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Abstract

Metals such as arsenic, cadmium, beryllium, and nickel are known human carcinogens; however,
other transition metals, such as tungsten (W), remain relatively uninvestigated with regard to their
potential carcinogenic activity. Tungsten production for industrial and military applications has
almost doubled over the past decade and continues to increase. Here, for the first time, we
demonstrate tungsten’s ability to induce carcinogenic related endpoints including cell
transformation, increased migration, xenograft growth in nude mice, and the activation of multiple
cancer related pathways in transformed clones as determined by RNA seq. Human bronchial
epithelial cell line (Beas-2B) exposed to tungsten developed carcinogenic properties. In a soft agar
assay, tungsten-treated cells formed more colonies than controls and the tungsten-transformed
clones formed tumors in nude mice. RNA-sequencing data revealed that the tungsten-transformed
clones altered the expression of many cancer-associated genes when compared to control clones.
Genes involved in lung cancer, leukemia, and general cancer genes were deregulated by tungsten.
Taken together, our data shows the carcinogenic potential of tungsten. Further tests are needed,
including in vivo and human studies, in order to validate tungsten as a carcinogen to humans.
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Introduction

Tungsten is used in many industrial and military functions because of its distinct physical
properties, such as the exceptional hardness of tungsten carbide. Due to tungsten’s high
melting point it has become crucial in a broad range of industrial activities. Tungsten is
found in electronics, light bulb filaments, cemented tungsten carbide grinding wheels,
carbide tipped tools and armaments. According to a report from the EPA, tungsten enters
our environment through ore processing, alloy fabrication, tungsten carbide production and
use, as well as during municipal waste combustion [4]. Tungsten production is increasing, in
2011 there were 72,000 tons produced while in 2002 there were only 40,000 tons produced
[37].

Federal facilities have detected dissolved tungsten in groundwater in areas where small
munitions ranges were located [13]. Additionally, the U.S. Army made tungsten/nylon
projectiles from tungsten powder. The coatings of the tungsten/nylon projectiles form
oxides, which further oxidized to become water-soluble. High levels of tungsten were found
in soil pore-water beneath bullet collection areas up to 400 mg/L at depths up to 65 cm.
Concentrations of 400 mg/L equate to ~2 mM tungsten. Tungsten was measured at
concentrations up to 560 pg/L in down gradient monitoring wells, which equates to ~3 uM

[4].

As a result, environmental exposures to tungsten via food, water and soil have become of
significant concern. Tungsten in ground water can accumulate in plants used for food by
both humans and other species [1]. There has been recent discussion concerning tungsten as
an emerging chemical toxicant of environmental health concerns. In vitro and animal studies
point to tungsten toxicity leading to pulmonary inflammation and the development of cancer
[38].

The association between metal exposure and cancer is supported by various molecular and
epidemiological studies. Cadmium, chromium (V1), arsenic, and nickel are IARC class |
human carcinogens and other metals such as vanadium that are not established as IARC
carcinogens have demonstrated tumorigenic tendencies [3,6]. Tungsten is a transition metal
in the same block as many of the carcinogenic metals on the periodic table and holds
potential to induce cancer-associated effects. A small, underwhelming number of studies
have been conducted to investigate the possibility of tungsten as a carcinogen. An
epidemiological investigation by Wild et al. revealed that hard-metal plant workers co-
exposed to tungsten carbide and cobalt displayed an increased risk to lung cancer compared
to a control group [40].

Tungsten is popular in industry due to its remarkable robustness; the free element has the
highest melting point of all the elements. Tungsten inert gas welding is a process in which
fusion is produced by heating with an arc established between a non-consumable tungsten
electrode and a base metal. Workers exposed to welding fumes have higher incidences of
impaired lung function, chronic obstructive lung diseases, asthma, and lung cancer [26].
Historically, the heaviest metal exposures occur in the workplace or in environmental
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settings in close proximity to industrial sources [17]. Given the large amount of evidence
characterizing metals as carcinogens and the wide use of tungsten in industrial settings, there
is a need for basic research to investigate the possibility of tungsten as a carcinogen.

Immortalized human bronchial epithelial cells (Beas-2B; #CRL-9609, ATCC, Manassas,
VA) were adapted to serum growth after their purchase and have been carefully maintained.
Beas-2B were cultured in 1 x Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen,
Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals,
Lawrenceville, GA) and 100 pg mL~1 Pen Strep (GIBCO, Grand Island, NY). The cells
were maintained in 10 cm? polystyrene tissue culture dishes in an incubator at 37°C with 5%
CO»,. Media was changed every 4 days as well as passaged using 0.05% trypsin-EDTA
(GIBCO) as described previously [10]. Cells were split and seeded at the same
concentration, 3 x 10°, in the presence of Na,WO,, (Sigma-Aldrich) dissolved in distilled
water, concentrations ranging from 50uM to 250 uM. After each week they were placed into
soft agar, to temporally investigate tungsten induced transformed the cells.

Colony Transformation

After 6 weeks of treatment, the Beas-2B cells with or without treatment of Na,WO,4 were
tested for anchorage-independent growth. A bottom layer of 0.5% [w/v] agar (BD
Biosciences, San Diego, CA) and a top layer of 0.35% agar was placed in 6-well non-
treated, polystyrene, plate, as described in Sato and Kan’s standard protocol, except for 5000
cells were seeded in each well of a 6-well plate in triplicates [34]. The cells were incubated
for one month in soft agar without tungsten treatment at 37°C, 95% air /5% CO». Individual
transformed colonies were picked from the agar and grown into a monolayer. RNA from
colonies was collected in TRIzol Reagent (Invitrogen) for RNA Seq. To observe how many
transformed colonies there were per each dose, wells were stained overnight with INT-BCIP
solution (Roche, New York, NY) in 0.1 Tris/0.05 M MgCl,/0.1 M NacCl.

Migration Assay

Five tungsten-transformed clones, five control clones that formed spontaneously without any
treatment and five parental Beas-2B cells were seeded at a density of 1.5 x 10° on each
reservoir in Ibidi Culture-Insert (Ibidi, Munich, Germany), the silicon insert allows for a
uniformed wound of 500 uM between the seeded cells. Cells were cultured as described,
until they reached confluency (48 hours), then the insert was removed. The cells were
washed with PBS to remove floating cells and DMEM was replaced on the cells. Images of
the same field of view were taken using a Nikon camera on a Nikon TMS-F microscope
(Duesseldorf, Germany). Images were taken immediately, eight-hours later and then at 20-
hours to watch the migration of cells over the scratch.

In vivo tumorigenesis

Twelve, six-week old female athymic nude mice obtained from the National Cancer Institute
(NCI, Frederick) were subcutaneously injected in the left or right flank with either control
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(Beas-2B that spontaneously grew in agar without any treatment) or Na,WQ, transformed
cells. All mice had access to food and water ad libitum and were handled in accordance with
NIH and Institutional Animal Care and Use Committee (IACUC) guidelines. Each mouse
was injected in one location on each of the left and right flanks with 0.1cc of 5 million cells
of either control or tungsten-transformed cells. Each mouse is injected on one side with
control and the other with tungsten-transformed cells to ensure the same biological
environment. Each cell line was subcutaneously injected into three mice, in triplicates.

Sequencing reads mapping and preprocessing

Alterations in gene expression were studied by comparing tungsten-transformed cells to
control clones (vide supra). All raw sequencing reads were mapped to the human genome
(GRCh37/hg19) by using Bowtie aligner (0.12.9) with v2 and m1 parameters. The mapped
reads were subsequently sorted and filtered by removing the PCR duplicates with samtools
(0.1.19) before further analysis.

RNA Sequencing

To obtain significant differential expressed genes, the tungsten-transformed colonies were
compared to control colonies. RNA isolation is conducted by standard protocol of TRIzol
Reagent (Invitrogen). The RNA was quantified using NanoDrop ND-1000 flurospectrometer
(Thermo). The reads after PCR duplicates removal from data preprocessing were then
assigned to Ensemble gene model (Homo_sapiens.GRCh37.71.gtf) with HTseq (0.6.1.p.1)
[28, 33]. For the statistical analysis, DESeq2 R/Bioconductor package was used [24]. The
raw reads counts were modeled and normalized by following a negative binomial
distribution as previously described [24]. The common dispersion and statistical significance
for genes cross sample groups were estimated and calculated using a general linear model
[31, 33]. To obtain adjusted p value for each gene, the FDR method for multiple hypothesis
test has been applied to those genes that have the summed reads counts per million (CPM)
of all samples greater than 5. The heatmap was generated using heatmap.2 function from
gplots package in R (version 3.1.0). In the heatmap, rows represent genes and columns
represent the comparison of control clones vs. tungsten clones. Green color indicates genes
that are down regulated in control clones or tungsten clones and red color indicates the genes
that are up regulated in control clones or tungsten clones.

Results

Tungsten demonstrated positive results in a battery of tests evaluating carcinogenesis

The treated cells were tested for anchorage independent growth. The result is a colony of
cells that can grow independent of checkpoints that usually limits the ability of these cells to
form colonies in agar. However, there was a low level of sporadic colony growth in the
untreated Beas-2B as compared to the chronically treated cells; nonetheless, there were
statically significantly fewer clones from untreated cells compared to clones derived from
cells treated with Na,WO,. The results clearly display that Na,WO, augments anchorage
independent growth at all dosages (figures 1 and 2).
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After six weeks, the soft agar was stained with INT/BCIP and then photographed. Figure 1A
represents plates of cell growth in soft agar at Na,WO, exposure concentrations from 0-250
UM. As depicted in the wells of figure 1A, all tungsten treated cells exhibited increased
anchorage-independent growth in soft agar. Ten clones from control and W treated cells
were isolated from the soft agar, trypsinized and then grown into confluent monolayers.
Thus, each sub-cloned cell line comprised a cell population that originated from a single
cell. Surviving clones were used to assay migration employing the scratch test assay, tumor
formation in nude mice, as well as gene expression analysis with RNA Sequencing.

The cell scratch assay assessed cell migration and evaluates wound healing in vivo. The
results of the scratch test showed that Na,WO, transformed clones were able to heal the
wound 20 hours after the scratch was made (figure 3). W-transformed clones were compared
to spontaneous transformed control clones, which were unable to heal the wound within the
same 20 hours timeframe.

A month after subcutaneous injection into 12 female athymic nude mice, 100% of the
tungsten-transformed cells formed visible tumors, while none of the spontaneous
transformed control cells formed tumors. The mice were sacrificed after 5 months and the
tumors were dissected and frozen for further testing (figure 4).

RNA-sequencing of tungsten-transformed clones revealed key pathways and genes
involved in carcinogenesis

Overall changes in gene expression due to tungsten exposure—Additional
analysis of W-transformed clones and control clones displayed differences in gene
expression. Through RNA sequencing, it was revealed that 16,448 genes were altered. Of
those genes, 535 passed FDR less than 0.05. Figure 5A shows a heatmap that provides an
overall view of the change in gene expression between the tungsten clones and spontaneous
clones. Figure 5A illustrates the changes in gene expression of the tungsten-transformed
clones compared to the control.

In order to investigate the specific gene expression and pathway changes induced by
tungsten, we uploaded the gene list into the Ingenuity Pathway Analysis (IPA). IPA revealed
that the top diseases according to p-value were “Cancer (423 affected molecules)”,
“Inflammatory Response (104 affected molecules)”, “Organismal Injury and Abnormalities
(263 affected molecules)”, and “Tumor Morphology (74 affected molecules)”. Some of the
top canonical pathways included, “Role of Tissue Factor in Cancer”, “Molecular
Mechanisms of Cancer”, “mTOR signaling”, “Chronic Myeloid Leukemia Signaling”, “p53
Signaling”, and “PI13K/Akt signaling”. All of the top canonical pathways are involved in
cancer and their dysregulation induced by tungsten further points towards the notion that
tungsten is a carcinogen.

Genes involved in Cancer—After investigating many of the altered genes from the gene
list, it was evident that many of the genes were involved in certain types of cancers
including lung cancer, leukemia, as well as, many genes common to all cancers. Genes
involved in lung cancer included, NQO1 (NAD(P)H dehydrogenase, quinone 1) (up-
regulated); CRYAB (crystallin, alpha B) (up-regulated); S100A4 (S100 calcium binding
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protein A4) (up-regulated); SPK2 (S-phase kinase-associated protein 2) (up-regulated); and
HTATIP2 (HIV-1 Tat interactive protein 2) (up-regulated). Leukemia-associated genes
seemed to predominate altered cancer genes. Some of the dysregulated leukemia genes
include, CD74 (major histocompatibility complex, class Il invariant chain) (up-regulated);
CTGF (connective tissue growth factor) (down-regulated); HOXB5 (homeobox B5) (down-
regulated); MST4 (serine/threonine protein kinase 26) (up-regulated); CSF3 (colony
stimulating factor 3) (up-regulated); along with several other leukemia-associated genes.
Many of the altered genes were found to be common in many types of cancers. These genes
include CDNK1A (cyclin-dependent kinase inhibitor 1A) (down-regulated) and TGF1B
(transforming growth factor, beta 1) (down-regulated). Among others cancer-associated
genes that were dysregulated include, NFKB, AKT2, TGFB2, and |GFBP2.

Discussion

Previously, arsenic, chromium, nickel and vanadium have been studied for their ability to
induce transformation of Beas-2B cells [12, 35]. This study explores the carcinogenic
potential of tungsten, a metal that has not been evaluated in metal-induced carcinogenesis
investigations. Here, for the first time, we demonstrate the carcinogenic properties of
tungsten. We evaluated the metal’s tumorigenicity by performing a battery of tests that
investigate carcinogenic endpoints. This study shows that chronic exposure to Na,WO,
induces anchorage independent growth, altered migration ability, as well as, formation of
tumors in nude athymic female mice. By demonstrating the carcinogenic potential of
tungsten both in vitro and in vivo testing models, we further establish the hypothesis that
tungsten is carcinogenic.

RNA-sequencing revealed major gene expression changes between the 3 tungsten-
transformed clones and the 3 control clones that grew spontaneously in soft agar. Given that
this work was performed in a lung cell line, we used IPA to investigate if there were any
altered genes involved in lung carcinogenesis. We found several genes involved in
respiratory tract cancers that were altered by tungsten and the direction of their regulation,
either up or down, supported their involvement in cancer. NQO1, which is an NADPH
dehydrogenase, was up-regulated during tungsten-induced cell transformation. Several
studies have reported the dysregulation of NQOL1 in lung cancer [5, 19, 39]. While Iskander
et al. demonstrated that NQOL1 knockout mice displayed an increased risk of lymphoma [19],
we found the gene to be up-regulated after tungsten exposure. Both up- and down-regulation
of NQOL1 protein holds potential to induce carcinogenesis. For example, NQO1 plays a
cytoprotective role after exposure to toxicants and it prevents degradation of the tumor
suppressor p53; however, NQOL1 is known to activate lung carcinogens [39]. It is likely that
cell type plays a large role in whether or not the dysregulation of the NQO1 gene will
facilitate carcinogenesis. Bey et al. reports that upregulation of NQOL1 facilitates the growth
of non-small-cell lung cancers [5], which is in line with our data showing that up-regulation
of NQO1 will facilitate lung cancers.

Tungsten exposure increased the expression of CRYAB. The protein product of CRYAB acts
similar to a chaperone protein but holds its target protein in large aggregates. A recent
investigation by Qin et al. reports that overexpression of the CRYAB gene promotes the

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laulicht et al.

Page 7

progression of non-small cell lung cancer and patients displaying up-regulation of both the
mRNA and protein levels of CRYAB have a poor prognosis [32].

Tungsten increased the expression of SLI00A4 gene and dysfunction in this gene has been
reported to increase the incidence of lung carcinoma. The protein product of this gene binds
calcium and is involved in the regulation of a number of cellular processes such as cell cycle
progression and differentiation [29]. SPK2 gene encodes an F-box protein, which is part of
an ubiquitin protein ligase complex called SCFs (SKP1-cullin-F-box). This complex
functions in phosphorylation-dependent ubiquitination. Spk2 protein plays an intricate role
in S-phase of the cell cycle and is an essential element of the cyclin A-CDK2 kinase.
Tungsten upregulated the expression of SPK2 and increased levels of Spk2 protein have
been reported to enhance the growth of small cell lung cancers [42]. The protein product of
the HTATIP2 gene is called Tip30 and acts as a serine/threonine kinase that is involved in
the regulation of major cell signaling players such as Myc, Vegf, and Akt. Tungsten
increased the expression of HTATIP2 and there is an association between up-regulation of
HTATIP2 expression and cancer [21].

Along with respiratory tract cancers, genes involved in leukemia were also dysregulated
during tungsten induced cell transformation. CD74 (major histocompatibility complex, class
I1) was up-regulated by tungsten. Patients with Chronic lymphocytic leukemia (CLL)
display an increased expression of CD74. High expression of CD74 was associated with
advanced stages of CLL. A tungsten-induced up-regulation of CD74 may contribute to
leukemia development and provides for a link between the known association of tungsten
and leukemia [7]. CTGF was down-regulated by tungsten. Over-expression of CTGF is seen
in lymphoblastic leukemia and targeting the CTGF protein has given positive results in
combatting the disease. Although, tungsten induced a down-regulation of this gene, it points
in the direction that tungsten affects genes involved in leukemia. Had a B-cell line been used
for the study or a different dose of tungsten, the gene expression of CTGF may be affected
differently [25].

HOXB5, homeobox 5, was one of the down-regulated genes altered by tungsten exposure.
Increased expression of this gene was associated with a distinct biologic subset of acute
myeloid leukemia (AML) and expression has been identified in acute promyelocytic
leukemia [36]. Although the W-induced expression of HOXB5 is down, one study
demonstrates that expression is different among different types of leukemia [23]. HOXB5
gene expression can be epigenetically regulated. A ChlIP experiment demonstrated binding
of the polycomb repressive complex members: EZH2 and SUZ12 to the HOXB5 gene.
EZH2 and SUZ12 are histone methyltransferases for different lysines on H3 [8]. Tungsten
exposure also altered the expression of MST4 (serine/threonine protein kinase 26), another
gene involved in leukemia. Up-regulation of this gene by tungsten may facilitate
carcinogenesis given that the protein product of the MST4 gene is involved in the
differentiation of NB4 cells, an acute promyelocytic leukemia cell line and expression is
also found in Jurkat cells, acute T-cell leukemia cell line [16, 22]. Tungsten also up-
regulated the expression of CSF3 (colony stimulating factor 3). Up-regulation of this protein
increases proliferation of HL-60 cells, which are a promyelocytic leukemia cell line [41].

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Laulicht et al.

Page 8

Presence of CSF3 activates two STAT isoforms (transcription factors involved in cell
growth) that induce differentiation of HL-60 cells [9].

Along with altering the expression of many genes specific to certain types of cancers,
tungsten affected several genes that play a general role in carcinogenesis and are involved in
many cancer types. Tungsten-transformed clones displayed a down-regulation in the
CDNKI1A gene (cyclin-dependent kinase inhibitor 1A), which encodes a key protein
involved in the cell cycle. This gene encodes a potent cyclin-dependent kinase inhibitor
called p21. P21 acts as a regulator of cell cycle progression at G1 by binding to and
inhibiting the activity of cyclin-CDK2 complexes. CDNK1A was decreased due to tungsten
exposure and a decrease in CDNK1A expression has been associated with many cancers.
Reduced levels of CDNK1A have been shown by several studies to facilitate the growth of
Hct116 cells, a colorectal cancer cell line [2, 15]. Down-regulation of CDNK1A increases
the growth of ALVA3L1 cells, a prostatic carcinoma cell line [27]. Nakagawa et al. found
that down-regulation of CDNK1A by siRNA resulted in increased proliferation of H358
cells, a lung adenocarcinoma cell line, due to increased progression of the cell cycle at G1
[30].

Another gene often dysregulated in cancer is TGF1B (transforming growth factor, beta 1).
TGF1B encodes a cytokine that regulates proliferation, differentiation, adhesion, migration,
and other functions in many cell types. Many cells have TGFB receptors, and the protein
positively and negatively regulates many other growth factors. This gene is frequently up-
regulated in tumor cells. Tungsten exposure decreased TGF1B expression and a number of
investigations have reported on reduced TGF1B levels in carcinogenesis. Several studies
have demonstrated that presence of TGF1B protein decreases cellular proliferation in
lymphoma cell lines, such as Mac-2A cells, a cutaneous T-cell lymphoma line, and DB
cells, a B-cell lymphoma line [11, 20]. Turley et al. found that repressing TGF1B mRNA
levels by siRNA increased proliferation of HL60 cells, a leukemia cell line [37]. Presence of
TGFB protein decreased the growth of UMSCCES cells, a head and neck cancer cell line [14].

Conclusion

Metals are largely associated with inducing toxic and carcinogenic effects. For the first time,
we present evidence characterizing the cytotoxicity and carcinogenicity of tungsten, an
element that has been rarely investigated in metal toxicology. Several tests evaluating
carcinogenic endpoints were conducted to assess tungsten’s carcinogenic potential.
Tungsten-treated cells formed colonies in soft agar and the clones formed tumors in nude
mice. The tungsten-transformed clones demonstrated migration ability by displaying a
positive result in the scratch test. Along with affirmative results from this battery of tests
measuring carcinogenic parameters, RNA extracted from tungsten-transformed clones
revealed that many cancer-associated genes were dysregulated following tungsten induced
cell transformation. These genes included a few genes common to many cancers such as
CDNK1A and TGFB1. Several genes involved in lung cancer and leukemia also
demonstrated altered expression levels.
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Our data showcases the carcinogenic properties of tungsten and points to the notion that
tungsten is a carcinogen. Further studies are needed in order to establish this metal as a

ca

rcinogen including animal bioassays, mechanistic studies, and epidemiological

investigations. Chronic, low-dose exposures in animals are needed in order to represent
exposures relevant to humans.
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Figure 1. Transformation Assay
After 6 weeks of chronic exposure to Na,WQ,, Beas-2B cells were placed into soft agar.

(A) Representative picture of colony formation for each dose showing that W-treated cells
formed more transformed colonies than the control. (B) The control cells transformed at an
average of 33 colonies per well. At the lowest dose, 50 uM, there was an average of 99
colonies per well. The higher doses, 100 and 250 puM, grew an average of 83 and 89 colonies
per well, respectively. W-treated cells show a statistically significantly higher number of
transformed colonies than control (p<0.001). *** p-value < 0.001 compared to control
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Figure 2. Time Series of Transformation
After three, four, five and six weeks of chronic exposure to sodium tungstate, Beas-2B cells

were placed into soft agar in order to evaluate the temporal induction of anchorage
independent growth. Untreated controls grew significantly fewer colonies than W-treated
cells at each time point. At each of the four time points, colony formation seemed to be
variable amongst the doses. This figure shows that after three weeks of chronic treatment,
W-treated cells became transformed at each dose. * p-value<0.05, ** p-value<0.01, *** p-
value<0.001 compared to control
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Figure 3. Scratch Test
500 micron simulated wounds were created in confluent monolayers. (A) Representative

pictures are taken in time intervals to capture the migration of the cells showing that the W-
transformed clones migrated more quickly than control clone or parental Beas-2B cells.
Images were taken at 200X magnification at the same field of view. (B) W-transformed
clone cells reduced mean wound width more quickly than either the control clone or parental
cells. Wounds were statistically significantly smaller 8 and 20 hours after wound creation in
the W-transformed clone as compared to control clone or parental cells (p<0.001). ***
p<0.001 compared to control
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Figure 4. Tungsten-transformed clones grew tumors in vivo
Twelve, six-week old female athymic nude mice were subcutaneously injected in the left

flank with Na,WO, transformed cells or the right flank with sporadic growth control cells.
Each mouse is injected on one side with control and the other with tungsten-transformed
cells to ensure the same biological environment. This figure shows a representative mouse
that has formed tumors on the left side where they were injected with W-transformed cells,
unlike the sporadic growth control cells.
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Figure 5. Gene expression profiles of W-transformed clones
(A) Heat Map. Hierarchical cluster analysis of significantly differentially expressed genes in

W-control clones compared to clones that spontaneously grew in soft agar (control). The bar
relates the color code to the expression value of normalized counts with DESeq2 package.
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Gene definitions and functions.

Table

Gene Up ordown Function Citations
regulated

NQO1 Up This gene encodes a cytoplasmic 2- Bey et al., 2007;
NAD(P)H dehydrogenase, electron reductase. It functions to reduce Iskander et al., 2008;
quinone 1 quinones to hydroguinones.

Dysregulation of NQO1 expression is

reported in lung cancer.
CRYAB Up CRYAB protein product holds its target Qinetal., 2014
crystallin, alpha B protein in large aggregates.

Overexpression of the CRYAB gene

promotes the progression of non-small cell

lung cancer.
S100A4 Up This protein is involved in cell cycle Naaman et al., 2004
S100 calcium progression, differentiation, and other
binding protein A4 cellular processes. Dysfunction of

S100A4 gene has been reported to

increase the incidence of lung

carcinoma.
SPK2 Up Spk2 protein plays an intricate role in S- Yokoi et al., 2002
S-phase kinase-associated phase of the cell cycle and is an
protein 2 essential element of the cyclin A-CDK2

kinase. Increased levels of Spk2

enhances the growth of small cell lung

cancers.
CD74 Up Patients with Chronic lymphocytic Butrym et al., 2013
Major leukemia (CLL) display an increased
histocompatibility expression of CD74. High expression of
complex, class 11 CD74 was associated with advanced

stages of CLL.
HOXB5 Down The encoded protein is involved in gut Liuetal., 2011;
Homeobox 5 and lung development. This gene has Caietal., 2012

been associated with acute myeloid

leukemia (AML).
MST4 Up Up-regulation of this gene is involved in Hattori et al., 2007;
Serine/threonine the differentiation of NB4 cells, an acute Lin et al., 2001
protein kinase 26 promyelocytic leukemia cell line, and

expression is also found in Jurkat cells,

an acute T-cell leukemia cell line
CSF3 Up Up-regulation of this protein increases Yamaguchi et al., 1999
Colony stimulating proliferation of HL-60 cells, which are a
factor 3 promyelocytic leukemia cell line.
CDNK1A Down This gene encodes p21, which acts as a Hata et al., 2005;
cyclin-dependent regulator of cell cycle progression at G1 Nakagawa et al., 2005
kinase inhibitor 1A by binding to and inhibiting the activity

of cyclin-CDK2 complexes. Its role in

carcinogenesis may be due to its

influence on apoptosis following

caspase activation.
TGF1B Down TGF1B encodes a cytokine that Chen et al., 2007,

transforming
growth factor, beta
1

regulates proliferation, differentiation,
adhesion, migration, and other functions
in many cell types. Presence of Tgflb
protein decreases cellular proliferation
in lymphoma cell lines, Mac-2A and DB
cells. Repressing TGF1B mRNA levels
by siRNA increased proliferation of
HL60 cells, a leukemia cell line.

Turley et al., 1996;
Cohen et al., 2009
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