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Carnosic acid (CA) and carnosol (CS) are two structurally
related diterpenes present in rosemary herb (Rosmarinus
officinalis). Although several studies have demonstrated
that both diterpenes can scavenge free radicals and in-
terfere in cellular processes such as cell proliferation,
they may not necessarily exert the same effects at the
molecular level. In this work, a shotgun proteomics study
based on stable isotope dimethyl labeling (DML) and na-
no-liquid chromatography-tandem mass spectrometry
(nano-LC-MS/MS) has been performed to identify the rel-
ative changes in proteins and to gain some light on the
specific molecular targets and mechanisms of action of
CA and CS in HT-29 colon cancer cells. Protein profiles
revealed that CA and CS induce different Nrf2-mediated
response. Furthermore, examination of our data revealed
that each diterpene affects protein homeostasis by differ-
ent mechanisms. CA treatment induces the expression of
proteins involved in the unfolded protein response in a
concentration dependent manner reflecting ER stress,
whereas CS directly inhibits chymotrypsin-like activity of
the 20S proteasome. In conclusion, the unbiased pro-
teomics-wide method applied in the present study has
demonstrated to be a powerful tool to reveal differences
on the mechanisms of action of two related bioactive
compounds in the same biological model. Molecular &
Cellular Proteomics 16: 10.1074/mcp.M116.061481, 8–22,
2017.

Carnosic acid (CA)1 and carnosol (CS) are two structurally
related orthodiphenolic compounds with abietane carbon
skeleton containing hydroxyl groups at positions C-11 and
C-12 that belong to the abietanes family of naturally occurring
diterpenes in the popular Lamiaceae herbs, rosemary (Ros-
marinus officinalis), and sage (Salvia officinalis) (1). CS has a
lactone moiety across the B ring, whereas CA has a free
carboxylic acid group (supplemental Fig. S1). Both diterpenes
are capable of directly scavenging free radicals (2) and are
also regarded as “proelectrophilic” compounds that become
active electrophiles after oxidation to their quinone forms. It
has been recognized that CA and CS quinones react with a
critical thiol in Keap1, causing it to release Nrf2 transcription
factor that may enter the nucleus for subsequent activation of
ARE (antioxidant-response element)-mediated transcription
of an array of proteins that protect against oxidative stress (3,
4). In fact, this effect has been considered as the predominant
cause for the observed protective activity of both diterpenes
in studies on their role in central nervous system (5). Besides
their well-known property for indirectly increasing endoge-
nous cellular antioxidant defenses via activation of the Keap1/
Nrf2/ARE cascade, these compounds have a potential to
modulate other multiple mechanisms causing a broad range
of effects in cellular functions and biological outcomes de-
pending on the cell model under study and the experimental
conditions (6). For instance, CA and CS may interfere with a
range of different cellular processes related to cell prolifera-
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tion, invasiveness, tumorigenesis, and survival of cancer cells.
Although CA and CS seem to share comparable antiprolifera-
tive potency they may not necessarily exert the same exact
effects at the molecular level (7–11). Indeed, the wide spec-
trum of molecular targets of CA and CS in cancer cells has
been recently reviewed by Petiwala and Johnson (12). For
instance, CS has been shown to target Bcl-2 (13), CREB-
binding protein/p300 (14), NF-kB and c-Jun (15), �-catenin
(16), p21 (9), ERK1/2 (17), Jak2/Src-STAT3 (18), AMPK-mTOR
(19), androgen receptor and estrogen receptor � (20, 21),
among others. In the case of CA, its anticancer activity has
also been linked to different molecular targets. For example,
CA blocked the epithelial to mesenchymal transformation by
inhibiting Akt phosphorylation and the secretion of several
proteins involved in the invasiveness of melanoma (18) and
colon adenocarcinoma cells (22). In another work, CA induced
apoptosis through reactive oxygen species mediated p38
activation in neuroblastoma cells (4). In human prostate car-
cinoma cells, CA increased PP2A activity, leading to Akt and
NF-kB signaling inhibition and induction of apoptosis (23). In
addition, CA has been shown to sensitize human renal carci-
noma Caki cells to TRAIL-induced apoptosis through down-
regulation of c-FLIP and Bcl-2 at the post-translational levels
and induction of DR5, Bim and PUMA transcription, events
that were attributed to the up-regulation of CHOP and ATF4
typically observed in cells under ER stress (24). Recent works
have reported the involvement of autophagy cell death in the
antiproliferative activity of CS and CA in different cancer cell
lines (17, 25). In this regard, CA-induced autophagic cell death
has been closely linked to negative regulation of the Akt/
mTOR pathway in human hepatoma cells (25). Furthermore,
blockage of Akt signaling by PTEN expression seems to be a
part of the causative mechanism for the antiproliferative effect
of CA in leukemia cells (26). CS has been also implicated in
the inhibition of PI3K/Akt and mTOR signaling pathway me-
diated by AMPK activation in G2 phase-arrested prostate
cancer cells (19). Taken together, all the reported pleiotropic
cellular and molecular effects conferred to these rosemary
diterpenes support the notion that the underlying mecha-
nisms of action of these compounds are complex and diverse.
Recently, foodomics has demonstrated to be a useful strategy
to cover the identification of a wide range of molecular
changes induced by rosemary compounds in in vitro cell
models. In this line of work, comprehensive transcriptomic
and metabolomic analyses helped on identifying global
changes induced by rosemary polyphenols on colon cancer
and leukemia cells (27–29). As an example, previous results
obtained in our laboratory have shown that a CA-enriched
rosemary extract transcriptionally trigger a strong Nrf2-medi-
ated antioxidant response in addition to the unfolded protein
response (UPR) to alleviate ER stress (29). Furthermore, the
recent application of comprehensive proteomics based on
nano-liquid chromatography-tandem mass spectrometry (nano-
LC-MS/MS) combined with stable isotope dimethyl label-

ing (DML) has generated new insights regarding the role of
autophagy and proteostasis in the cellular response to rose-
mary polyphenols, demonstrating the suitability of this pro-
teomics strategy for the investigation of the mechanisms of
action of dietary compounds in cancer cells (30). In the pres-
ent work, we have applied DML and nano-LC-MS/MS to
investigate global protein changes in HT-29 colon cancer cells
in response to individual rosemary diterpenes, CA and CS.
The objectives of this study were to: (i) identify changes in
relative abundance of proteins altered by CA and CS expo-
sures over the time; and (ii) detect differences between the
protein profiles obtained in CA- and CS-treated cells in order
to shed light on the specific molecular targets and mecha-
nisms of action of each diterpene in colon cancer cells.

EXPERIMENTAL PROCEDURES

Chemicals—ACN, methanol (MeOH), formic acid (FA), ammonia
solution, NaCl and urea were obtained from Merck (Darmstadt, Ger-
many). Ethanol was provided by VWR Chemicals (Fontenay-sous-
Bois, France). Acetone, EDTA, protease inhibitor mixture, PBS, n-
octyl-�-D-glucopyranoside (BOG), triethyl ammonium bicarbonate
(TEAB), sodium metavanadate (NaVO4), NaF, �-Glycerophosphate,
sodium pyrophosphate, (37%, v/v), iodoacetamide (IAA), DTT, CA,
CS, sucrose, MgCl2, KCl, adenosine 5�-triphosphate disodium salt
hydrate (ATP), digitonine and MG-132 were purchased from Sigma
Aldrich (St. Louis, MO). Trypsin/Lys-C Mix (Mass Spec Grade V5072)
was purchased from Promega (Madison) and deuterated formalde-
hyde CD2O (20% (v/v)) was obtained from ISOTEC (Miamisburg, OH).
Sodium cyanoborohydride (NaBH3CN) was purchased from Fluka
(Buchs, Switzerland). Ultrapure water was prepared by Milli-Q
water purification system (Millipore, Bedford, MA). N-Succinyl-
Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC) chy-
motrypsin-like substrate and purified human erythrocytes 20S
proteasome were purchased from Enzo Life Sciences (Plymouth
Meeting, PA).

Cell Culture—Colon adenocarcinoma HT-29 cells obtained from
ATCC (American Type Culture Collection, LGC Promochem, UK) were
grown in McCoy’s 5A supplemented with 10% (v/v) heat-inactivated
FBS, 50 U/ml penicillin G, and 50 U/ml streptomycin at 37 °C in
humidified atmosphere and 5% CO2. When cells reached �50%
confluence, they were trypsinized, neutralized with culture medium,
seeded at 10, 000 cells/cm2 in 78 cm2 cell culture dishes and allowed
to adhere overnight at 37 °C for 24 h.

Flow Cytometry Analysis—To study the cell cycle distribution,
HT-29 cells were treated with cytostatic concentrations of CA or CS
in complete culture medium for 24 h. After the treatment, cells were
trypsinized, washed with PBS, and fixed with 70% (v/v) cold ethanol
at �20 °C for at least 24 h. Then, fixed cells were resuspended in 0.5
ml of PI/RNase staining buffer (BD Pharmingen, San Diego, CA),
incubated for 15 min in the dark, and analyzed on a Gallios flow
cytometer equipped with a blue (488 nm) laser (Beckman Coulter,
Miami, FL). Events were gated for peak width and area to exclude
subcellular debris and aggregates. A total of 10,000 events were
recorded for each sample and a frequency histogram of peak area
was generated and analyzed using Cylchred (V.1.0.0.1) software (Uni-
versity of Wales College of Medicine, Cardiff, U.K.). Results are pro-
vided as the mean � S.E. of three independent experiments.

Western Blot Analysis—For Western blot analysis, 40 �g of protein
lysates from HT-29 cells treated for 24 h with different concentrations
of CA (GI50, TGI or LC50) or vehicle (0.2% (v/v) DMSO) were sepa-
rated in 12% Bis-Tris SDS-polyacrylamide gels by electrophoresis,
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and transferred to nitrocellulose membranes using Trans-Blot® S.D.
Semi-Dry Transfer Cell (Bio-Rad Laboratories, Hercules, CA). The
membranes were blocked for 1 h at room temperature with 5% (v/v)
nonfat dry milk in TBST (20 mM Tris, 150 mM NaCl and 0.1% (v/v)
Tween 20). Incubation with specific primary antibodies against
HSPA5 protein (dilution 1:500) from Cell Signaling (Danvers, MA)
(Cat# 3177) and �-actin protein (dilution 1:10000) from Sigma (Cat#
A2066) was performed in blocking buffer overnight at 4 °C. Horse-
radish peroxidase-conjugated anti-IgG from Sigma (Cat# A9169) was
used as secondary antibody. The specific proteins were detected
using an enhanced chemiluminescence kit (GE Healthcare, U.K.) ac-
cording to the manufacturer’s instructions. Results are shown as the
expression ratio of HSPA5 normalized to �-actin between the treated
and control samples, and a two-sample t test was applied consider-
ing significant differences when p value � 0.05.

Determination of 26S and 20S Proteasome Activity—To determine
the 26S and 20S proteasome chymotrypsin-like activity after diter-
pene treatment, HT-29 cells were incubated with cytostatic concen-
trations of CA, CS, or vehicle (0.2% (v/v) DMSO) for different times. As
a positive control, cells were incubated with 1 �M of MG-132, a
specific inhibitor of the proteasome activity. After the treatment, the
20S and 26S proteasome activities were measured as previously
described (31). Cells were trypsinized, washed with PBS and divided
equally into two aliquots. To evaluate the 20S proteasome activity,
one aliquot was resuspended in 300 �l of lysis buffer (50 mM Tris
titrated by HCl to pH 7.5, 250 mM sucrose, 5 mM MgCl2, 1 mM DTT,
0.5 mM EDTA, and 0.025% digitonin). To evaluate the 26S activity, the
second aliquot was resuspended in lysis buffer containing 2 mM ATP.
ATP prevents dissociation of the 26S proteasome into its components
and ensures its maximal activity. Cells were incubated on ice for 5
min, followed by centrifugation at 20,000 � g for 15 min at 4 °C. The
supernatants were collected and the protein concentration in the cell
lysates was determined using Bio-Rad DCTM (Bio-Rad Laboratories).
To measure the 20S proteasome chymotrypsin-like activity, 4 �g of
protein extract were incubated in 200 �l of assay buffer (50 mM Tris
titrated by HCl to pH 7.5, 40 mM KCl, 5 mM MgCl2, 1 mM DTT), for 45
min at 37 °C with 100 �M fluorogenic peptide substrate Suc-LLVY-
AMC. The ATP-dependent 26S proteasome chymotrypsin-like activ-
ity was estimated using the same procedure as for the 20S, but 2 mM

ATP was added to the reaction mixtures. After incubation, hydrolyzed
7-amino-4-methylcoumarin (AMC) was measured in a microplate
reader (Synergy HT, BioTek Instruments, Winooski, Vermont), using
an excitation filter of 360 nm and an emission filter of 460 nm. Results
are provided as the mean � S.E. of the proteasome activity relative to
the control of three independent experiments, and ANOVA with Fisher
LSD post hoc test was applied considering significant differences
when p � 0.05.

To determine the inhibitory chymotrypsin-like activity of diterpenes
in purified 20S proteasome, 200 ng of purified human erythrocytes
20S proteasome were incubated with 100 �M Suc-LLVY-AMC in 200
�l of assay buffer (50 mM Tris titrated by HCl to pH 7.5), for 45 min at
37 °C with or without different concentrations of CA, CS, or MG-132.
Hydrolyzed AMC was quantified as described above, and IC50 (50%
inhibitory concentration) was calculated from three independent ex-
periments using SigmaPlot (version 12.5) software (Systat Software
Inc., Erkrath, Germany).

Quantitative Reverse Transcription PCR (RT-qPCR)—To determine
the expression ratios of PSMC1 gene in response to CS treatment,
HT-29 cells were incubated with a cytostatic concentration of CS or
vehicle (0.2% (v/v) DMSO) for different times (2, 6 or 24 h). After the
treatment, RNA was isolated from cells using TRIzol Plus RNA Kit
(Invitrogen, Spain) according to manufacturer’s protocol. Starting
amounts of 0.5 �g of total RNA were reverse transcribed using
Transcriptor First Strand cDNA Synthesis kit with oligo(dT) primers

(Roche Diagnostics, Barcelona, Spain). Quantitative PCR was per-
formed using LightCycler® 480 Real-Time PCR and LightCycler® 480
SYBR Green I (Roche Diagnostics). The primer sequences (5�-3�)
used for PSMC1 transcript detection were PSMC1-F: TTCCGAGTT-
GCTGAAGAACA, and PSMC1-R: ATCCATCCAACTGGTTCAGC (32);
and for GAPDH transcript detection were GAPDH-F: ATCCATC-
CAACTGGTTCAGC and GAPDH-R: ATCCATCCAACTGGTTCAGC
(29). Results are shown as the expression ratio of PSMC1 normalized
to GAPDH between the treated and control cells, and a two-sample t
test was applied considering significant differences when p value �
0.05.

Experimental Design and Sample Preparation for Proteomics Anal-
ysis—For proteomic experiments, HT-29 cells were incubated with
different concentrations (GI50, 50% growth inhibition; TGI, total
growth inhibition, LC50, 50% lethal concentration) of two polyphenols
(CA, CS) or vehicle (0.2% (v/v) DMSO), for 2, 6, or 24 h. Three
biological replicates were used in the experiments, obtaining a total of
63 samples. After incubation, cells were trypsinized and washed with
1 ml of cold PBS, and 1 � 106 cells were lysed with 300 �l of lysis
buffer (6 M urea, 1% BOG, 0.15 M NaCl, 1.3 mM EDTA, 1 mM NaVO4,
5 mM NaF, 2.5 mM sodium-pyrophospate, and 5 mM �-Glycerophos-
phate in PBS) supplemented with 10 �l of protease inhibitor mixture.
The samples were incubated for 60 min at 4 °C during mild agitation,
sonicated for 30 min at 0 °C in water bath (Elma, Singen, Germany)
and centrifuged at 10,000 � g at 4 °C for 15 min (Sigma, Osterode am
Harz, Germany). Protein concentration was measured using Bio-Rad
DCTM assay and 10 �g of proteins were incubated at 4 °C for 90 min
in 500 �l of ice-cold tributylphosphate/acetone/methanol mixture
(1:12:1, v/v/v). The precipitate was centrifuged for 15 min (3,000 � g
at 4 °C), washed with 1 ml cold acetone, and finally air-dried. The
resulting pellets were dissolved in 20 �l of 1% (w/v) BOG with 20%
(v/v) ACN in 0.1 M TEAB, and the proteins were reduced with 10 �l of
45 mM DTT at 56 °C for 15 min and alkylated with 10 �l of 100 mM IAA
for 15 min in the dark. For protein digestion, samples were incubated
at 37 °C overnight in darkness with 0.5 �g of LysC/trypsin solution
(5% w/w, of total protein content). Samples were dried in SpeedVac
to remove ACN, resuspended in 70 �l of 0.1 M TEAB and water
saturated ethyl-acetate was used to extract BOG (33). The tryptic
peptide mixtures were reconstituted in 70 �l of 0.1 M TEAB and
dimethyl labeling was performed as previously described (34). Briefly,
4 �l of regular formaldehyde CH2O (4%, v/v) was added to control
samples and 4 �l of deuterated formaldehyde CD2O (4%, v/v) was
added to treated samples, marking them as light and medium respec-
tively. After vortexing, 4 �l of freshly prepared 0.6 M NaBH3CN solu-
tion was added to each sample and incubated for 60 min at room
temperature with mild agitation. The reaction was finished by adding
16 �l of 1% (v/v) ammonia solution and 8 �l of 5% (v/v) FA was added
to consume the excess of the labeling reagents. Finally, light and
medium samples were mixed together and desalted on Isolute C18
solid phase extraction columns (1 ml, 50 mg capacity, Biotage, Up-
psala, Sweden). After desalting, peptides were dried in a SpeedVac
and redissolved in 0.1% (v/v) FA to a concentration of 1 �g/�l prior to
nano-LC-MS/MS.

Nano-LC-MS/MS Analysis and Protein Database Searches—Five-
microliter aliquots containing � 1 �g of tryptic peptides were injected
into a nano-LC-MS/MS system consisting of EASY-nLC II (Thermo
Fisher Scientific, Bremen, Germany) coupled via nanoelectrospray
ionization ion source to Orbitrap Velos Pro™ mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). The peptide separa-
tions were performed on in-house packed uncoated fused silica
emitters (PicoTipTM emitter, length 150 mm, 75 �m i.d., 375 �m o.d.,
tip opening 5 � 1 �m, New Objective, Woburn, MA). The emitters
were packed with a methanol slurry of reversed-phase, fully end-
capped Reprosil-Pur C18-AQ 3 �m resin (Dr. Maisch GmbH, Ammer-
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buch-Entringen, Germany) using a PC77 pressure injection cell (Next
Advance, Averill Park, NY). The separations were performed at a flow
rate of 250 nL/min with mobile phases A (water with 0.1% (v/v) formic
acid) and B (acetonitrile with 0.1% (v/v) formic acid). A 97-min gradi-
ent from 4% B to 30% B followed by 8 min from 30% B to 48% B, 6
min from 48% B to 75% B and a washing step with 75% B for 3 min
was used. The mass spectrometer was operated in positive ion mode
with unattended data-dependent acquisition mode, in which the
mass spectrometer automatically switches between acquiring a high-
resolution survey mass spectrum in the Orbitrap (resolving power
60,000 fwhm) and consecutive low-resolution, collision-induced dis-
sociation fragmentation of up to ten of the most abundant ions in the
ion trap using normalized collision energy of 35.0 eV. Ions that were
once selected for acquisition were dynamically excluded for 30 s for
further fragmentation. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium (35)
via the PRIDE partner repository with the data set identifier
PXD004253. Annotated spectra are available for inspection (search
key c7xhnyxgyf) via the MS-Viewer tool (36) of the Protein Prospec-
tor (http://prospector.ucsf.edu/prospector/mshome.htm).

All MS raw files were collectively processed with MaxQuant (ver-
sion 1.5.2.8) (http://www.coxdocs.org/doku.php?id�maxquant:start)
(37) applying the Andromeda search engine with the following adap-
tions (38). The false discovery rate (FDR) was set to 1% for both
proteins and peptides and we specified a minimum length of seven
amino acids. MaxQuant scored peptides for identification based on a
search with a maximum mass deviation of precursor and fragment
masses of up to 20 ppm and 0.5 Da. The Andromeda search engine
was used for the MS/MS spectra search against a concatenated
forward and reversed version of the Uniprot human database (down-
loaded on February 11, 2015, containing 89,909 entries and 245
frequently detected contaminants) for quantitative study. Enzyme
specificity was set as C-terminal to Arg and Lys, also allowing cleav-
age at proline bonds and a maximum of two missed cleavages.
Carbamidomethylation of cysteine residues was set as fixed modifi-
cation whereas oxidation of methionine, phosphorylation of serine/
threonine/tyrosine and protein N-acetylation were allowed as variable
modifications. For dimethyl labeling, DimethylLys0 and DimethylNter0
were set as light labels, and DimethylLys4 and DimethylNter4 were
set as medium labels. A minimum peptide ratio count of two and at
least one “razor peptide” was required for quantification. After protein
quantification, each data set was normalized to the median of the
ratios to correct for mixing of medium and light labeled cells at 1:1
ratios, and to enable a better comparison between the different
conditions.

Statistical and Bioinformatics Analysis—Prior to any statistical anal-
ysis using Perseus software (http://www.coxdocs.org/doku.php?
id�perseus:start), identifications flagged as reverse, potential con-
taminants, or proteins identified only by site modification were ex-
cluded for further analysis, and the relative protein abundance was
transformed to the log2 scale. To identify the differentially expressed
proteins in treated cells with respect to the control group, a 1.5-fold
cutoff in relative protein abundance and a p value � 0.05 (one sample
t test) were applied in those proteins identified in at least two biolog-
ical replicates. The lists of differentially expressed proteins were
uploaded in the bioinformatics tool Ingenuity Pathway Analysis (IPA;
Qiagen, Redwood City, CA) to perform causal upstream regulator
(UR) and functional enrichment analysis. In UR analysis, the activation
state of each regulator (such as transcription factors) is predicted
based on global direction of changes in the different experimental
condition for previously published targets of this regulator. Signifi-
cance of the activation or deactivation of molecules predicted by UR
analysis was tested by the Fisher Exact test p value, considering only
the predictions with significant p value � 0.05, and regulation

z-score � �2 or 	 2, for deactivation and activation, respectively.
Functional enrichment analysis was used to identify over-represented
molecular and cellular functions in the protein data sets. Significance
of the molecular and cellular functions was tested by the Fisher’s
exact test p value.

RESULTS AND DISCUSSION

CA and CS Treatments, Protein Identification, and Quanti-
fication—The antiproliferative activity of CA and CS was pre-
viously determined and reported in (10). The response param-
eters GI50 and TGI, indicators for cytostaticity, and LC50,
indicative for cytotoxicity, were used as reference to prepare
the working concentrations in the proteomics experiments.
Based on reported data, GI50, TGI and LC50 were 33.3 � 2.8,
47.7 � 2.9, and 69.1 � 3.9 �M for CA, and 41.6 � 1.7, 52.7 �

3.0, and 70.6 � 4.0 �M for CS, respectively.
The study of cell cycle distribution can provide useful infor-

mation to determine the mechanism by which both diterpenes
induce growth inhibition. The effect of rosemary diterpenes in
cell cycle progression has shown to be cell type- and con-
centration-dependent. For instance, it has been reported
that CA and CS induce G2/M phase arrest in Caco-2 cells (9),
but CA and CS block cell cycle before and after prometa-
phase, respectively. A recent study in our laboratory sug-
gested that the effects of a CA-enriched rosemary extract on
cell cycle distribution are highly dependent on the extract
concentration (11). In the present work, we used the maxi-
mum cytostatic concentration (TGI) calculated for CA and CS
to investigate the possible changes on HT-29 cell cycle dis-
tribution exerted by these compounds using flow cytometry
analysis. As shown in Fig. 1, incubation of exponentially grow-
ing HT-29 cells with TGI concentrations of each diterpene for
24 h resulted in a substantial inhibition of cell cycle progres-
sion at different cell cycle phases. Namely, CA induced an
obvious G1 arrest on HT-29 cells, represented by the accu-
mulation of cells in the G1 phase (67.6% � 1.2) with a con-
comitant decrease in the percentage of cells in the G2/M
phase (10.5% � 1.5) with respect to untreated control cells
(57.0% � 1.5 and 17.3% � 1.6, respectively). On the other

FIG. 1. Cell cycle distribution determined by flow cytometry of
HT-29 cells incubated with or without TGI concentration of CA or
CS for 24 h (* indicates significant differences between the
treated and control samples as determined by t test, p < 0. 05).
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side, CS caused G2/M arrest as observed by the significant
increase in the cell population in that phase (42.8% � 3.9),
with a simultaneous decrease in the percentage of cells in the
G1 (46.5% � 3.6) and S phases (10.8% � 0.3). These results
give evidences that the molecular and cellular mechanisms
underlying the antiproliferative activity of CA and CS are po-
tentially distinct in HT-29 cell line.

To get insights into the antiproliferative activity of CA and
CS, the global protein changes in HT-29 cells in response to
each diterpene were investigated using quantitative proteom-
ics platform based on DML combined with nano-LC-MS/MS.
We aimed at identifying temporal changes in protein levels in
HT-29 cell lysates in response to different cytostatic and
cytotoxic concentrations of diterpenes. To achieve this, cells
were incubated with three different concentrations of the CA
and CS corresponding to the three different response param-
eters, GI50, TGI, and LC50, as well as with the vehicle (0.2%
(v/v) DMSO, as controls) for different times (2, 6 and 24 h). In
these proteomic experiments, quantitative comparison based
on stable isotope dimethyl labeling was performed on the
eighteen sets of experiments, using “light” for control cells
and “medium” labels and CA- or CS-treated cells (Fig. 2).
Using three biological replicates per group, equal protein
amounts of light-labeled and medium-labeled samples were
mixed to generate 54 samples for further analysis. All mixtures
were then analyzed using nano-LC-MS/MS analysis. MS raw
data files were then simultaneously processed with the Max-
Quant software for FDR-controlled peptide and protein iden-

tification and dimethyl labeling-based quantification (the iden-
tification and quantification of the peptides and proteins are
found in supplemental Tables S1 and S2, respectively). A total
of 1952 distinct proteins were identified (protein level FDR �

1%) with an average of 697 quantified proteins after perform-
ing all the analyses (see supplemental Table S3). The number
of proteins identified in common across the 18 experimental
conditions was 248. Relative abundance ratios were calcu-
lated for all proteins to screen the significantly altered proteins
in each experimental condition, considering all the combina-
tions of three variables (diterpene type, concentration and
exposure time; see supplemental Tables S4 and S5). In addi-
tion, and although the aim of the present work is not the study
of the phosphoproteome, 226 phosphorylated peptides (after
excluding reverse and potential contaminants, phosphosite
assignment is as reported by Andromeda) were detected
without performing any phosphopeptide enrichment (supple-
mental Table S6). In this study, the restrictive criterion to
consider a protein as significantly changed upon diterpene
exposure included a 1.5-fold change cutoff in relative protein
abundance, equivalent to log2 fold change of � 0.585; and a
p value � 0.05 (one sample t test). According to this, the total
number of proteins displaying significant changes upon CA
and CS treatments was 76 and 57, respectively (Table I and
Table II). Among them, a cluster of 26 proteins were common
to both treatments.

Then, the concordance of a protein data set obtained in the
present study and microarray data obtained under identical

FIG. 2. Scheme of the DML method
and nano-LC-MS/MS analysis fol-
lowed for the proteomics study. HT-29
cells were incubated with different con-
centrations (GI50, TGI, LC50) of two
polyphenols (CA, CS) or vehicle for 2, 6.
or 24 h. After protein extraction and en-
zymatic digestion, peptides from control
and treated samples were labeled as
“light” and “medium” respectively, and
mixed 1:1 prior to nano-LC-MS/MS
analysis.
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cell culture conditions in a previous work (30) was evaluated
to gain further insights into these data. Namely, owing to the
availability of the gene expression microarray data set (30),
the selected conditions for correlation analysis were the un-
treated and treated cells with the GI50 concentration of CA for
24 h. Transcriptomic data overlapped 92.1% of proteomic
data, representing 744 proteins for which mRNA and protein
changes were compared, providing a Pearson’s correlation
coefficient of 0.540 (supplemental Fig. S2). Of these common
molecules, 95.6% were not altered with statistical signifi-
cance, whereas 1.2% and 1.7% were significantly altered at
the protein or mRNA level, respectively. It is widely accepted
that protein abundance depends not only on transcription
rates of the gene but also on additional regulatory mecha-
nisms, such as mRNA stability, protein degradation, and
translational regulation (39). Furthermore, differences in sen-
sitivity, dynamic range or ambiguity in identification, among
other sources of variability associated with the measurement
of proteins and transcripts, may also contribute to the poten-
tial discordance between mRNA and protein abundances. In
the present study, when we considered only the 23 statisti-
cally significant proteins (shown in Table II), the direction of
the changes in 20 proteins (AKR1B10, AKR1C1, AKR1C3,
ANXA1, ASNS, CAPN2, GARS, GCLC, ME1, NAMPT, PGD,
PSAP, PSAT1, SERPINB5, SFN, SLC3A2, SQSTM1, TXNRD1,
UGDH, and WARS) correlated well with the detected changes
in their mRNAs levels. Only three of the significant hits (TXN,
GMDS, and RCN1) were not found significantly altered at the
transcript level.

Early Changes in HT-29 Proteome Upon Diterpene Expo-
sure—In order to study the dynamic of protein expression in
HT-29 cells during the course of CA and CS treatments, the
ratio of the significantly changed proteins obtained at different
incubation times were examined. Three exposure duration
times of 2, 6, and 24 h were chosen in order to analyze very
early, early, and late proteomic perturbations, respectively,
occurring in treated cells with different concentrations of in-
dividual diterpenes (Table I and Table II). Most of the changes
were detected after 24 h incubations with CA and CS. Indeed,

none of the significantly altered proteins (p value � 0.05) after
2 h treatment with GI50 concentration of CA passed the log
fold change threshold established in the present study, and
only EFHD2 and SLC25A3 were significantly altered by using
the TGI and LC50 concentrations of CA, respectively. Inter-
estingly, CS did not induce detectable significant changes in
the relative abundance of any protein after 2 h; however, after
6 h of treatment, all the tested CS concentrations up-regu-
lated the protein markers for the Nrf2-mediated antioxidant
response (HMOX1 and SQSTM1), as well as three cytosolic
chaperones, DNAJB1, HSPH1, and HSPA1A, being the latter
accumulated in a concentration-dependent fashion (Table I).
In contrast, only the highest concentration of CA altered the
levels of the oxidative stress markers, HMOX1 and SQSTM1
in HT-29 cells. Altogether, these results suggest that HT-29
cells trigger the antioxidant response upon exposure to both
diterpenes, CA and CS; however, the observed different tem-
poral and concentration effect of CS versus CA on markers for
Nrf2-signaling might be accounted for a faster activation in
cells treated with CS. In addition, the early up-regulation of
different cytosolic chaperones in CS-treated cells may be
indicative of proteotoxic stress at very early exposure times.

CA and CS Induce Different Pattern of Nrf2-dependent
Proteins in HT-29 Cells—In order to identify the molecular and
cellular functions that might be altered in response to each
diterpene, functional enrichment analysis was performed on
the protein data sets using IPA. These results (supplemental
Fig. S3) indicated that the most significant (Fisher’s exact test
p value �0.05) over-represented molecular and cellular func-
tions in data sets obtained in CA treatments were associated
with cell death and survival, whereas a significant number of
proteins related to cellular compromise was identified in the
data set obtained from CS-treated cells. Next, causal up-
stream regulator analyses of the protein profiles obtained after
24 h exposures to CA and CS were performed using IPA
bioinformatics tool to obtain a broader picture of the potential
transcriptional regulators that could be operating in the re-
sponse of HT-29 cells to diterpenes. In agreement with the
well-known ability of CA and CS to activate Nrf2 signaling (3,

TABLE I
Log2 ratio of the significantly altered proteins after the incubation of HT-29 cells with GI50, TGI and LC50 concentrations of CA and CS for 2

and 6 hours

2 h 6 h

TGI LC50 GI50 TGI LC50

Gene name log2 ratio Gene name log2 ratio Gene name log2 ratio Gene name log2 ratio Gene name log2 ratio

CA EFHD2 �0.63 SLC25A3 0.59 MISP �0.61 SDHA 0.80 HMOX1 2.26
RPS24 0.68 SQSTM1 0.68
RPS26 0.63

CS HMOX1 3.46 HMOX1 3.54 HMOX1 3.04
HSPA1A 1.22 DNAJB1 1.70 HSPA1A 1.73
SQSTM1 0.67 HSPA1A 1.53 HSPH1 0.92
PSMC4 0.63 HSPH1 0.88 SQSTM1 0.91
POF1B �0.88 SLC2A1 0.63

SLC3A2 0.60

Proteomics Profiling of CA and CS Effects in Cancer Cells
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4), causal analysis predicted significant activation of Nrf2
under most of the tested conditions with both diterpenes
(Table III). To further determine whether Nrf2 activation by CA
and CS follows the same transcriptional program, the relative
abundance of the proteins that support Nrf2 activation by
both diterpenes was examined (Table II). In general, CA ex-
erted changes that were slightly higher in SQSTM1 (also
known as p62), as well as in molecules related with the
antioxidant response and detoxication metabolism. In addi-
tion, a greater number of proteins related with NADPH gen-
eration were altered by CA treatments when compared with
those affected by CS. On the other side, only CS-treated cells
showed altered levels of eight different proteins belonging to
19S and 20S proteasome complexes. The results obtained
suggest that although both diterpenes appear to affect anti-
oxidant endogenous defenses, CA and CS induce different
Nrf2-mediated response, revealing potential relevant differ-
ences in their mode of action. Nrf2 signaling pathway has
become the subject of an intense research in last years (40).
Recent evidences highlight the complexity of Nrf2 signaling
pathway, such as for example the crosstalk with other path-
ways such as UPR or autophagy (41, 42). Thus, depending on
the cellular context and type of activation, Nrf2 signaling can
be prolonged by different mechanisms other than the classi-
cal Nrf2-Keap1, such as for example Keap1 sequestration by
p62, that may have profound biological consequences (43).

CA Activates UPR Proteins and Downregulates Proteins
Transcriptionally Controlled by E2F1—A detailed examination
of the proteomic profiles obtained after 24 h treatments and
IPA results (Tables II and III) showed other interesting differ-
ences on the cellular response to both diterpenes. Specifi-
cally, CA treatment caused up-regulation of proteins tran-
scriptionally controlled by ATF4 and XBP1, along with ER
chaperones. Proteins supporting activation of XBP1 and ATF4
included relevant molecules involved in ER-associated deg-
radation (ERAD) system, ER chaperones with key role in UPR,
amino-acyl tRNA synthetases related with tRNA charging
function, and molecules involved in essential amino acid up-
take and metabolism (Table II). Among the altered proteins,
the glucose-regulated protein of 78 kDa (also known as
HSPA5/Bip/GRP78) was found up-regulated in a concentra-
tion dependent manner after 24-h exposure with CA. It has
been well established that up-regulation of HSPA5 is a marker
of ER stress and a central regulator of the activation of UPR
transducers (44). The elevation in HSPA5 relative abundance
in cells treated with the different CA concentrations compared
with control cells was confirmed by Western blot using com-
mercially available antibodies against HSPA5 protein and
�-actin (supplemental Fig. S4). Consistent with the quantifi-
cation by mass spectrometry, the relative levels of HSPA5
protein were significantly increased in CA-treated cells with
TGI and LC50 concentrations at 24 h of treatments. It is well
recognized that ATF4 can be activated/induced independ-
ently of the UPR. For instance, ATF4 activation is an important
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event within the integrated stress response (ISR) that can be
triggered by amino acid starvation, heavy metals and heme
deficiency, and viral infection, as well as ER stress (45). How-
ever, the ISR does not seem to involve XBP1 activation. In our
study, the coincident activation of ATF4 and XBP1, which are
respective regulators of two independent signaling branches
of UPR, in CA-treated cells is coherent with UPR activation.

Until recently, activation of the UPR signaling was unequiv-
ocally indicative of ER-luminal sensing of unfolded or mis-
folded protein accumulation. However, some recent works
have described an alternative activation of the UPR that in-
volves other types of signals, such as some mitogenic hor-
mones, that do not originate in the ER lumen (46, 47). This
alternative UPR activation appears to act in an “anticipatory”
mode to cope with a future requirement for increased protein
folding capacity because of protein secretion or cell prolifer-
ation, instead of the more classical “reactive” mode of UPR
aimed at alleviating pre-existing ER stress (48). In the antici-
patory mode of UPR pathway, hormones induce a moderate
and transient increase in intracellular calcium that results in
weak activation of the UPR (does not strongly activate PERK-
ATF4 signaling). In our study, such UPR signaling pattern
does not seem compatible with the observed elevated levels
of the eleven ATF4-regulated proteins in CA-treated cells. In
support of the activation of the reactive mode of UPR by CA
treatment, several published studies suggest that CA induces
ER stress in various cell types (21, 24, 29, 49). Also, it has
been shown that the UPR contributes signals to cell death
pathways in CA-treated cells as consequence of severe or
unresolved ER stress that determine cell fate (21, 24), a mech-
anism that does not occur in the anticipatory UPR (48). It has
been suggested that this effect was caused by a redox im-
balance because of the elevation of intracellular reactive ox-
ygen species (ROS) levels, a condition that is generally be-
lieved to alter ER homeostasis (24). In this regard, high
concentrations (	30 �M) of CA have been shown to induce
ROS generation in HT-29 and other cell types (4, 11). Numer-
ous environmental, physiological and pathological insults, as
well as nutrient fluctuations, disrupt the ER protein-folding
environment to cause ER stress (50). Recent studies carried
out in our laboratories have demonstrated that a CA-enriched
rosemary extract also induces intracellular ROS and UPR
activation in colon cancer cells (29, 30). Our present results
suggest that CA is one of the bioactive compounds in the
extract contributing to the activation of such response to
stress. However, further detailed investigation of this aspect
will be required to elucidate how this diterpene can contribute
to ER stress.

Furthermore, IPA causal analysis predicted deactivation of
E2F1 transcription factor in cells treated with TGI concentra-
tion of CA (Table III). E2F1 belongs to the E2F family of
transcription factors that, in combination with retinoblastoma
(Rb) family tumor suppressor proteins, controls DNA replica-
tion and cell cycle progression. The Rb/E2F pathway plays a

pivotal role in regulating the initiation of DNA replication, and
disruption of the pathway is common in virtually all human
cancers (51). Although E2F is involved in a variety of cellular
activities, the best understood function of E2F is to regulate
transcription of genes involved in the transition from G1 to S
phase, regulators of S phase entry and components of the
DNA replication machinery. Our observations indicate that
transcriptional targets of E2F1 essential for DNA synthesis
(RRM1, TOP2A) and cell cycle progression (COPS8, RBBP4)
were down-regulated in CA-treated cells (Table II). In support
of a decreased E2F1 transcriptional activity, our data shows
that the tumor suppressor SERPINB5 (also known as maspin)
was up-regulated in CA-treated cells. Published data suggest
that maspin controls cell cycle; specifically, it has been shown
that maspin down-regulation by E2F1 activation accelerates
cell cycle progression in gastric cancer (52). CA treatment
additionally induced down-regulation of various proteins di-
rectly involved in the generation of pyrimidine (CAD) and
purine (GMPS, HPRT1) nucleotides needed for DNA synthe-
sis, as well as proteins involved in DNA replication (NAP1L1,
NASP) and cell proliferation maintenance (MKI67), suggesting
that CA treatment attenuates all these cellular processes. In
agreement with previous transcriptomic studies carried out on
CA-enriched extracts (29), our data show that the response
mediated by down-regulation of E2F1 transcriptional activity
constitutes a reasonable link to the G1 phase arrest observed
in CA-treated cells, and provides a potential explanation for
the inhibitory effect of this diterpene on HT-29 cell prolifera-
tion. Also, connected with some of these observations, the
expression levels of TOP2A, MKI67 and E2F1 have recently
shown to provide valuable prediction in the prognosis of
cancer (53). Our data also showed that CS down-regulated
various proteins, such as CBX3, HIST1H2AJ, and HMGN2,
with recognized key roles in epigenetic control of chromatin
structure and gene expression. Particularly, CBX3 has re-
cently shown to promote colon cancer growth by directly
repressing expression of p21, an inhibitor of cellular prolifer-
ation in response to DNA damage (54).

Rosemary Diterpenes Altered Cell Adhesion and Cytoskel-
etal Proteins—Other findings of our present study revealed
the alteration of proteins with a key role in cell adhesion and
colorectal cancer (Table II). For instance, LC50 CA treatment
caused substantial increase in the relative abundance of
GCNT3, a protein that has been shown to suppress cell
adhesion, motility, and invasion of colon cancer cells (55).
GCNT3 is frequently expressed at low levels in the majority of
colorectal carcinomas whereas its overexpression dramati-
cally inhibits colon cancer cell growth in vitro and in vivo. Such
effects have been associated with its ability to induce carbo-
hydrate changes on the cells surface affecting cell-extracel-
lular matrix interactions. In recent years, GCNT3 expression
has gained relevance and it has been recently proposed as a
promising biomarker for colon cancer to monitor the response
to chemotherapy (56). The GCNT3 up-regulation in CA-
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treated cells observed in the present study is coincident with
other published data associating the GCNT3-inducing effect
of CA and CA-enriched rosemary extracts with their antitumor
effect on colon and pancreatic cancer cell lines (56). In con-
trast, the relative abundance of CD44 and MUC5AC proteins
significantly decreased in CS-treated cells with LC50. CD44 is
a cell surface marker for cancer stem cells in various tumors
and a major adhesion molecule for the extracellular matrix. It
has been implicated in tumor cell invasion and metastasis (57)
and its ablation triggers growth arrest in proliferative tumor
cells (58). De novo synthesis of MUC5AC, a secreted gel-
forming mucin normally found in the stomach, has been re-
ported in colon carcinomas (59). This mucin is involved in the
formation of a biological inhibitory complex toward E-cad-
herin, a key component for the maintenance of cell-cell ad-
hesion. In HT-29 cells, the loss of MUC5AC expression has
been linked with a gain of function of E-cadherin, resulting in
the loss of their invasiveness (60). Among the altered cyto-
skeletal proteins, it is interesting to note the down-regulation
of SLC9A3R1 by CA and CS treatments. This protein is a
known scaffold for epidermal growth factor receptor (EGF-R),
and has also been suggested as marker of colorectal cancer
progression on the basis of its expression and subcellular
localization (61). Specifically, this marker appears to play a
central role in maintaining the integrity and capacity of EGF-
R proliferative signaling pathways in HT-29 cells (62).
SLC9A3R1 downregulation has been reported to shut down
the entire pathway and the cells revert to a less proliferative
phenotype. Taken together, our results show that CA and CS
treatments modulate proteomic changes that affect cytoskel-
eton, cell-surface and secreted molecules. The observed
changes suggest that rosemary diterpenes affect cell adhe-
sion to extracellular matrix, and therefore, reduce the invasive
potential of HT-29 cells. Similarly, Barni et al. have demon-
strated that CA inhibited the cell adhesion and migration
functions in Caco-2 cells; although in that case the effects
were associated to the decreased activity of secreted pro-
teases and down-regulation of COX-2 expression (22).

CS Inhibits Proteasome Activity in HT-29 Cells—As men-
tioned above, our data obtained at 24 h indicate that CS
modulates the levels of various protein subunits which are
critical for 26S proteasome functions. The 26S proteasome is
a multienzymatic protease complex with a central role in the
ubiquitin-proteasome system, which is responsible for turn-
over and removal of intracellular abnormal proteins (63) and
has a pivotal role in the regulation of many cellular processes
including signal transduction, transcription, stress responses,
cell differentiation, and metabolic adaptation (64–66). The
26S proteasome consists of one 20S core proteasome with
multicatalytic activity and two 19S regulatory caps (67–69).
The 19S regulatory caps contain the lid, which is responsi-
ble for recognition and docking of polyubiquitinated pro-
teins into the 20S complex, and the base, which has ATPase
activity needed for the unfolding and linearization of pro-

teins (70). The 20S core can also exist in a free form that is
often referred to as the 20S proteasome, and in contrast
with the 26S proteasome, the 20S proteasome functions
independently of ATP and is unable of degrading polyubiq-
uitinylated proteins (71).

Unlike normal cells, several cancer cells show aberrant
increased proteasomal activity that promotes the degradation
of tumor suppressor proteins and cell cycle proteins favoring
cancer cell survival, high proliferation rates, and development
of drug resistance (72–82). In our present work, to further
examine whether the changes in the relative abundance of
proteasome subunits induced by CS accounted for changes
in the proteasome activity, the chymotrypsin-like activity of
the proteasome was assessed in cells after diterpenes expo-
sure for different times (2, 6 and 24 h). MG-132, a well-known
proteasome inhibitor was used as positive control. After incu-
bations, 26S and 20S proteasome activities were assayed in
cell extracts with the Suc-LLVY-AMC labeled peptide under
ATP-stimulated and ATP-independent conditions, respec-
tively. Data revealed that CS treatment decreased both pro-
teasome activities at the earliest time assayed (2 h) in HT-29
cells (Fig. 3A and 3B). Proteasome activity further decreased
down to 50.5% upon exposure to CS for 6 h, but it increased
in the window from 6 to 24 h to levels close below those
detected in untreated control cells. In contrast, CA treatment
did not induce significant changes in either 26S or 20S pro-
teasome activity. We therefore hypothesize that CS directly
inhibits the 20S proteasome catalytic activity. To test this
hypothesis, rosemary diterpenes were tested for their capac-
ity to inhibit chymotrypsin-like activity in 20S purified protea-
some. As shown in Fig. 3C, the profile of proteasome inhibi-
tion shows that CA failed to inhibit proteasome activity when
tested to concentrations up to 50 �M whereas CS inhibited
proteasomal function with an IC50 value of 16.5 �M (Fig. 3D).
Compared with the stronger inhibitory activity of MG-132
(IC50�70 nM, Fig. 3E), CS was �200-fold less potent, sug-
gesting that CS is a weak inhibitor of 20S proteasome activity.
The inhibitory activity of CS observed in HT-29 cells and the
successive activity recovery correlated with proteasome sub-
unit up-regulation detected at 24 h. To investigate whether the
changes in the relative abundance of proteasome subunits
were determined by gene expression, the transcriptional pro-
file of PSMC1 gene, that encodes a 19S proteasome subunit,
was analyzed over the time course of the experiment using
RT-qPCR (see supplemental Fig. S5). Gene expression data
indicated a strong induction (more than 2-fold) of PSMC1
gene at 6 h after initial exposure to CS that was sustained until
24 h. As mentioned above, proteomic data revealed a signif-
icant increase (0.73 as log2 ratio, equivalent to 1.7-fold) in the
relative abundance of PSMC1 protein at 24 h, suggesting that
the observed change in the proteasome subunit is related with
changes in gene expression. These results are in full agree-
ment with other recent works evidencing that cells increase
the expression of proteasome subunits in response to partial

Proteomics Profiling of CA and CS Effects in Cancer Cells

Molecular & Cellular Proteomics 16.1 17

http://www.mcponline.org/cgi/content/full/M116.061481/DC1


proteasome inhibition as a compensatory mechanism to raise
proteasome content (83, 84). Although reversible proteasome
inhibition by CS cannot be discarded in the present study, the
detected elevation of proteasome abundance provides rea-
sonable evidence to explain, at least in part, the observed
recovery of proteasome activity after 24 h of exposure to CS.
In this regard, different reports suggest that Nrf1 and Nrf2
transcription factors control the induction of proteasome sub-
units genes in several cell types (85, 86). However, it appears
that only Nrf1 up-regulates proteasome genes upon protea-
some inhibition (32). It has been recently observed that the
compensatory response mediated by proteasome inhibition
and Nrf1 also involves the up-regulation of VCP (also known
as p97), a protein with a key role in the Nrf1 translocation for
subsequent processing and activation (84, 87). Consistent
with Nrf1 activation, our proteomic data indicated increased
levels of VCP/p97 suggesting that up-regulation of protea-
some subunits in CS-treated cells could be potentially medi-
ated by Nrf1 transcriptional activity. Proteasome inhibition
frequently results in G2/M phase cell-cycle arrest and, ulti-

mately, in cell death (72, 88–90), which is in good agreement
with the observed effects induced by CS in our present study.
Such deleterious effects induced by proteasome inhibition,
are frequently more significant in neoplastic cells than in
normal cells (91). In last years, the proteasome has emerged
as an attractive therapeutic target for the treatment of cancer
(92). Some proteasome inhibitors have shown to be particu-
larly effective in the sensitizing drug-resistant tumors (78, 93).
However, their clinical use is limited by their typical elevated
toxicity. It has been suggested that proteasome inhibitors
from natural food sources with low toxicity can be potential
anticancer agents (93). According to our results, CS could be
a promising proteasome inhibitor of comparable potency to
other dietary polyphenols, such as genistein, kaempferol,
quercetin, and myricetin, with reported inhibitory effects on
the 20S proteasome proteolytic activity (94, 95). With regard
to their chemical structures, CA and CS are very similar in that
they are ortho-diphenolic diterpenes with abietane carbon
skeleton containing hydroxyl groups at positions C-11 and
C-12. The only existing structural difference is that CS has a

FIG. 3. Inhibition of the proteasome activity in HT-29 cells after incubation with TGI concentration of CA or CS for 2, 6 and 24 h. A,
26S proteasome activity; B, 20S proteasome activity. Concentration dependent inhibition of the chymotrypsin-like activity of the purified 20S
proteasome. C, Carnosic acid; D, Carnosol; E, MG-132.
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lactone moiety across the B ring, whereas CA has a free
carboxylic acid group. Thus, it may be reasonable that pro-
teasome inhibitory activity exerted by CS may be linked to the
lactone moiety. In this regard, a nonpeptide inhibitor bearing
a �-lactone moiety was reported to irreversibly react with the
proteasome’s active site threonines and inhibit its chymotryp-
sin-like activity (96). Following a similar mechanism, the ester
bond in (-)epigallocatechin-3-gallate and other green tea poly-
phenol derivatives was found to have high susceptibility to-
ward a nucleophilic attack by the proteasome leading to the
acylation of the reactive site threonine and subsequent inhi-
bition of the catalytic activity (97). This allows us to speculate
that the ester bond found in the lactone moiety of CS may be
involved in its inhibitory activity. However, further research will
help to elucidate the structure-activity relationship of CS with
proteasome inhibition activity.

Our proteomics data also indicated a strong pattern of
HSPA1A and HSP90AA1 accumulation in CS-treated cells
compared with control (Table I and II), suggesting the activa-
tion of cytoprotective heat shock response to alleviate loss
of protein homeostasis in the cytosolic compartment. Inter-
estingly, HSPA1A gene expression is controlled via rapid
activation of heat shock factor-1 (HSF1) and is normally
induced by proteasome inhibitors (98). Recent data suggest
that HSPA1A overexpression protects cancer cells from
proteasome inhibitors toxicity by promoting lysosomal in-
tegrity (99). To target this survival response, chaperone
inhibitors alone or in combination with proteasome inhibi-
tors have been widely investigated as a therapeutic strategy
in some cancers; however, because of the induction of other
chaperones as compensatory mechanisms, this approach
has not progressed to clinical trials. This is in line with
recent strategies that highlight the advantage of targeting
the master transcription factor HSF1 to enhance the impact
of proteasome inhibition (100).

CONCLUSIONS

Collectively, our results suggest that although both CA and
CS activate the Nrf2 pathway, they induce distinct Nrf2-me-
diated transcriptional programs that may potentially consti-
tute different mechanisms of action. The proteomic study
carried out in the present work suggests that CA and CS
cause cellular stress by negatively altering cell proteostasis.
However, a detailed examination of our data reveals that each
diterpene affects protein homeostasis by different mecha-
nisms. Thus, cellular response to CA involved reactive UPR
activation, a signaling network commonly triggered by ER
stress. On the other hand, HT-29 cells activated the cytopro-
tective heat shock response, constituted by increased levels
of cytosolic chaperones that potentially alleviate the loss pro-
tein homeostasis upon CS-mediated proteasome inhibition. In
our present work, we have successfully demonstrated that CS
directly inhibits chymotrypsin-like activity of the 20S protea-
some. Other concurrent protein changes affecting DNA syn-

thesis and replication, cell cycle progression, cell adhesion
and cytoskeleton functions, among others, corroborate the
“pleiotropic” character of the effects exerted by both diter-
penes at the molecular level. In summary, our unbiased pro-
teome-wide strategy has proven to be a powerful tool to
reveal differences on the mechanisms of action of two related
bioactive compounds in the same biological model.
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27. Valdés, A., Simó, C., Ibáñez, C., Rocamora-Reverte, L., Ferragut, J. A.,
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