig-

ures 5D and 5F).

Validation of Differential Gene Expression via
Quantitative RT-PCR

To confirm the effect of the CdTe-QD exposure to the cells on

the observed gene expressions above, the transcriptional

changes in some of these genes were further confirmed by

quantitative PCR (qPCR) (Figure 6), and genes that were most

responsive to CdTe-QD treatment were presented as having the

highest fold change in transcriptional expression. From the

cells exposed to 10 mg/ml of CdTe-QDs, expression of MCL1

and PTPN12 at 6 h, BRMSI1 L, IF27 and CHM at 12 h and

UROD, MT1E, and NUDT12 at 24 h were found to be upregu-

lated when compared with the control unexposed cells. For

cells exposed to 25 mg/ml of CdTe-QDs, expressions of SRF6

and RBM14 at 6 h, and CXCL11, GBP1, and EGR1 at 12 h were

upregulated. No gene was found to be upregulated at 24 h

(Figure 6A). Of the genes upregulated, CXCL11, GBP1, and

EGR1 had a more than 100-fold expression level compared

with the unexposed control. Of the genes that were downregu-

lated, TXNP, IFI44 L, and VLDLR were observed in cells

exposed to 10 mg/ml CdTe-QDs for 6 h, MIR21, N4BP2L2 and

PTGS1 at 12 h, and PTK2 at 24 h. However, for cells exposed

to 25 mg/ml of CdTe-QDs, MR1 and FASN at 6 h, METTL7A

and DEPDC1 at 12 h, and GSTM4 and DHCR7 at 24 h were

the observed downregulated genes (Figure 6B).

Discussion

Various studies have examined the toxic effects of CdTe-QDs

on human hepatocellular carcinoma HepG2 cells2, human

breast cancer MCF-7 cells,23 the NIH 3T3 mouse embryo fibro-

blast cell line,24 rat pheochromocytoma PC12 cells, and murine

microglial N9 cells.25 As CdTe-QDs have potential application

in cancer treatment, it is pertinent to investigate the influence of

these particles on cancer progression. Here, we evaluated the

impact of CdTe-QDs on further activation of cancer pathways

using Chang cancer cells. Our data revealed various differen-

tially expressed genes (DEGs), which are involved in various

biological processes, canonical pathways, and networks, with

possible contributions to oncogenesis. The Chang cancer cell

line is a mild cancer cell line with moderate oncogenic tenden-

cies,26 making it the perfect cell model to study the effect of

CdTe-QDs on aggravation of neoplastic tendencies of a cancer

cell. We also assessed the effect of naked/pristine CdTe-QDs

(i.e. without polymer coating) on a Chang cancer cell line in a

concentration- and time-dependent manner via microarray

analysis. ‘Naked’ CdTe-QDs are generated within the cells due

to the degradation of the outer shield and are responsible for

injury to the exposed cells.10,13 Interestingly, based on previous

reports, CdTe-QDs do not often yield a dose-dependent effect,

making them interesting to study. A previous study has estab-

lished that treatment with 25 mg/mL of CdTe-QDs for 48 h

causes severe changes in cellular morphology and a less than

50% reduction in reduced cell viability of HuH-7 cells.

Figure 4. (continued).

10 Dose-Response: An International Journal



Figure 5. Top significant subnetworks of DEGs that are significant for 10 mg and 25 mg at 6 h. Green indicates downregulated, and red,
upregulated. The colour intensity correlates with fold change. Straight and dashed lines represent direct or indirect gene-to-gene interactions
respectively. The most significant gene-to-gene interaction network generated for DEGs in the treatment group 10 mg/mL for 6 h (A) and
25 mg/mL at 6 h (B), 10 mg/mL of CdTe-QDs at 12 h (C) and 25 mg/mL at 12 h (D), 10 mg/mL of CdTe-QDs at 24 h (E), and 25 mg/mL of
CdTe-QDs at 24 h (F).
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Figure 5. (continued).
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Figure 6. Quantitative RT-PCR validation of microarray gene expression. Selected genes that were significantly and differentially expressed in
the microarray analysis were individually tested via qRT-PCR. Isolated RNA was treated with DNase; cDNA was synthesized. Primers and
probes for the target genes were commercially procured. Taqman Universal qPCR Master Mix was used and the amplification reaction was set
up. The fold-changes of the specific RNA transcripts were calculated using the DCt method. The mRNA expression levels of studied genes were
normalized to GAPDH. The final data for qRT-PCR are described as mean + standard deviation (SD) change relative to the untreated cells. (A)
represents upregulated genes whereas (B) denotes downregulated target genes.
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However, exposure of the same cell line to a lower dose of 10

mg/mL of CdTe-QDs causes an approximately 80% reduction

in cell viability when compared to untreated HuH-7 cells

(100% viable cells).16 Contrastingly, there are reports of

CdTe-QDs causing toxicity in HepG2 cells in a dose- and

time-dependent manner,2,22 human erythroleukemia, embryo-

nic kidney cells,27 and the human breast cancer cell line.10

In this study, we identified 10,575 and 1891 genes as DEGs

in the Chang cancer cells exposed to 10 and 25 mg/mL of CdTe-

QDs respectively. Treatments with a high dose of CdTe-QDs

Figure 6. (continued).
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induced the maximum activation of genes (7644 genes) at 12 h.

Of these genes, and based on the results of microarray analyses,

the genes with the highest fold change in the transcriptional

level represent the most responsive genes to CdTe-QD

exposure. To validate these findings, key genes from the micro-

array analysis were validated via qPCR analysis. CdTe-QDs

(25 mg/ml) placed on Chang cancer cells caused maximum fold

change at the transcriptional level of CXCL11 and GBP1

(150 and 110 folds respectively) at 12 h. CXCL11 encodes

CXCL11—a chemokine that has been implicated in bronchial

inflammation, adaptive immune responses to tumours, and

viral infections.28,29 In addition, CXCL11 is known to control

tumour growth as well as the metastatic tendencies of tumor

cells, and its upregulation has been reported in tumour cells

derived from colorectal cancer patients.28,30 Downregulation of

CXCL11 has been demonstrated to inhibit colorectal cancer

cell growth and metastasis in vivo.30 GBP1 (115-fold change)

and early growth response 1 (EGR1) genes were highly

expressed. GBP1 encodes GBP1 (Guanylate Binding Protein

1) – a protein that is known to be upregulated in autoimmune

diseases, inflammatory bowel diseases (IBD), and some can-

cers.31 Furthermore, EGR1 encoding early growth response 1

(EGR1), a transcriptional factor involved in cell proliferation

and apoptosis regulation,32 was found to be highly upregulated

in this study. EGR1 is involved in different oncogenic pro-

cesses and has been documented to be highly expressed in

prostate cancer.33 Other upregulated genes were CHM, IFI27,

MCL1, PTPN12, MT1E, and UROD, all of which have been

reported to be involved in carcinogenesis.34-38 For instance,

MT1E is a methalothein protein that is involved in myoepithe-

lial cell differentiation, tumour cell invasiveness, and cell

migration, thus promoting cancer development and

progression.39,40

Several downregulated genes were observed in the qPCR

confirmatory tests, and those with the highest fold of gene

expression downregulation, such as METTL7A and TXNIP,

showed consistency with the findings of other studies. MET-

TL7A is a gene encoding methyl-transferase-like 7A (MET-

TL7A) protein, which likely functions as a tumour

suppressor, as its expression is known to be downregulated in

different cancers such as thyroid cancer.41,42 Another study

also reported that downregulation of METTL7A favours tumor

progression.43 GSTM4, another gene known to be involved in

oncogenic transformation,44 was downregulated by >12-fold.

Other genes found to be downregulated are associated with

metabolism (DHCR7, FASN), transcription regulation

(DEPDC1, MIR21, N4BP2L2), and signaling pathways (PTK2,

VLDLR). When taken together, these findings show that the

genes found to be highly expressed in response to CdTe-QD

exposure are linked with immune responses and are also poten-

tial contributors to tumorigenesis. In contrast, genes that were

downregulated, function in pathways involved in protein synth-

esis, metabolism, and tumour suppression. As depicted in the

Venn diagrams displayed in this paper, only 7 genes were

expressed in response to 10 mg/mL of CdTe-QDs, while a

higher number of genes were found to be activated when

expressed with 25 mg/mL of CdTe-QDs. Although DEGs by

CdTe-QDs were distinct at different time points, a set of DEGs

represented a general response of the Chang cancer cells to

CdTe-QDs, consistent with observations made for TiO2 nano-

belts and carbon nanotubes.45 The GO analysis showed signif-

icant enhancement of several biological processes, including

cell cycle, cell death and survival, cell growth and proliferation

responses, gene expression, developmental responses, cell-to-

cell signaling, nucleic acid metabolism, and responses to can-

cer. Studies involving microRNAs in cadmium telluride

(CdTe) nanomaterial cytotoxicity also reported upregulation

of GO processes, related to cell proliferation, development,

growth, and apoptosis.46

Network analyses for pathway activation showed that the RAS

pathway was significantly activated due to CdTe-QD exposure.

The RAS member, RhoA, regulates cell migration and cell cycle

progression47 and innate immune response via eukaryotic Initia-

tion Factor 2 (eIF2) signaling.48 The RAS pathway is strongly

modulated in HepG2 cells,49 liver injury, and chronic liver dis-

eases.50,51 Furthermore, activation of integrin and focal adhesion

kinase (FAK) signaling pathways, as observed here, suggests

regulation of cell migration, cell proliferation, and angiogenesis,

all of which are known to contribute to carcinogenesis in different

cell types.52-54 Genes involved in epithelial-mesenchymal transi-

tion (EMT) and G1/S checkpoint regulatory pathways were also

noticeably upregulated, highlighting the potential for fibrosis,

cancer progression55 and oncogenesis.56

CdTe-QD treatment can cause DNA damage7,57: we found

increased levels of ataxia telangiectasia-mutated (ATM) signaling

pathway, crucial for the cellular responses to DNA damage

response and repair.58 Another canonical pathway enriched by

DEGs upon CdTe-QD exposure was the unfolded protein

response (UPR) pathway. The UPR pathway is a pro-survival

pathway that is activated in response to cellular stress and meta-

bolism to re-establish homeostasis and maintain survival, thereby

contributing to cancer development and progression.59 Addition-

ally, upregulation of paxillin and Ga12/13 signaling pathways

were observed, and this has been implicated in cell proliferation

in prostate cancer60 and cell migration/invasiveness61

respectively.

The network of DEGs in cells exposed to 10 mg/mL CdTe-

QDs for 6 h showed upregulation of genes associated with cell

proliferation, gene expression, metabolism and signal transduc-

tion. The DEGs exposed for 12 h included downregulated

genes that are transcription factors, and those that are members

of the Fos family of proteins associated with signal transduc-

tion and cell proliferation. The decreased expression of Fos has

been reported to be associated with tumour progression in sev-

eral types of cancers.62,63 Another upregulated gene, RSAD2,

encodes a well-known anti-viral response protein, which is

known to be overexpressed when cells are exposed to iron

nanoparticles.64,65 At 24 h, CdTe-QDs were found to upregu-

late MAP4K4, which encodes MAP4K4 and belongs to the

Mitogen Activated Protein Kinase family. MAP4K4 is

involved in signal transduction, cell proliferation and migra-

tion, and it is overexpressed in carcinoma cells.66 Another gene
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found to be overexpressed is SNAI2, which encodes a zinc-

finger transcription factor that has been shown to have anti-

apoptotic activity, enhancing the survival ability of tumour

cells. This gene is upregulated in different types of cancers.67

Interestingly, several pathways related to viral infection (virus

entry via the endocytic pathway and hepatic fibrosis pathway)

were significantly enriched by the DEGs, and have also been

reported to be active in neurotoxicity in rats8 and cells exposed

to iron nanoparticles.20,68 Based on the gene expression pattern

observed in the gene interaction and network analysis, it appears

that genes responsible for induction of the immune response, cell

adhesion and migration, type I interferon signaling pathway, cell

proliferation, endoplasmic reticulum stress, and unfolded protein

response were significantly induced. These biological and cellu-

lar processes are required for cancer development and tumorigen-

esis. For example, immune modulation is employed by cancer

cells to evade the host immune response or to augment the host’s

immune response to facilitate the growth of cancer cells.69 Simi-

larly, cell migration determines the metastatic potential of differ-

ent cancer cells. Cells that overexpress genes responsible for cell

migration are characterized by an aggressive form of cancer.70

Pathways that include cell cycle progression and G2/M DNA

damage checkpoint regulation were also upregulated. One of the

hallmarks of cancer is an evasion of DNA damage repair and

uncontrolled progression through the cell cycle, which increases

the accumulation of mutation, and cancer development and pro-

gression.71 Thus, CdTe-QDs may exert an oncogenic influence on

Chang cancer cells, which may also enhance the oncogenic poten-

tial of Chang cancer cells, thus driving cancer progression and

tumorigenesis and lending support to the oncogenic implications

of Cd-containing QDs.67-69

In conclusion, CdTe-QD exposure to Chang cancer cells trig-

gered differential expression of genes in a dose- and time-

dependent manner. Furthermore, many DEGs regulated by

CdTe-QDs influence transcriptional processes, biological pro-

cesses, canonical pathways, and network interactions that are

associated with oncogenic transformation or cancer progression.
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