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the carcinogenic effects of glyphosate using 2-stage mouse skin carcinogenesis model and
proteommcc analysis. Carcinogenicity study revealed that glyphosate has tumor promoting
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antibody, peroxiredoxin-2. superoxide dismutase [Cu-Zn], stefin A3, and calgranulin-B)
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were common and showed similar expression pattern in glyphosate and TPA-treated mouse
skin. These proteins are known to be involved in several key processes like apoptosis and
growth-inhibition, anti-oxidant responses, etc. The up-regulation of calcyclin, calgranulin-B
and

down-regulation

of superoxide

dismutase

[Cu-Zn]

was

further confirmed

by

immunoblotting, indicating that these proteins can be good candidate biomarkers for skin
carcinogenesis induced by glyphosate. Altogether, these results suggested that glyphosate
has tumor promoting potential in skin carcinogenesis and its mechanism seems to be
similar to TPA.
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1.

Introduction

a commercial formulation named, Roundup is a widely used
herbicide on both croplan.ci and n.on.-cropland areas [4]. The

Pesticides, used. extensively for controlling pest and destroy-

potential activity of glyph.osate is through competitive inhibi-

ing weeds are ubiquitous contaminants accuinulatin.g in

tion of the enolpyruvyl-shikirriate-phosphate syr:chase, an

environment and hence humans get unavoidably exposed to

enzyme essential to the synthesis of aromatic amino acids in

these pesticides. About 3 billion tons of pesticides are used

plants [5]. Toxicological profile of glyphosate, showed that it is

every year, on agricultural crops worldwide [1]. In some cases,

a comparatively safe herbicide for animals [6]. Glyphosate

even short-term exposure of the pesticides can make impact

alone or with its formulation products, such as, surfactants

on human health. Apart from the other toxic effects,

and permeabilizing agents is usually considered to be

pesticides are reported to cause genotoxicity%carcinogenicity

harmless under both normal usage and chronic exposure [4].

also. Some pesticides have been classified as carcinogens by

In 1993, USEPA categorized this compound into class E, which

the United States Environmental Protection Agency (USEPA)

means that it is probably not carcinogenic to humans [7].

[2] and International Agency for Research on Cancer (IARC) [3].

Despite these reports, some case-control studies suggested an

Glyphosate, N-(phosphononiethyl.) glycine, commonly sold as

association between glyphosate exposure and the risk of non-
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Hodgkin's lymphoma [ 8,9]. in another study , both technical
grade glyphosate and Roundup were shown to cause a rapid
increase in cell division in human breast cancer cells [10].
Glyphosate has also been shown as a skin irritant [i1].
Regarding the genotoxic potential, glyphosate exposure to
human lymphocytes in udtro resulted in increased sister
chromatid exchanges [12], chromosomal aberrations
and indicators of oxidative stress [ 14]. A recent study from
our laboratory also showed the clastogenic effects of glyphosate in bone marrow cells of Swiss albino mice [15 ]. These
reports prompted us to investigate its carcinogenic effect in
long-terry animal bioassay.
To evaluate toxicity/ carcinogenicity induced by physical and
chemical agents including pesticides , various test systems have
been employed in bacteria , rodents and mammalian cells [1618]. Each of these environmental challenges causes changes in
DNA conformation , alterations in. the levels of rn.RN.A and
protein expression , and post-trans] ational modifications such
as phosph.orylation and glycosylation of proteins specific to
each. stressoi: [19]. In recent years, there has been considerable
interest in linking carcinogenic/toxic responses to gene and
protein expression . Toxicoproteomics has received a lot of
attention as a valuable tool to search reliable early predictive
toxicity markers in response to environmental stimuli [20]. Twodimensional gel electrophoresis (2-DE) coupled with mass
spectrometry (MS); a high-throughput technique allows proteins of interest to be identified by their expression and/or
modification pattern rather than using the traditional approach
of translating gene expression data. Biomarkers can be used to
identify causal associations and to snake better quantitative
estimates of those associations at relevant levels of exposure
[21]. Yamamoto et al. [22] have utilized proteomic approach to
identify potential biomarker candidates of hepatotoxicant
exposure in rat liver.
Skin is the largest organ in the body and dermal contact is
one of the most probable routes of human exposure to
pesticides , thus, mouse skin model represents a logical experimental choice [ 23]. As the long- term bioassay for carcinogenicity is expansive , time consuming and involves a large
number of animals and ethical issues , development of biomarkers after short- term exposure are needed. The present
investigation. was carried out to study the carcinogenic potential of glyphosate and to identify differentially expressed
proteins , using 2-DE and MS analysis after treatment with
glyphosate , a known tumor promoter , 12--o--tetradecanoylphorbol -13 - acetate (TPA) and tumor initiator , 7, 12-dimethylbenz[a ] anthracene (DMBA) in mouse skin . Altered proteins
identified through proteomic approach in our study may be
potentially useful as early biomarkers , to detect the adverse
effects of glyphosate.

2.

Materials and methods

2.1.

Materials

The commercial formulation of the herbicide glyphosate (Nphosphonomethyl-glycine)

Roundup Original{

(glyphosate

41%, POEA=15%-Monsanto Company, St. Louis, MO, USA)
was used, which contains 360 gIl glyphosate acid equivalent

as the isopropylamine salt and was procured from local market.
Immobilized pH gradient (IPG) strips and 0.5% pH 3-10 IPG buffer
were purchased from Bio-Rad Laboratories (Hercules, CA, USA).
DMBA, TPA, CHAPS, DTT, and beta-actin (clone AC-74) antibody
were from Sigma-Aldrich (Missouri, USA). DNase/RNase was
from Bangalore Genei (Bangalore, In.dia). The rest of the
chernicals used in the study were of analytical grade of purity
and procured locally.

2.2.

Animals and treatments

2.2.1.

Carcinogenicity study

Male, Swiss albino mice (12-15 g body weight [b.wt]) were taken
from Indian Institute of Toxicology Research (IITR) animal
breeding colony and acclimatized for 1 week. The ethical
approval for the experiment was obtained from institutional
ethical committee. The animals were kept under standard
laboratory conditions (temperature 23_±2 °C, relative humidity
55±5%) and. were fed with. synthetic pellet basal die-t( Ashirwad,
Chandigarh, India) and tap water ad libitum. Animals were
randomly divided into 8 groups of 20 animals each. Flair were
clipped in the dorsal region with proper care in an area of 2 cm2
using electrical clippers, not lubricated with oil or grease. The
long-term treatment was given as described earlier [24]. Briefly,

Group I Untreated control (No treatment).

Group II Glyphosate alone (25 mg/kg b.wt, topically 3 times
per week).
Group III DMB.A+TPA (Single topical application of DMBA,
52 µg/mouse followed 1 week later by thrice a week
application of TPA, 5µg/mouse).

Group IV Glyphosate (s)+TPA (Single topical application of
glyphosate, 25 mg/kgb.wt followed 1 week laterby
TPA application as in group III).
Group V Glyphosate (m) +TPA (Thrice a week topical application of glyphosate, 25 mg/kg b.wt for 3 weeks
[total of 9 applications], followed 1 week later by TPA
application as in group III).
Group VI DMBA (Single topical application of DMBA, 52 p,.g/
mouse).
Group VII TPA (Thrice a week topical application of TPA,
5 p-ig/mouse).

Group VIII DMBA+glyphosate (Single topical application of
DMBA [as in. group fill, followed l week later by
topical treatment of glyphosate, 25 mg/kg b.wt thrice
per week).
Vehicle for glyphosate, DMBA and TPA were 50% ethanol
and acetone respectively.
Animals from all the groups were examined every week for
gross morphological changes including body weight changes,
development and volume of squamous cell papiliomas
(tumors) locally on the skin duTin.g the entire study period
and tumors larger than I mm diarneter, were included in the
total number of tumors. Tumor volume per tumor bearing
mouse was calculated in each group using formula
V-Dxd2xn/6 (where D=bigger dimension and d=smaller
dimension). All the surviving animals were sacrificed at the
end of the study period, i.e. 32 weeks for complete carcinogenic, tumor initiating and promoting studies.
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2.2.2.
Proteomic study
For the proteomic studies, mice of similar sex, age and weight
as used for carcinogenicity study were selected. Animals were
divided into 4 groups of 4 animals each and treatment was
given as described below:

2.5.

953

Staining and image analysis

After completion of the second-dimension electrophoresis,
the gels were fixed and stained by using a fast silver staining
protocol with neutral silver nitrate (25]. Analysis of the gels
in.cludin.g background subtraction, spot detection, volume

Group I Untreated controls (No treatment).

Group II Glyphosate (Single topical application, 50 nng/kg b.
wt/mouse).
Group III DMBA (Single topical application of DMBA, 104 ugJ
mouse).

normalization and differences in protein. expression levels
among samples were analyzed by using PDQuest software Ver.
7.4.0 (Bio-Rad Hercules, CA, USA). To determine the variation.
3 gels were prepared for each sample. The protein spots that
varied > 2 fold change and were specific for the test groups and

Group IV TPA (Single topical application of TPA, 10 µg/mouse).

the control group were manually labeled and considered for
MS analysis.

2.3.

Sample preparation for 2-DE

After 24 h, the animals were sacrificed humanly, and skin
tissues from the treatment site were excised with the help of

2.6.
Matrixassisted laser desorption/ ionization time-of
fligh t (M.ALDT-TOF/TOF) and liquid chromatography mass
spectrometry (LC-MS) for protein identification

sh.arp scissor and transferred into pr:ecooled dishes. The hair
were removed with sharp scalpel blades, and subcutaneous

Differential protein spots of interest were excised manually

fat was scrapped off, on ice. Small pieces of cleaned skin

by using pipette tips and washed 3 times with de-ionized

tissues of each mouse from all the groups were then

water. Each spot was placed into a 1.5 ml microtube filled

homogenized (10%w/v) individually, in 2--DE lysis buffer

with de-ionized water. In-gel digestion for peptide mass

containing 8 M urea, 4% CHAPS. 10 mM DTT, 0.5% pt-I 3---10

fingerprint (PMF) analysis and mass spectrometric analysis

IPG buffer, 5 mM TBP, DNase/RNase and 1 mM PMSF. The lysed

were performed at The Centre for Genomic Applications,

samples were sonicated for 10 s for 3 strokes followed by a

New Delhi (India). In brief, trypsinized peptide samples

centrifugation at 13,000 rpm for 30 min at 4 "C and pooled for

were dissolved and mixed with matrix, namely a-cyano-4-

the respective group. After quantification of proteins by

hydroxy cinnamic acid. Following drying, the peptides

Lowr:-y's method, the supernatants were stored at -80 "C

were spotted on ground steel plate and subjected to Broker.

until use for electrophoresis.

Ultraflex MALDI-TOF/ TOF and 2D Nano LC-EST-Trap (Agilent)
for mass spectrometric identification.. The MA.LDI-TOF/`I"OF

2.4.

2-DE for differe

p otein expression

was equipped with a. pulsed nitrogen laser. System calibration was performed using peptide fragment peaks produced

IEF was carried out using commercially dedicated equipment,

by auto--digestion of trypsin as an internal standard for

Protean IEF Cell (Bio-Rad, Hercules, CA, USA). For the first

every peptide sample to ensure high mass accuracy and to

dimension, 17cm non-linear IPG (pH 3-10) strips were used as

control possible variations arose due to protein extraction,

per manufacturer's instructions with minor modifications.

trypsinization, reconstitution and suppression of ioniza-

Briefly, 250 ug of protein from each pooled sample was diluted

tion by highly abundant species

to 300 µl with rehydration solution (7 M urea, 2 M thiourea,

homogeneous crystallization of proteins and peptides during

and incomplete/non-

4% CHAPS, 65 mM DTT, 0.5% pH 3-10 IPG buffer, and trace

matrix preparation.

bronnoph.enol blue), and applied by passive rehydration on

Data acquisition and analysis was peffornned. using flex

separate IPG strips. IEF was performed for each individual

control and flex an.alysis/biotools version. 2.2 software, re-

sample to a total of 45.5 kVh. All IEF steps were carried out at

spectively. Data was acquired in reflection positive anode

20 °C. After the first-dimensional IEF, focused IPG strips were

using 15-18% lases: power. Mass tolerance and nnnonoisotopic.

placed in an equilibration solution (6 M urea, 2% SDS, 20%

values (50 ppm/100 ppm for peptide mass fingerprint and

glycerol. 50 mM Tris---I-ICI, and 0.01% vJ/v bromophenol blue-)

peptide mass tolerance of 2 Da for MS/MS spectra) were used

containing 1% DTT for 15 min with shaking in the first step

for searching. The missed cleavage sites were allowed up to 1;

followed by 2.5%w,/v IAA in equilibration buffer for an additional

the fixed modification was selected as carbamidomethylation

15 min in the second step. The gels were then transferred and

(cysteine); the variable modification was selected as oxidation

placed on a 12% polyacrylamide gel and a 0.5% low melting

(methionine). Probability based MOWSE score was calculated

agarose overlay containing 0.1% SDS and 37.5 mM Tris (pH 8 . 8),

in terms of ion score -10ElLog (P), where P is the probability

was warmed. to its melting point and used to seal the IPG strips

and observed match was considered as a random event.

to the surface of the gel. Molecular weight markers were placed

Protein. scores were derived from ions as a non-probabilistic

onto the gel by pipetting 8-1.0 µl onto a piece of blotting paper

basis for ranking protein hits and. proteins identified by

which was then loaded onto the gel surface. Separation in the

MALDI-TOF and LC/MS were in the expected size range

second dimension was carried out using Protean II xi electro-

based on its position in the gel. The datasets of the MS

phoresis equipment (Bio-Rad, Hercules, CA, USA) and Tris--

spectra, including peptide sequence information, were

glycine---SDS (p1-I 8.3) as the electrode buffer, the gels were run

searched against the SWISS-PROT (GeneBio, Geneva. Switzer-

at 15 mA/gel until the bromophenol blue dye marker had

land) and NCBInr database using Mascot Daemon (Matrix

reached the bottom of the gel. Each experiment was performed

Science, London, UK) as a client attached to the Mascot search

in triplicate to obtain the reproducible results.

protocol.
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Imrmmnoblot analysis

The differential proteins screened with 2-DE were confirmed
by Western blotting. Briefly, skin tissue samples were lysed in
lysis buffer: (S-S M urea, 4% CHAPS, 10 mM DT'', 0,5% pH 3-10 IPG

1111T CS;

the mean-Sly of 3 replicate gels for fold changes of normalized
spot volumes. For the statistical analysis of data, Student-t-test
was used and p <0.05 was considered as significant. Hierarchical
clustering analysis using Ward's minimum variance was
performed by NCSS software (Maysville, Utah, USA).

buffer, 5 rnM'T'BP, DNase/RNase and 1 nrM PMSF) and resolved.
on 12-15% pol.yacrylarn.ide gel, then elec:tro-transferred onto
polyvinylidene fluoride membranes (Millipor:e, USA). After

30

Results

3.1.

Carcinogenic potential of glyphosate

blocking with 5% non-fat dry milk, the membranes were
i.mmunoblotted with antibodies of calcyclin (Santa Cruz Biotechnology Inc., Europe), calgranulin-B (Santa Cruz Biotechnology Inc., Europe), superoxide dismutase [Cu--Zn] (SOD 1) (Santa

Carcinogenic potential of glyphosate was recorded in 2-stage

Cruz Biotechnolog-y Inc., Europe) and beta-actin at dilutions

mouse skin tumor initiation-promotion protocol when tested as

recommended by the suppliers. Horse radish conjugated

a tumor promoter, however, glyphosate exposure failed to

secondary antibodies and chemiluminescence kit (Millipore,

provoke neoplastic development when tested as tumor initiator

USA), were used for detection. Protein expression was visualized

or complete carcinogen. in this study, conducted to evaluate

by Versa Doc Imaging System. (Bio-Rad, Hercules, CA, USA).'T'he

tumor: prornotin.g potential of glyphosate, onset of turnnfigen-

intensity was given in terms of relative pixel density for each

esis was recorded in the animals of positive control group III i.e.

band normalized to band of beta-actin.. The intensity of the

DMBA+TPA after 52 days of promotion. All the animals of this

bands was measured using software UNSC.AN-IT automated

group attained turnorigenesis by the end of 112 days of

digital system version (Orem, USA).

promotion. However, tumor development started in the animals of group VIII (DMBA+glyphosate) after 130 days of

2.8.

Statistical analysis

promotion and at the time of termination of experiment i.e.
32 weeks, 40% of the animals developed tumors on the dorsal

The skin tumor incidence was analyzed by one-way analysis of
variance (ANOVA) test in untreated control and treated groups,
p<0.05 value was considered as significant. Protein expression
data for untreated control and treated groups are expressed as

region of the skin (Fig. 1A, Table 1). The total number of tumors
in group III was 156 while in group VIII it was 23. No tumor
development was observed in the animals of groups I, II, VI and
VII during the entire period of study. Similarly, the average

C

F
o

I;

DMBA+TPA
DMBA + G vpho
Treatment

to

Fig. 1- Tumor promoting effect of glyphosate in 2-stage mouse skin model of carcinogenesis. Tumor data is represented as
(A) y-axis showing the percentage of mice with tumors and x-axis showing the weeks of treatment; (B) y-axis showing the
total number of tumors and x-axis showing the weeks of treatment; (C) y-axis showing the average no. of tumors/mouse and
x-axis showing the treatment; (D) y-axis showing the average volume of tumors per mouse (mm) and x-axis showing the
treatment. The values obtained in (C) and (D) are encountered at the end point of study duration i.e. 32 weeks.
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number of tumors was 7.8=1.1 in group III, however, in group
VIII, i.twas 2.8±0.9 (Fig. IC; fable 1). These trxrn.ors were initiated
as a minute wart like gr:owth., which progressed during the
course of experiment and average tumor volume was 96.45.1 rmmn3 in, group III and 26.2_r-4.8 mnrn' in. group VIII (Fig. ID;
Table 1). These results clearly indicate significant tumor
promoting potential of glyphosate in mouse skin model of
carcinogenesis.

from a total of 22 spots were showing the similar expression
pattern.. Among the selected and identified proteins with
statistically significant altered expression (p<0.0`i), we focused on. the proteins involved in apoptosis and growthinhibition, anti-oxidation, energy rn.elabolism, angiogenesis,
calcium binding and protein biosynthesis processes. These
proteins are translation elongation factor eEF-1 alpha chain
(eEFIA1), carbonic anhydrase 3 (CA III), annexin II, calcyclin,
fab fragment of anti--VEGF antibody, peroxiredoxin-2 (PRX II),

3.2.

Protein expression profile

superoxide dismutase (Cu-Zn] (SOD 1), stefin A3 and calgranulin-B (Fig. 6, Table 3).

Using 2-DE, comparisons of differentially expressed proteins
were made in mouse skin following topical treatment with
glyphosate (50 mng/kg b.wtlrnouse), 'TPA (10'ag/moLise) and

3.4.
Protein expression profile in glyphosate and DMBA
treated mouse skin

DMBA. (104 µg/moose) with untreated mouse skin i.ndi.vidoally,
using PDQuest 7.4.0 2-D gel analysis software. Representative
2-DE maps are shown in Fig. 2. Image matching derived from 4

Among the 22 differentially expressed protein spots, 4
specific spots ( 1. 3, 11, and 12) were showing the similar

groups showed a total of -2600 spots. Out of these, 22 spots

expression pattern between the gels of glyphosate and

were differentially expressed, exhibiting >2 fold change

DMBA treated skin tissues . These proteins are eEFIA1, CA

between values of treated and control animals (Fig. 2). These

III, fab fragment of anti-VEGF antibody and PRX II (Fig. 6,

spots were excised from the gels and analyzed using MALDI-

Table 3).

TOF/TOF mass spectrometer. PMF from the proteins was
obtained and the resulting spectra were used to identify the
proteins with the Mascot search program. Protein spots

3.5.
Cluster analysis of differentially expressed proteins in
control, glyphosate, TPA and DMBA treated mouse skin

that appeai:ed. more than once, were considered as the
same protein. and assigned the same number.'T hese identified
proteins were categorized according to their molecular: functions ('".able 2), biological functions and subcellular localization (Fig. 3A and B) as referred to SWISS-PROT database.
Protein spot nos. 7 and 18-1, 18-2 were up-regulated and spot
no. 13 was down-regulated by glyphosate and TPA treatment
(Fig. 4). Related fingerprint mass spectra of calcyclin, calgranulin-B and SOD lare shown in Fig. 5.

Protein expression profile in glyphosate and TPA3.3.
treated mouse skin
Substantially common and differentially expressed protein
spots among glyphosate and TPA-treated skin tissues were
quantitatively analyzed individually. Comparison between
the gels of glyphosate and TPA revealed that 13 specific
proteins spots (1, 2,33,6-1, 6-2, 7,8,11,12,13,15,18-1, and 18-2)

To understand the carcinogenic activity of glyphosate in
mouse skin based on the level of protein expression
information generated on 2-DE gels hierarchical cluster
analysis was applied. The analysis facilitated the visualization of groupings based on the protein expression changes,
potentially showing the relationship between glyphosate
and. `FPA, which farther lends support to their tumor promoting activity. A hierarchical clustering map is generated
with the differentially expressed protein spots. The analysis
showed 2 major clusters, one cluster includes TPA and
glyphosate, where majority of the altered protein expression
was recorded and the other cluster includes DMBA and
control having comparatively low number of altered proteins
(Fig. 7). Moreover, calcyclin and calgranulin-B were present
only in the cluster of glyphosate and TPA whereas SOD 1 is
higher in DMBA and control cluster in comparison to other
cluster.
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Fig. 2 _ Representative 2-DE maps of control and treated groups. A. Untreated control; R. Glyphosate; C. TPA; D. DMBA. The pH
gradient is indicated on the top of the gels horizontally, and migration positions of molecular weight markers are indicated on
vertical axis. Identified 22 protein spots, selected by quantitative analysis of respective groups are indicated by arrows and
labeled as 1 to 19 (details are given in Material and methods section). Repeated spots (albumin and calgranulin-B) identified as
same protein are assigned same number.

Immunoblot verification of cadcycdin, calgranudin_B
3.6.
and SOD 1
Western blotting showed that the expression of calcyclin and
calgranulin-B were significantly increased and that of SOD 1
decreased in the glyphosate and TPA-treated groups only as
corrnpmed. with respective control and DMBA, and the expression. patterns of the selected proteins were consistent
with the results obtained in. 2-DE image analysis (Fig. 8).

Discussion
Considering the uses of glyphosate throughout the world,
genotoxic/carcinogenic risk associated with its uses needs to
be addressed urgently. In the present study, using conventional 2-stage initiation-promotion protocol [24] and proteo-

mic application in animal bioassay for carcinogenicity, we
attempted to provide insight into whether glyphosate can
induce neoplastic changes.
Results of the animal carcinogenicity bioassay showed that
topical application of glyphosate was capable of promoting
DMBA-initiated mouse skin cells. However, glyphosate failed to
provoke tumorigenesis when tested for initiating and complete
carcinogenic activity in mouse skin. The tumor prornotin.gproparty of glyphosate, as observed in the present study, is in. consistency with previous reports, where glyphosate is reported to
induce cell proliferation and interfere with cell cycle regulation
[26,22]. These results con-finned that glyphosate has tumor promoting activity. Since glyphosate possesses only tumor promoting activity, and not tumor initiating, therefore, it failed to
induce tumorigenesis when tested for complete carcinogenic
activity.
Mammalian skin cells are continuously exposed to a
variety of environmental stresses, each of which may result
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in specific compensatory changes in protein expression that
can be assessed through proteomic analysis [191. Recently,
toxicoproteomics is being exploited for the discovery of
biomarkers and organ specific toxicity/carcinogenicity signatures [20,21]. Here we used, proteomic analysis of mouse skin
which offers a unique opportunity to study differentially

NID
16% (3)

expressed proteins following topical exposure. Short term
topical exposure of DMBA is well reported to form DNA
adducts in mouse skin [28]. About --2600 protein spots were
generated in mouse skin among control and different
treatment groups. Among them, 22 differentially expressed
proteins were exhibiting >2 fold change between treated and

c. Undefined
16% (3)

Fig. 3 - Pie charts showing distribution of the 22 identified proteins in mouse skin according to their (A) subcellular localization
and (B) biological process on the basis of information through SWISS-FRET database. Numbers in parentheses are the values of
differentially expressed proteins. aNID=Not identified.
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SOD 1(Spot no. 13)

Calgranu n-B (Spot no, 18-1,18-2)

Fig. 4- Zoomed images of 2-DE gel regions showing siignif€cantly (p < 03)5) up-regulated and down-regulated protein spots 7(calcychn),
13(SOL11), 18-1 and 18-2(calgranulin-B) of respective groups (A-D).

control tissues. Out of these, eEF1A1, CA III, annexin II,
calcyclin, fab fragment of anti-VEGF antibody, PRX II, SOD 1,
stefin A3 and calgranulin-B appeared to be of particular
significance, as they were observed to be similar in terms of
expression pattern in glyphosate and 'I'PA-ti eated skin tissues
(Fig 6),

The expression levels of eEF1A1, CA III and fab fragment of
anti-VEGF antibody were markedly up-regulated following
glyphosate and TPA treatment (Fig. 6). eEF1A1, the cofactor of
eukaryotic protein synthesis is responsible for binding aminoacyl--tRNA to the ribosome during polypeptide elongation

and its increased expression is directly proportionate to
cellular proliferation [29], oncogenic transformation [30],
apoptosis [31], and delayed cell senescence [32]. Increased
amount of translation elongation factor-2 following exposure
with'T'PA, a well known tumor promoter is reported [33]. CA III
is a cytoplasmic enzyme known to play an important role in
the cellular response to oxidative stress which in turn can
mediate apoptosis [34]. Olverexpression of CA III protects the
cells from hydrogen peroxide-induced apoptosis [35]. Spot 11,
identified as a fab fragment of anti-VEGF antibody is a
breakdown fragment of VEGF, L--chain, and can be correlated

Fig. 5 - Peptide mass fingerprints of the mixture of tryptic peptides derived from (A) calcyclin $ spot 7 and (B) calgranulin-B, spot
18-1 (C) SOD 1, spot 13. Details are given in Materials and methods section.
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1681, 904
1.5-

Start --End

Observed

Sequence

11 -24
39 -50
39 -50
39 -51
39-51

841.3900
698.8500
06.7800
508.9600
514,2200

R.SITTUIDTFHOYSR.K
R.QMVEAQLATFMK,K
R,QMVEAOLATFMK,K
R.QMVEAQLATFMKK.E
R.QMVEAQLATFMKK

1877.979
1.0_{

0.5-

2441.3015 2784.464
........ .... ......_ 3817,8832

1000

500

1500

200a

12500

3,100

4000

35&1

tl"l/Z

(B)
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Identified Proteins

Fig. 6 - Changes in expression levels of the 9 different proteins that were affected by glyphosate , TPA and DMBA. Values are
expressed as fold changes of the control or untreated values, indicated by the horizontal control level line. Values represent
mean ± SD of 3 sets of experiments. `: Significantly up - regulated protein (p <0.05). ": Significantly down-regulated protein (p <(105).

with the tumor promoting activity of test substances, as VEGF
is a highly specific angiogenic factor that has been implicated
in the angiogenesis, a prerequisite for neoplastic growth

[36,37]. A number of studies have the role- of angiogenesis in
tumor growth [38,39].
Stefin A3 is known to play a role in skin growth and can be
induced by TPA, leading to keratinocyte differentiation and
proliferation [40,4.1]. Annexin II, a Ca`'

and phospholipid-

bindin.g protein is induced. in various transformed Cells an(].
skin disorders [42-44]. Studies also showed up-regulated.
annexin if in a number of human cancers [45,46]. Thus up-

Pr

en

r

regulation of annexin If by TPA and glyphosate is in consistency

I

with its reported role in skin malignancies. PRY II, a novel group

r
Gl5

I

of peroxidases containing high anti-oxidant efficiency and
which can also have a role in cell differentiation and apoptosis,
was over-expressed in response to TPA. DMBA and glyphosate
(Fig. 6, Table 3) [447]. PRX II not only protects the cells from
oxidative damage caused by hydrogen peroxide, but can also
endow cancer cells with resistance to both hydrogen peroxide
and cisplatin towards radio-resistance [4.8]. Overexpression of
PRX II in few cancers suggests that PRX has a proliferative effect
and can induce cellular proliferation [49,50].

SOI31 provides a protective response against reactive
oxygen inter mediates and its over-expression level is accompanied by increased activity of anti- oxidant enzymes, namely,
catalase, glutathione reductase, and glutathione. The suppression of skin carcinogen induced apoptosis, suggesting a
combinatorial role in protecting skin cells from oxidative
stress [51]. Thus down-regulation of SOD1, as observed in
response to glyphosate and TPA exposure can potentiate
process of tumor promotion (Fig. 6, Table 3).
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Fig. 7 - Two-dimensional hierarchical clustering map generated using identified protein expressions patterns induced by
control, glyphosate, TPA and DMBA groups. Clusters were generated with normalized volumes of the differentially expressed
protein spots. Each column represents an individual protein and each row represents an individual group.

Interestingly, 5100A6 (calcyclin) and S100A9 ( calgranulin-B)
were expressed only in glyphosate and TPA-treated skin.
These proteins are implicated in various key biological
processes like cell cycle progression , differentiation , cancer
development and metastasis (52]. Calcyclin , one of the two
5100 proteins , was up-regulated by glyphosate (2.48-fold) and
PA (2.20-fold) in cornpati son to controls (Table '3). The S100.A6
protein , in particular , is a well - established marker of melanoma cells in which i ts level correlates with tumor invasiveness
and poor prognosis ( 53]. Several reports showed that 5100A6
expression was increased in cancer [ 54,55]. Similarly, another
protein calgranulin - B, was also up - regulated in the skin of
glyphosate ( 9.52-fold) and TPA (7.61-fold) animals as compared to DMBA and untreated skin (Fig. 6 , Table 3). In one of
the studies , TPA is reported to induce calgranulin ' s S10OA8
and S10OA9 expression in mouse skin ( 56]. The induced
expression of calcyclin. and calgranulin-B by glyphosate and
i"PA was further confirmed by results of Western blotting.

Multivariate statistical analysis , such as hierarchical clustering, is one of the most popular methods to analyze largescale gene expression data. There are few previous reports
which have used this analysis for studying protein expres-

sion (22,57]. In this study, we applied 2-dimensional hierarchical clustering analysis to the changes of normalized
significant differentially expressed protein spot volumes on
respective 2-DE gels. This clustering analysis using 2-DE gel
information also confirmed resemblance between tumor
promoting activities of glyphosate and TPA_ Thus this kind
of multivariate statistical analysis using protein pattern
expression may become widely applicable for primary screening of carcinogenicity for industrial and environmental
pollutants.
Levels of the protein expression provide confirmatory
evidence that expression of calcyclin, calgranulin-B and SOD
1 were altered by glyphosate and TPA treatment. Thus, from
the reported studies and from our results, showing upregulation of both calcyclin and calgranulin-B and downregulation of SOD 1 by single exposure with TPA and
glyphosate on mouse skin, it became clear that these proteins
are involved in carcinogenesis and can be used as potential
early biornarkers for skin. carcinogenesis.
In. sum.rnary, the 22 identified protein spots were expressed
in mouse skin within 24 h following exposure to glyphosate,
TPA and DMBA as proteomic signatures involved in
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Fig. B - (A) Western blots showing expression of calcyclin, calgranulin'-B and SOD 1 among control and treated groups. Equal
loading of the samples was evaluated by reprobing the membranes with beta.-actin antibody. * indicates significant difference,
p<0.05. (B) Quantitative fold change, calculated with respect to control on the basis of pixel density measured by UNSCAN-IT
software.

carcinogenic process. Out of these 22 proteins, 9 specific
selected proteins are functionally related to apoptosis and
growth-inhibition, anti-oxidation, energy metabolism, angiogenesis, calcium binding and protein biosynthesis processes
with same expression profiles in glyphosate and TPA-treated
animals. Among them, calcyclin, calgranulin-B and SOD 1
were identified to be closely associated with tumor promoting
activity of glyphosate treatment therefore; their increased
levels maybe useful as biomai kegs for tumor promotion. '''his
study validates and consolidates the results of carcinogenicity
data, showing that glyphosate has tuinoi: promoting properties in mouse skin. in addition to providing an important
framework, proteornic investigation serves as the starting
point to develop a potential biomarker against pesticide
induced carcinogenicity.
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