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Abstract: When new antitumor therapy drugs are discovered, it is essential to address new target
molecules from the point of view of chemical structure and to carry out efficient and systematic
evaluation. In the case of natural products and derived compounds, it is of special importance to
investigate chemomodulation to further explore antitumoral pharmacological activities. In this work,
the compound podophyllic aldehyde, a cyclolignan derived from the chemomodulation of the natural
product podophyllotoxin, has been evaluated for its viability, influence on the cell cycle, and effects on
intracellular signaling. We used functional proteomics characterization for the evaluation. Compared
with the FDA-approved drug etoposide (another podophyllotoxin derivative), we found interesting
results regarding the cytotoxicity of podophyllic aldehyde. In addition, we were able to observe the
effect of mitotic arrest in the treated cells. The use of podophyllic aldehyde resulted in increased
cytotoxicity in solid tumor cell lines, compared to etoposide, and blocked the cycle more successfully
than etoposide. High-throughput analysis of the deregulated proteins revealed a selective antimitotic
mechanism of action of podophyllic aldehyde in the HT-29 cell line, in contrast with other solid
and hematological tumor lines. Also, the apoptotic profile of podophyllic aldehyde was deciphered.
The cell death mechanism is activated independently of the cell cycle profile. The results of these
targeted analyses have also shown a significant response to the signaling of kinases, key proteins
involved in signaling cascades for cell proliferation or metastasis. Thanks to this comprehensive
analysis of podophyllic aldehyde, remarkable cytotoxic, antimitotic, and other antitumoral features
have been discovered that will repurpose this compound for further chemical transformations and
antitumoral analysis.

Keywords: natural products; podophyllic aldehyde; podophyllotoxin; etoposide; functional
proteomics; antibody microarray; cell cycle; high-throughput screening

1. Introduction

Drug therapy, along with surgery, radiotherapy, and biological therapy, is still the
leading approach for cancer treatment. Despite the current widespread knowledge of
chemotherapy, the discovery of new targets for cancer treatment remains a goal of drug
discovery [1]. The complexity of this disease requires targeted and effective approaches in
terms of both chemical design and biological features [2,3].
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Among the existing strategies for rational drug design, chemically modulating the
activity of available drugs is a very successful approach in the field of medicinal chem-
istry [4,5]. Specifically, in natural product-based structures for cancer therapy, a great
number of molecules have been identified as “hit compounds” and employed as a starting
point for further chemical modifications; this number is still increasing [6].

An example of profitable results by chemical modification is the case of the natural
product podophyllotoxin (Figure 1). Based on traditional medicine, podophyllotoxin, a
cyclolignan obtained from species of the genus Podophyllum, has been used both for its
intrinsic cytotoxic effect and, subsequently, for its chemomodulation activity [7]. As a
result of its features, this natural compound is used in the treatment of venereal warts
and has led, by chemical transformations, to the FDA-approved compound etoposide [8].
The structural modification of etoposide with respect to the podophyllotoxin skeleton
is marked by epimerization and the inclusion of a bulky substituent at the C-7 position
(Figure 1). This modified structure favors the biopharmaceutical and pharmacological
profile with respect to the natural product (the side effects of systemic administration of
podophyllotoxin are avoided) and led to the inclusion of this compound in chemothera-
peutic protocols. Furthermore, from the point of view of the structure–activity relationship
of podophyllotoxin-based cyclolignans, it offered a new perspective. Etoposide is a DNA
topoisomerase II inhibitor [9,10], as contrasted with podophyllotoxin, which is a potent
antimitotic that inhibits tubulin assembly [11]. Multiple chemomodulation strategies have
been performed on podophyllotoxin in an attempt to mimic the structural modifications
of etoposide to obtain new DNA topoisomerase II inhibitors [12,13]. However, modu-
lating podophyllotoxin in an attempt to promote its potent antimitotic effect is also of
particular relevance.
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Figure 1. Structures of podophyllotoxin (indicating their most relevant positions with numbers) and
the two semisynthetic derivatives etoposide and podophyllic aldehyde. The figure also represents
the natural source of podophyllotoxin (Podophyllum spp.) and the corresponding targeted proteins
for the compounds studied in this work: DNA topoisomerase II for etoposide and microtubules for
podophyllic aldehyde.

A key chemical feature of the natural product podophyllotoxin is the presence of a
γ-lactone forming the aryltretraline skeleton [8]. This aggrupation was presumed to be
essential for interaction with β-tubulin, leading to inhibition of microtubule polymerization.
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However, previous studies involving lactone cleavage and functionalization of the chemical
groups have yielded compounds that maintain antimitotic and cytotoxic potency [14,15].
Among them, a compound with a methyl ester in C-9’ and presenting an α,β-unsaturated
aldehyde grouping at the C-9 position was highlighted for its selectivity and far-reaching
podophyllotoxin activity (IC50 at the nanomolar level). Several examples of chemomodu-
lation of this compound, named podophyllic aldehyde (Figure 1), support the relevance
of this small molecule as a promising lead compound for the development of new ther-
apies based on lactone-lacking cyclolignans [16]. However, despite the background of
etoposide and other podophyllotoxin-derived cyclolignans, the effect at the cell signaling
level triggered by this chemomodulation on its targets remains to be elucidated. More
assessments are required for an in-depth understanding of its various activities on the
cyclolignan skeleton.

Unraveling the complex challenge of understanding a drug’s mechanism of action
in cancer therapy requires multiple strategies to decipher the intracellular signaling of
newly emerging entities. Functional proteomics is one of the omics that is of particular
relevance in drug discovery [17,18]. Knowledge of the relative protein levels is essential
in order to map intracellular signaling and to respond to the particularities of each drug.
High-throughput screening of proteins has made it possible to decode interactions of drugs
and the microenvironment, decipher drug resistance mechanisms, and enable the building
of proteomic profiles that can be correlated with the targeted pathologies [19–21]. For this
purpose, antibody microarrays have been shown to serve as a useful tool in drug design
and biomarker discovery [22,23]. These types of nanodevices provide a great amount of
information from a small sample size. They are also affordable and yield reproducible and
comparable results. Furthermore, they provide rapid detection of the targeted protein by
the specific antibody bound onto the surface (Figure 2) [24].
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To decipher the specific proteomic profile of podophyllic aldehyde (PA) as a lead
compound, here we propose a comprehensive screening of this compound in several tumor
cell lines, evaluating first its cytotoxicity and influence in cell cycle and then selecting
the most highlighted conditions to further explore new proteomics insights. Aiming to
provide a broader view of the activity of the cyclolignan skeleton, and given its importance
in clinical practice, the activity of PA is correlated with the drug etoposide (ETO). With
this study, particularities and similarities will be systematically explored, considering
both pharmacological entities that share structural requirements but present different
mechanisms of action.

2. Results
2.1. Cytotoxic Analysis and Cell Cycle Evaluation

The first operation in the antitumoral profile analysis was the evaluation of the cyto-
toxic effect of ETO and PA in different tumor cell lines. Our study focused on the search
for the antitumor mechanisms of PA compared to ETO. In this sense, taking into account
the safety and proven efficacy of ETO in chemotherapy and against different types of
tumors [25,26], different and diverse tumor lines have been included in order to explore
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the derived mechanisms of action. PA is a compound previously studied by our group,
including various tumor lines (A549, HT-29, and MCF-7) [14,16]. In other studies, we tested
PA in non-tumor cell lines, and the absence of toxicity was confirmed [27].

In order to broaden perspectives and find new selectivity trends, other lines of the
same tumor type have been included: H460, Caco-2, and MDA-MB-231. In addition,
hematological lines that had not previously been studied with PA and that are one of the
applications of ETO have been added. Thus, cytotoxicity was explored in four different
types of neoplasia: lung cancer (A549 and H460), colorectal cancer (HT-29 and Caco-2),
breast cancer (MCF-7 and MDA-MB-231) and hematologic neoplasia (Jurkat for T cells and
Ramos for B cells). In our previous experience with PA, we have observed that there is
a great difference in the behavior of the compound when antitumoral effect is explored
at different times of incubation [16]. Based on previous reports [14–16], we have chosen
72 h of incubation as the endpoint that ensures the correlation of cytotoxicity with other
parameters studied [16]. Also, PA shows great chemical stability at long incubation times,
since the potential oxidation of this product is nearly inactive [28].

In terms of IC50 values (Table 1), overall, it appears that PA is more cytotoxic than ETO
in solid tumors, while the opposite is observed in the analyzed immune cells. In terms
of the tumors studied, we were able to observe that there is a certain selectivity between
studied tumor cell lines of the same pathology, with one of the two compounds studied
having a greater cytotoxic effect than the other in the most cases. Also, we observed a
decrease in IC50 of nearly 50-fold, or even more, in PA, compared to ETO in HT-29, which
showed a 10-fold decrease in A549, H460, Caco-2, and MCF-7. On the other hand, the
hematological lines were the least sensitive, with none of the tested conditions reaching an
IC50 in the sub-micromolar range.

Table 1. Cytotoxicity values (IC50, µM) ± standard deviation (SD) of etoposide (ETO) and podophyllic
aldehyde (PA).

Lung Cancer Colorectal Cancer Breast Cancer Hematologic Neoplasia

A549 H460 HT-29 Caco-2 MCF-7 MDA-MB-231 Jurkat Ramos

ETO 0.802 ± 0.231 0.842 ± 0.39 1.25 ± 0.02 1.06 ± 0.64 0.751 ± 0.002 0.256 ± 0.046 7.09 ± 0.19 6.45 ± 0.53

PA 0.0371 ± 0.0134 0.088 ± 0.011 0.0283 ± 0.0015 0.197 ± 0.058 0.0663 ± 0.0182 0.430 ± 0.023 5.23 ± 0.17 >100

Cell cycle analysis was conducted with the most sensitive cell line in the cytotoxic
assay for PA within each type of tumor (lowest IC50 for the cell lines tested). Following our
experience in previous studies [14–16], we conducted cell cycle assays at shorter times of
incubation (24 h). PA is able to successfully show cell cycle arrest at 24 h, and this blockade
correlates with the cytotoxicity observed at longer incubation times. Taking into account
these prior results, ETO and PA were evaluated at 1 µM and cell cycle phases and relative
number of cells in G0/G1, S, and G2/M were quantified and depicted in Figure 3.

As can be observed in the cell cycle diagrams, PA totally arrested the cell cycle in the
G2/M phase in solid tumor cell lines H460, HT-29, and MCF-7; meanwhile, in the Jurkat
cell line, the cell cycle profile remained unaltered. ETO has a more heterogeneous profile
depending on the cell line. In terms of the % of cells in the G2/M phase, the MCF-7 cell
line presented a partial block where there was a similar number of cells in the G0/G1
phase and in the G2/M phase. For its part, in HT-29 and the Jurkat cell line, ETO increased
the G2/M cell number with respect to G0/G1. In the case of the lung tumor line H460,
a complete cycle blockade was observed with ETO treatment. The identification of these
different profiles of cytotoxicity and cell cycle arrest encourage us to explore these two
aspects further in a more detailed study of the intracellular proteomic profile.
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2.2. Functional Proteomic Profiling of Etoposide and Podophyll Aldehyde for Cell Death Mechanisms

ETO and PA showed a differential proteomic profiling in tumor cell lines H460, HT-29,
MCF-7, and Jurkat under protein microarray-based analysis (Figure 4).

For this purpose, tumor cells were treated and cell lysate was incubated in a protein
microarray customized for the study of intracellular signaling pathways [29]. After incuba-
tion, a preliminary formal analysis was performed, obtaining the total number of proteins
that were significantly deregulated with respect to the control conditions (cells without
treatment). This study was primarily focused on determining the specific profile for each
of the compounds tested. Therefore, significant proteins between the two profiles were
compared side by side, and specific selected proteins for each profile were depicted in Venn
diagrams (Supplementary File S1 contains the detailed list of proteins).

At first glance, interesting differences between the cell lines and the compounds can
be observed. In two cell lines, H460 and MCF-7, there is a similar number of deregulated
proteins for both compounds. However, in the cell lines HT-29 and Jurkat, it seems that
a higher alteration at the protein level is observed in the ETO profile in comparison with
PA. Also, there is a correlation in the total number of altered proteins observed for the
compounds in the cell lines; this number was higher in the HT-29 and Jurkat cell line
(95 deregulated proteins in both) compared with H460 and MCF-7 (79 and 74, respectively).
Another observation regarding the number of downregulated proteins concerns the number
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of proteins shared by both compound profiles. In solid tumor cell lines, ETO and PA shared
a similar number of proteins, but in the Jurkat cell line, the number was increased. In this
case, the number of proteins was doubled compared with those of solid tumors.
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Figure 4. Proteomics overview for etoposide (blue) and podophyllic aldehyde (purple). (A) Venn
diagrams represent the number of deregulated proteins (% in brackets) produced with respect to the
control for both compounds. The diagram shows the number of unique proteins for etoposide and
podophyllic aldehyde and the number of shared proteins. (B) Enrichment analysis: functions related
to deregulated unique proteins for both compounds, showing functions with the highest number of
proteins (top 10) and the number of proteins for each function.
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To decipher a more detailed profile of the proteins deregulated by each of the com-
pounds, a functional enrichment was carried out with those particular proteins deregulated
by ETO and PA. In Figure 4B, the biological functions that presented a higher number of
proteins for each of them is shown. In this case, different implications can be observed
for the compounds. As expected, protein microarray content (Supplementary File S2)
can lead one to decipher alterations in common cellular functions (such as disease, signal
transduction, etc.); however, it was possible to establish and identify trends by analyzing in
more detail the top 10 functions obtained in proteomic enrichment.

Comparing ETO and PA in the H460 line, PA presents a specific profile based on
apoptosis, cell stress, and signaling through the AKT pathway, while ETO only presents
cell cycle function as a specific pattern of cell death. In the HT-29 cell line, cycle inhibition
is also repeated for ETO. In the case of PA, up to three functions have been found within
the top ten functions related to the cell cycle, which may suggest a great weight for this
type of signaling for this compound in this cell line.

Concerning the analysis of MCF-7, the ETO profile again shows the cell cycle function,
as well as two others related to the process of cell death by apoptosis (apoptosis and
programmed cell death). However, no specific cell death functions are observed in the PA
profiles, despite the cytotoxicity and cell cycle results obtained. This is highlighted, in this
case, in the way that immune-related processes are represented in the top 10 functions.
Finally, in the Jurkat cell line, ETO also exhibits cell cycle function, as do the previous lines.
In this case, PA presented a very limited number of specific proteins that did not result in
particular functions in the enrichment conducted, apart from the general ones. As can be
seen in all cell lines, cell cycle-related functions were prominent in the profile of ETO, which
is related to its usual mechanism as a DNA topoisomerase II inhibitor. This compound
showed homogenous signaling transversely in the cell lines studied. However, in the case
of PA, it seems that signaling is more heterogeneous among cell lines, with conditions where
no signaling related to cell cycle was detected between the top 10 functions, in contrast
with HT-29, where these functions play an important role in the proteomic profile analyzed.

2.3. Comprehensive Analysis of Cell Cycle and Apoptosis Proteomic Profiles

Functional analysis approaches were also used to examine the differences and similar-
ities between ETO and PA in their cell cycle and apoptosis profiles (Figure 5).

These two processes were selected given the described mechanism of action of PA in
previous works [15], the existing literature on ETO [9,10] and the findings of the global
functional enrichment presented in the previous section (Figure 5). All the proteins analyzed
from the microarray were functionally enriched, and pathways corresponding to the
processes under study were selected (see Section 4.4.2 in Materials and Methods). The
proteins that were significant for each cell line were compared with the proteins of each
pathway, and the results were merged between all cell lines. The Venn diagrams in Figure 5
(panels A, B, D, and E) represent the unique features of each cell line, including H460 (blue),
HT-29 (yellow), MCF-7 (green), and Jurkat (red), as well as the intermediate regions that
match one, two, three, or all cell lines.

In general, different proteins have been detected for each condition of compound tested
and for each cell line in the cell cycle analysis (Figure 5A,B), highlighting the different
mechanisms observed previously in this study. Our first insight was that we were able
to observe that the HT-29 line is very different from the others in terms of its particular
signaling. This fact was observed in both compounds (six and eight proteins, in particular,
for ETO and PA, respectively). On the other hand, it appears that the H460 cell line is the
least sensitive, as shown in the cell cycle profile. In this case, only three and four proteins
were detected for PA and ETO, respectively, and concretely, in the ETO condition, none of
the proteins belonged to a unique signaling for the compound in this cell line. This was
repeated in the Jurkat cell line in signaling for PA and ETO. In contrast to the results for the
H460 line, in the case of ETO in the Jurkat cell line, more proteins were detected for this
cell line, but these overlapped with other cell lines’ signaling (nine proteins). In terms of



Int. J. Mol. Sci. 2024, 25, 4631 8 of 17

these proteins in the Jurkat cell line, there was a total overlap with MCF-7 proteins: both
cell lines shared this signaling.
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(A,B,D,E) Venn diagrams combine results from the four tumor cell lines studied based on cellular
process (cell cycle and apoptosis). Panel (C) shows the levels of proteins detected for PA in cell cycle
analysis of each cell line. Panel (F) shows the levels of proteins BID and TP53 detected for the four
cell lines with PA. * = p < 0.05; ** = p < 0.01; *** p < 0.001.
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To further investigate PA signaling, Figure 5C represents the relative abundances
(Z-score) of the specific proteins of each cell line concerning the control. Proteins for HT-29
were related to cyclin-type proteins responsible for cell cycle control (CCND1, CCND3, and
CDKN1B), BRCA1 (e.g., as a modulator when DNA was damaged), signaling related to
proliferative pathways (MPK1 and AKT1), and other proteins related to the mitotic spindle
(BIRC5 and MAD1L1). When HT-29 protein levels were analyzed, a decrease in signaling
was observed in the significative proteins for this pathway. A similar scenario was detected
in proteins that were unique for MCF-7 (CCND2, MYC, and SRC) and H460 (E2F1).

We also emphasized apoptosis signaling to decipher differences and similarities be-
tween the two compounds. In both cases, a heterogeneous signaling between compounds
and cell lines was obtained.

When inspecting the signaling for ETO (Figure 5D), it can be seen that all lines have
different significant proteins. Compared with cell cycle results, HT-29 presented again
the most particular signal, with six significative proteins. In this case, even the Jurkat cell
line showed a particular deregulation (BCL2L1). In H460 and MCF-7, four significative
proteins were detected. These two cell lines seem to share a profile related to MAPK and
p53 pathways, as levels of different isoforms of the proteins were affected in these two cell
lines (MAPK1 and acetyl-p53 in H460 and phospho-MAPK1 and p53 in MCF-7).

The results of the apoptosis profiles for PA in the four tumor cell lines studied were
quite different (Figure 5E). Again, signaling appears to be shared between cell lines more
than is the case for ETO. Only H460 and MCF-7 showed an apoptotic signal of their own,
represented by only two and one protein, respectively. For this reason, in this scenario, we
have focused the analysis on those proteins that appear in common between the tumor cell
lines in order to observe the global tendency. Examples of common proteins are represented
in Figure 5F. In the case of the BID protein, this BCL-related protein appears significantly
upregulated in all the cell lines studied. Other proapoptotic proteins, such as BAD, BAX,
and BAK1, were detected in the shared signaling of the cell lines. Also, caspases (CASP3,
CASP8, and CASP9) were found in different cell lines. Another remarkable example found
was TP53, which was also highlighted in ETO signaling. In this case, it could be observed
that PA decreased the relative levels of TP53.

Based on the results, it can be seen that the kinase signaling pathways were activated.
For this reason, we wanted to find out more about the signaling mediated by PA and
whether a relationship could be established between the cell type and the activity of this
compound (Figure 6). For this purpose, functional enrichment was carried out through
gene ontology on the proteins that were significantly deregulated when the cells were
treated with PA, and those with a function in “protein kinase activity” (GO: 0004672) were
selected. Many of the proteins matched the cyclin-dependent kinases (CDKs) discussed
above. However, others corresponded to signaling downstream of membrane receptor
tyrosine kinases. In this case, it appears that the MCF-7 cell line is the one most affected
by PA treatment. Other lines (H460 and Jurkat) share signaling with MCF-7 through the
GSK3B and SYK proteins, and the HT-29 line deregulated the AKT and MAPK proteins.
In general, it can be observed that these signaling pathways that modulate processes of
proliferation, apoptosis, migration, or cell adhesion, among others, are affected by PA.
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3. Discussion

In this work, the antitumor scenario of the podophyllotoxin derivative named podophyl-
lic aldehyde (PA), a compound that has demonstrated its cytotoxic potential, has been
explored. Comparison with etoposide (ETO), a drug used in clinical practice that shares
the same chemical structural basis, has provided interesting insights into the profile of this
lead compound. Previous approaches to PA, in terms of the structure–activity relationship,
have yielded some conclusions about its cytotoxic profile, but the intracellular signaling
of this compound had not been explored so far [14,15]. Different solid or hematological
tumors have also not been previously considered beyond cell viability values.

To date, the influence on cell viability and the antimitotic profile of PA has been studied
among tumor cell lines of different natures, remarking on its selectivity and demonstrating
the success of its further chemomodulation through different derivatives [16]. In this case,
comparative study between different cell lines of the same tumor type made possible the
observation of a certain selectivity between cell lines, as well as a tendency towards greater
cytotoxicity in solid tumors versus hematological tumors. This relationship was inverted
in the case of etoposide, which highlights the different mechanisms of action of the two
molecules, as previously detailed in the literature [9]. When their influence on the PA cell
cycle was previously studied, a total blockage in the G2/M phase has always been detected,
as in the results obtained in this study with solid tumor cell lines. This cell cycle arrest was
assigned to antimitotic activity by tubulin assembly assays [15]. Interestingly, despite being
cytotoxic in the Jurkat cell line, PA did not show an antimitotic profile under the conditions
studied. This new finding and differential profile between solid and hematological tumor
cells will undoubtedly be taken into consideration for further studies.

Nevertheless, the proteomic profile has revealed novel insight into the cell cycle
influence. Looking at the proteomics profile derived from the activity of PA and ETO,
similarities and differences have been observed. The first analysis based on the proteomic
profile provided by microarray (162 proteins studied) revealed that PA presented a promi-
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nent effect in cell cycle progress in the HT-29 cell line, according to results of a DNA content
assay. However, cell lines H460 and MCF-7 obtained signaling for proliferation pathways
(AKT and MAPK signaling) but not directly to mitotic assembly. For their part, cell cycle
processes were represented in all ETO signaling for the cell cycle studies; this finding was
in concordance with what was observed in the cell cycle analysis.

Investigating HT-29 more deeply, it was observed that cell cycle functions between the
10 most highlighted in enrichment appeared up to three times. This fact was subsequently
reflected in the particular analysis of the specific proteins that constitute the signaling
pathway. The HT-29 cell line treated with PA presented a very particular signaling that
was different from the other lines. Cyclins and proteins specific to cell cycle control in the
G2/M phase were among the proteins that were found to be significant. This differed from
ETO signaling, which presented particular signaling in this cell line related to early stages
of the cell cycle, such as CCND2 and CDK4. According to these data, it seems that PA in
HT-29 presents a marked antimitotic effect and is very different from the effect of ETO.
These results are consistent with the literature and previous findings about PA [15].

In contrast, when looking at the other two solid tumor lines studied, another proteomic
pattern related to PA activity was observed. The signaling for H460 and MCF-7 in the cell
cycle profile and the proteins observed in previous ETO profiles, such as CCND2 or E2F1,
resulted in significant dysregulation. It has recently been shown that this signaling is more
closely related to DNA topoisomerase II inhibition than to the antimitotic stage, suggesting
another profile for PA in H460 and MCF-7 in terms of cell cycle influence. In terms of the
Jurkat cells, this was the cell line where both compounds shared the highest number of
deregulated proteins. However, PA did not retrieve independent signaling by itself. In this
case, the particular proteomic analysis of the cell cycle also did not yield conclusive results
about the cell cycle activity. If we compare its results with those of the cell cycle assays, it
seems that this compound, in this cell line, does not affect either mitotic machinery nor the
functions related to other phases of the cycle. Certainly, together with the cytotoxic activity
shown, this is one of the perspectives to be studied in future assays performed with this
cytotoxic compound.

The analysis of the apoptotic signal seems to be more heterogeneous between the lines
and between the two compounds. It appears that in all cases, there is activation of caspases
and other apoptotic modulators of the BCL2 family. In this case, it is not possible to correlate
the overall profile with the particle profile as well as we have been able to observe in the cell
cycle. However, given the high number of apoptosis-related proteins deregulated by PA,
we have been able to determine that, independently of the underlying cell cycle mechanism,
an apoptosis-mediated cell death signal is triggered in the cell lines tested. The proteomic
profile of the natural product podophyllotoxin was previously studied, and the results
are consistent with some of the findings related to PA in our research [30–32]. However,
the duality of the cyclolignan skeleton or the possibility of triggering other activities or
mechanisms of action by cyclolignans remains a concern that we also try to shed light on in
our study.

One of the findings of this study is the prominent role that kinases play in the signaling
mediated by these compounds. This signaling is tightly connected to apoptosis. As we
observed in our study, it seems that all the cell lines trigger this kind of programmed
cell death. In addition to the active demonstration that ETO is a DNA topoisomerase II
inhibitor [10], this structural modification does not always drive the change in activity with
respect to podophyllotoxin. Some authors have found an antimitotic effect of cyclolignan
derivates with etoposide-like substitution [33–35]. In contrast, and similar to ETO, numer-
ous derivates containing C-7β podophyllotoxin derivates have demonstrated their DNA
topoisomerase II inhibition profile [36]. Therefore, it is not surprising that a structural
modification such as the one in PA—that is, the absence of the lactone present in the natural
product—can give rise to different mechanisms of action depending on the cell type, as
occurs in this present research.
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Concerning the programmed cell death triggered by ETO and PA, our study was focused
on apoptosis, the most preserved, induced cell death mechanism associated with antitumoral
drugs [37] (in general) and with podophyllotoxin-related compounds [38–41]. In our case,
we demonstrated apoptosis induction independently of cell cycle effect, cytotoxic profile,
or tumoral cell line. In our results, looking at the overall profile of the compounds, we
have observed many functions associated with many others related to immune processes.
Specifically, in H460 and MCF-7, these PA conditions were tested where no association
of this compound with the cell cycle was observed. Similar testing was carried out in
the case of solid tumor cells in ETO. Given these findings and taking into account that
other cytotoxic compounds derived from natural sources have been able to induce this
immunogenic death process [42], the role of podophyllotoxin and its derivatives as positive
immunomodulators in response to the cell death process can be considered for future re-
search on podophyllotoxin and its derivatives. In this sense, in future assays and screenings
of this type of compounds, it would be necessary to include tests that help us to understand,
more specifically, the intracellular activity related to cellular stress and the release of cellular
patterns associated with damage.

As a result of our study, it is possible to verify, in a fast and efficient way, the different
profiles of two compounds that are very close in their structural relationship and mechanism
of action, since they are two antitumor compounds with an influence on the cell cycle. This
highlights the versatility and robustness of targeted proteomics for drug discovery [43,44]. Sim-
ilarly, other high-throughput screening techniques can be proposed for drug analysis and
correlation of data at the level of other omics (genomics, metabolomics, etc.), which have
been shown to play a fundamental and complementary role to proteomics in elucidating
drug action mechanisms [45,46]. Therefore, future studies will be aimed at monitoring the
parameters that may provide more information on the antitumor profile.

4. Materials and Methods
4.1. Chemical and Biological Materials

Podophyllotoxin, as starting material, was obtained from resin of rhizome of Podophyl-
lum peltatum as previous described [16]. Further transformation into podophyllic aldehyde
was conducted following the synthetic procedure described previously by us [15]. Etopo-
side was purchased from Sigma-Aldrich (#E1383, Saint Louis, MO, USA). Compounds
were dissolved in DMSO (10−2 M) and further dilutions were performed in PBS Na+/K+.
Final concentration of DMSO in assays were <0.001%.

Dimethyl sulfoxide (DMSO) was obtained from Merck (Darmstadt, Germany). Bovine
serum albumin (BSA), trypan blue, urea, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA),
and 96-well plates and BCA protein assay kit were purchased from Thermo Scientific
(Rockford, IL, USA). Heat inactivated fetal bovine serum (FBS), L-glutamine, penicillin–
streptomycin (P-S), and 0.25% trypsin-EDTA were purchased from Gibco® (Gran Island,
NY, USA), and 6-well, clear, flat-bottom plates were purchased from Corning (Corning,
NY, USA). Cycloscope™ reagent for cell cycle analysis was purchased from Cytognos
(Salamanca, Spain).

4.2. Tumor Cell Lines Culture

All the human cell lines [H460 (ATCC® HTB-177, Manassas, VA, USA); A549 (ATCC®

CCL-185); Caco-2 (ATCC® HTB-37™); HT-29 (ATCC® HTB-38™); MCF-7(ATCC® HTB-22);
MDA-MB-231 (ATCC® HTB-26); Jurkat, T-cell leukemia (DSMZ ACC 282, Braunschweig,
Germany) and Ramos B-cell lymphoma (ATCC® CRL-1596™)] were cultured at 37 ◦C
in a humidified CO2 incubator (5% CO2) in complete RPMI media (hematological cell
lines Jurkat and Ramos) or DMEM media (adherent cells H460, A549, Caco-2, HT-29,
MCF-7, and MDA-MB-231) (both supplemented with 10% (v/v) FBS and 1% (v/v) penicilin–
streptomycin). When the cells reached 80% confluence, they were subcultured. For this
purpose, adherent cells were washed with PBS and treated with 1 mL 0.25% trypsin-EDTA
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to detach them. Once collected, cells were centrifugated at 1200 rpm for 5 min. Suspension
cells were collected directly from the cell culture plate and centrifugated in the conditions
mentioned above. When necessary, the cells were counted using a Neubauer counting
chamber and dyed with Trypan Blue.

4.3. MTT Assays for Cytotoxicity Determination and Cell Viability

Using previous protocols reported by us [16], etoposide and podophyllic aldehyde viabil-
ity assays were carried out for the cell lines detailed above. For each cell line, a different num-
ber of cells were cultured in 96-well plates before the corresponding drug was added: H460,
A549, and MDA-MB-231 1000 cells; HT-29, Caco-2, and MCF-7 2500 cells; Jurkat and Ramos
10,000 cells. Adherent cells were seeded 24 h before the assay to allow attachment in 100 µL
media. Cells were incubated with the corresponding stimuli (ETO and PA) for 72 h at different
dilutions (100 µM of media containing 1 µM–0.01 µM of the drugs). Each condition was
assayed in triplicate, performing the experiment twice. Once these periods of time elapsed, the
supernatant was replaced with fresh medium (100µL) and 20µL per well MTT (5 mg/mL) was
added in darkness. After 4 h MTT incubation, the supernatant was removed and 200µL DMSO
per well was added to dissolve formazan. Absorbance at 570 nm was determined by Gen5™
software (https://www.agilent.com/en/product/microplate-instrumentation/microplate-
instrumentation-control-analysis-software/imager-reader-control-analysis-software/biotek-
gen5-software-for-detection-1623227) (BioTek U.S., Winooski, VT, USA). The viability (per-
centage) for each concentration was calculated by the following Equation (1):

Abs. of cells with drug − Abs. of cells without drug
Abs. of growth medium with drug − Abs. of growth medium without drug

× 100 (1)

Equation (1): Calculation of cell viability in MTT assays.

4.4. Cell Cycle Evaluation by Flow Cytometry

DNA content by flow cytometry was conducted following the protocol optimized
by us [16] with slight differences. A total of 1 × 105 cells per well were seeded in 60 mm
cell culture dishes with 5 mL of media. Cells were exposed to the drugs (1 µM) after 24 h
of incubation. Then, the cells were collected (Jurkat) or detached using 500 µL of Tripsin
(H460, HT-29, and MCF-7) and centrifuged three times at 1200 rpm for 5 min. With each
centrifugation, the supernatant was discarded and replaced with PBS (5 mL). In the final
centrifugation, PBS was replaced with 200 µL of Cycloscope™ Reagent, and samples were
incubated in darkness for 15 min. The results were obtained by using a flow cytometer BD
Accuri™ C6 acquiring 100,000 events per condition (performed in duplicate) and analyzed
with InfinicytTM (Cytognos, Salamanca, Spain) determining the % of cells in each cell
cycle phase.

4.4.1. Cell Lysis, Labelling, and Protein Array Processing

Cell line pellets (H460, HT-29, MCF-7, and Jurkat) treated with ETO and PA (1 µM) for
24 h were collected and stored at −80 ◦C before lysis. For lysis, a total protein lysis buffer
together with phosphatase and protease inhibitors was used [29]. After adding lysis buffer,
the pellets were sonicated, with three pulses of 10 s with an incubation interval on ice of
1 min between pulses for each pellet. Finally, the pellets were centrifuged at 12,000× g for
15 min at 4 ◦C to obtain the supernatant containing the protein lysate. The BCA protein
assay kit was used for protein quantification.

Hereafter, protein lysates were labeled with biotin and stored at −4 ◦C until incubation
in antibody arrays. Incubation in antibody arrays was performed following previous
protocols adapted by us [47]. Microarrays blocking, sample preparation, and sample
incubation was performed as described in [47].

https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software/biotek-gen5-software-for-detection-1623227
https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software/biotek-gen5-software-for-detection-1623227
https://www.agilent.com/en/product/microplate-instrumentation/microplate-instrumentation-control-analysis-software/imager-reader-control-analysis-software/biotek-gen5-software-for-detection-1623227
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4.4.2. Image Acquisition and Raw Data Processing

The arrays were scanned with SensoSpot Fluorescence (Miltenyi Imaging GmbH,
Radolfzell, Germany). The generated TIFF images were analyzed using GenePix Pro
6.0 software (Molecular Devices, San Jose, CA, USA). Parameters were set to quantify the
intensity values of the Cy3 fluorochrome (λ = 532 nm). The fluorescence signal of the protein
microarrays was corrected by subtracting the background signal and then transformed to
Z-score. Proteins and their codification are collected in Supplementary File S2 and antibody
references used for microarray in [29]. Each protein analyte was evaluated in two biological
replicates each with three technical replicates. Based on previous reports [47], negative
fluorescence signal was transformed to zero. As expected, the signal distribution was not
normal (Supplementary File S3). Therefore, nonparametric Mann–Whitney test was used to
compare the protein relative abundance (Z-score) between groups (experiment ETO or PA
versus control). Functional enrichment analysis was conducted with significative proteins
using Reactome enrichment. Resulting from functional enrichment, Reactome pathway
terms were selected for signaling pathways involved in apoptosis (HSA-109581) and cell
cycle (HSA-1640170) for further analysis.

4.5. Determination of Protein Profiles

The determination of differential protein profiles is performed by assessing the relative
abundance of intracellular proteins by antibody-based protein arrays. The protein arrays
used in this work were designed following previous reports [24,29] and functionalized and
printed at the Functional Proteomics Service of the Cancer Research Center according to
the procedures for the preparation of protein arrays as described previously [29–31].

5. Conclusions

The compound podophyllic aldehyde was analyzed for its potential as an antitumoral
agent using cell viability, cell cycle influence, and targeted antibody microarray techniques,
and it was compared with the approved drug etoposide. The results showed that it is a
promising compound derived from podophyllotoxin, presenting a potent and selective
cytotoxicity and showing great success in cell cycle arrest. One of the key findings of this
study is that the tumor activity of this compound varies depending on the type of tumor
studied, which is attributed to its different effects on the cell cycle. Among the cell lines,
HT-29 appears to be the most sensitive, and cellular signaling reflects an antimitotic effect
in this cell line, following the mechanism of action of the natural product podophyllotoxin.
In contrast, other cell lines (MCF-7 and H460) did not present this profile, being more
similar to the ETO profile and revealing other interesting antitumor features such as kinase
activity or the activation of immune mechanisms. Hence, by comparing PA with the
ETO drug, it has been possible to understand the structure–activity relationship of the
cyclolignan derivatives and how the structural characteristics may influence the final
activity of the different tumor lines. Overall, our study has demonstrated the importance
of chemomodulation of natural compounds as antitumor agents, as well as the relevance of
a systematic proteomic screening to unveil the mechanisms of action in an efficient and
insightful manner.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms25094631/s1.

Author Contributions: Conceptualization, Á.-P.H. and M.F.; methodology, Á.-P.H.; validation, Á.-
P.H., C.A.-H. and P.J.-V.; formal analysis, Á.-P.H.; investigation, Á.-P.H., L.C.-G., O.G.-S., C.A.-H.
and P.J.-V.; resources, P.A.G. and M.Á.C.; data curation, Á.-P.H.; writing—original draft preparation,
Á.-P.H.; writing—review and editing, P.J.-V., P.A.G. and M.Á.C.; visualization, Á.-P.H.; supervision,
Á.-P.H. and M.F.; funding acquisition, Á.-P.H. and M.F. All authors have read and agreed to the
published version of the manuscript.

https://www.mdpi.com/article/10.3390/ijms25094631/s1
https://www.mdpi.com/article/10.3390/ijms25094631/s1


Int. J. Mol. Sci. 2024, 25, 4631 15 of 17

Funding: This study was funded by Instituto de Salud Carlos III (ISCIII) through the projects
PI21/01545 and CB16/12/00400 and was co-funded by the European Union. We also acknowledge
Fondos FEDER (EU) and Junta Castilla-León (COVID-19 grant COV20EDU/00187). The Proteomics
Unit belongs to ProteoRed, PRB3-ISCIII, supported by grant PT17/0019/0023, of the PE I + D + I
2017–2020, funded by ISCIII and FEDER. This research work was funded by the European Commis-
sion NextGenerationEU, through CSIC’s Global Health Platform (PTI + Salud Global, SGL2103027).
University of Salamanca was supported by the C1 program 18.K199. We gratefully acknowledge
financial support from the Spanish MINECO (PID2020-118303GB-I00). We also acknowledge Conex-
ion NanoMedicina CSIC-Hub for support. CA-H is supported by JCYL Program and Fondo Social
Europeo (FSE+) scholarship EDU-1868-2022, and by Health Institute Carlos III (ISCIII) and Institute
of Biomedical Research of Salamanca (IBSAL) scholarship FI22/0000323. PJV is supported by the
JCYL PhD Program “Nos Impulsa-JCYL” and scholarship JCYL-EDU/601/2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author/s.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Zhong, L.; Li, Y.S.; Xiong, L.; Wang, W.J.; Wu, M.; Yuan, T.; Yang, W.; Tian, C.Y.; Miao, Z.; Wang, T.Q.; et al. Small molecules in

targeted cancer therapy: Advances, challenges, and future perspectives. Signal Transduct. Target. Ther. 2021, 6, 201. [CrossRef]
2. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31–46. [CrossRef]
3. Duca, M.; Gillingham, D.; Olsen, C.A.; Sbardella, G.; Skaanderup, P.R.; van der Stelt, M.; Vauzeilles, B.; Vazquez, O.; Auberson,

Y.P. The Chemical Biology-Medicinal Chemistry Continuum: EFMC’s Vision. Chembiochem 2021, 22, 2823–2825. [CrossRef]
4. Patridge, E.; Gareiss, P.; Kinch, M.S.; Hoyer, D. An analysis of FDA-approved drugs: Natural products and their derivatives.

Drug Discov. Today 2016, 21, 204–207. [CrossRef]
5. Newman, D.J. Natural products and drug discovery. Natl. Sci. Rev. 2022, 9, nwac206. [CrossRef]
6. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly Four Decades from 01/1981 to 09/2019. J.

Nat. Prod. 2020, 83, 770–803. [CrossRef]
7. Shah, Z.; Gohar, U.F.; Jamshed, I.; Mushtaq, A.; Mukhtar, H.; Zia-Ui-Haq, M.; Toma, S.I.; Manea, R.; Moga, M.; Popovici, B.

Podophyllotoxin: History, Recent Advances and Future Prospects. Biomolecules 2021, 11, 603. [CrossRef]
8. Shi, R.J.; Fan, H.Y.; Yu, X.H.; Tang, Y.L.; Jiang, J.; Liang, X.H. Advances of podophyllotoxin and its derivatives: Patterns and

mechanisms. Biochem. Pharmacol. 2022, 200, 115039. [CrossRef]
9. Montecucco, A.; Zanetta, F.; Biamonti, G. Molecular mechanisms of etoposide. EXCLI J. 2015, 14, 95–108. [CrossRef]
10. Le, T.T.; Wu, M.; Lee, J.H.; Bhatt, N.; Inman, J.T.; Berger, J.M.; Wang, M.D. Etoposide promotes DNA loop trapping and barrier

formation by topoisomerase II. Nat. Chem. Biol. 2023, 19, 641–650. [CrossRef]
11. Shen, S.Y.; Tong, Y.R.; Luo, Y.F.; Huang, L.Q.; Gao, W. Biosynthesis, total synthesis, and pharmacological activities of aryltetralin-

type lignan podophyllotoxin and its derivatives. Nat. Prod. Rep. 2022, 39, 1856–1875. [CrossRef] [PubMed]
12. Fan, H.Y.; Zhu, Z.L.; Xian, H.C.; Wang, H.F.; Chen, B.J.; Tang, Y.J.; Tang, Y.L.; Liang, X.H. Insight into the molecular mechanism of

podophyllotoxin derivatives as anticancer drugs. Front. Cell Dev. Biol. 2021, 9, 709075. [CrossRef] [PubMed]
13. Motyka, S.; Jafernik, K.; Ekiert, H.; Sharifi-Rad, J.; Calina, D.; Al-Omari, B.; Szopa, A.; Cho, W.C. Podophyllotoxin and its

derivatives: Potential anticancer agents of natural origin in cancer chemotherapy. Biomed. Pharmacother. 2023, 158, 114145.
[CrossRef] [PubMed]

14. Castro, M.A.; Miguel del Corral, J.M.; Gordaliza, M.; Garcia, P.A.; Gomez-Zurita, M.A.; Garcia-Grdvalos, M.D.; de la Iglesia-
Vicente, J.; Gajate, C.; An, F.Y.; Mollinedo, F.; et al. Synthesis and biological evaluation of new selective cytotoxic cyclolignans
derived from podophyllotoxin. J. Med. Chem. 2004, 47, 1214–1222. [CrossRef] [PubMed]

15. Castro, M.A.; Miguel del Corral, J.M.; Garcia, P.A.; Rojo, M.V.; de la Iglesia-Vicente, J.; Mollinedo, F.; Cuevas, C.; San Feliciano, A.
Synthesis and biological evaluation of new podophyllic aldehyde derivatives with cytotoxic and apoptosis-inducing activities. J.
Med. Chem. 2010, 53, 983–993. [CrossRef] [PubMed]

16. Hernandez, A.P.; Diez, P.; Garcia, P.A.; Perez-Andres, M.; Veselinova, A.; Jambrina, P.G.; San Feliciano, A.; Diez, D.; Fuentes, M.;
Castro, M.A. Improving Properties of Podophyllic Aldehyde-Derived Cyclolignans: Design, Synthesis and Evaluation of Novel
Lignohydroquinones, Dual-Selective Hybrids against Colorectal Cancer Cells. Pharmaceutics 2023, 15, 886. [CrossRef] [PubMed]

17. Meissner, F.; Geddes-McAlister, J.; Mann, M.; Bantscheff, M. The emerging role of mass spectrometry-based proteomics in drug
discovery. Nat. Rev. Drug Discov. 2022, 21, 637–654. [CrossRef] [PubMed]

18. Dias, M.H.; Kitano, E.S.; Zelanis, A.; Iwai, L.K. Proteomics and drug discovery in cancer. Drug Discov. Today 2016, 21, 264–277.
[CrossRef]

https://doi.org/10.1038/s41392-021-00572-w
https://doi.org/10.1158/2159-8290.cd-21-1059
https://doi.org/10.1002/cbic.202100319
https://doi.org/10.1016/j.drudis.2015.01.009
https://doi.org/10.1093/nsr/nwac206
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.3390/biom11040603
https://doi.org/10.1016/j.bcp.2022.115039
https://doi.org/10.17179/excli2015-561
https://doi.org/10.1038/s41589-022-01235-9
https://doi.org/10.1039/d2np00028h
https://www.ncbi.nlm.nih.gov/pubmed/35913409
https://doi.org/10.3389/fcell.2021.709075
https://www.ncbi.nlm.nih.gov/pubmed/34447752
https://doi.org/10.1016/j.biopha.2022.114145
https://www.ncbi.nlm.nih.gov/pubmed/36586242
https://doi.org/10.1021/jm030978h
https://www.ncbi.nlm.nih.gov/pubmed/14971901
https://doi.org/10.1021/jm901373w
https://www.ncbi.nlm.nih.gov/pubmed/20067289
https://doi.org/10.3390/pharmaceutics15030886
https://www.ncbi.nlm.nih.gov/pubmed/36986749
https://doi.org/10.1038/s41573-022-00409-3
https://www.ncbi.nlm.nih.gov/pubmed/35351998
https://doi.org/10.1016/j.drudis.2015.10.004


Int. J. Mol. Sci. 2024, 25, 4631 16 of 17

19. Severi, L.; Losi, L.; Fonda, S.; Taddia, L.; Gozzi, G.; Marverti, G.; Magni, F.; Chinello, C.; Stella, M.; Sheouli, J.; et al. Proteomic and
Bioinformatic Studies for the Characterization of Response to Pemetrexed in Platinum Drug Resistant Ovarian Cancer. Front.
Pharmacol. 2018, 9, 454. [CrossRef]

20. Rontogianni, S.; Synadaki, E.; Li, B.H.; Liefaard, M.C.; Lips, E.H.; Wesseling, J.; Wu, W.; Altelaar, M. Proteomic profiling of
extracellular vesicles allows for human breast cancer subtyping. Commun. Biol. 2019, 2, 325. [CrossRef]

21. Smith, J.G.; Gerszten, R.E. Emerging Affinity-Based Proteomic Technologies for Large-Scale Plasma Profiling in Cardiovascular
Disease. Circulation 2017, 135, 1651–1664. [CrossRef] [PubMed]

22. Wilson, J.J.; Burgess, R.; Mao, Y.Q.; Luo, S.H.; Tang, H.; Jones, V.S.; Bao, W.S.; Huang, R.Y.; Chen, X.S.; Huang, R.P. Antibody
Arrays in Biomarker Discovery. In Advances in Clinical Chemistry; Makowski, G.S., Ed.; Elsevier: Amsterdam, The Netherlands,
2015; Volume 69, pp. 255–324.

23. Gahoi, N.; Ray, S.; Srivastava, S. Array-based proteomic approaches to study signal transduction pathways: Prospects, merits and
challenges. Proteomics 2015, 15, 218–231. [CrossRef] [PubMed]

24. Juanes-Velasco, P.; Landeira-Vinuela, A.; Hernandez, A.-P.; Fuentes, M. Systematic and Rational Design of Protein Arrays in
Noncontact Printers: Pipeline and Critical Aspects. Methods Mol. Biol. 2021, 2344, 9–29. [CrossRef] [PubMed]

25. Mansfield, A.S.; Kazarnowicz, A.; Karaseva, N.; Sanchez, A.; De Boer, R.; Andric, Z.; Reck, M.; Atagi, S.; Lee, J.S.; Garassino, M.;
et al. Safety and patient-reported outcomes of atezolizumab, carboplatin, and etoposide in extensive-stage small-cell lung cancer
(IMpower133): A randomized phase I/III trial. Ann. Oncol. 2020, 31, 310–317. [CrossRef]

26. Pajtler, K.W.; Tippelt, S.; Siegler, N.; Reichling, S.; Zimmermann, M.; Mikasch, R.; Bode, U.; Gnekow, A.; Pietsch, T.; Benesch, M.;
et al. Intraventricular etoposide safety and toxicity profile in children and young adults with refractory or recurrent malignant
brain tumors. J. Neuro-Oncol. 2016, 128, 463–471. [CrossRef] [PubMed]

27. Miguel Escudero-Martínez, J.; Pérez-Pertejo, Y.; Reguera, R.M.; Castro, M.Á.; Rojo, M.V.; Santiago, C.; Abad, A.; García, P.A.;
López-Pérez, J.L.; San Feliciano, A.; et al. Antileishmanial activity and tubulin polymerization inhibition of podophyllotoxin
derivatives on Leishmania infantum. Int. J. Parasitol.-Drugs Drug Resist. 2017, 7, 272–285. [CrossRef]

28. Castro, M.A.; Miguel del Corral, J.M.; Gordaliza, M.; Garcia, P.A.; Gomez-Zurita, M.A.; San Feliciano, A. Synthesis and cytotoxic
evaluation of C-9 oxidized podophyllotoxin derivatives. Bioorg. Med. Chem. 2007, 15, 1670–1678. [CrossRef] [PubMed]

29. Landeira-Vinuela, A.; Diez, P.; Juanes-Velasco, P.; Lecrevisse, Q.; Orfao, A.; de las Rivas, J.; Fuentes, M. Deepening into Intracellular
Signaling Landscape through Integrative Spatial Proteomics and Transcriptomics in a Lymphoma Model. Biomolecules 2021, 11,
1776. [CrossRef] [PubMed]

30. Zhang, W.F.; Liu, C.; Li, J.; Liu, R.; Zhuang, J.; Feng, F.; Yao, Y.; Sun, C. Target Analysis and Mechanism of Podophyllotoxin in the
Treatment of Triple-Negative Breast Cancer. Front. Pharmacol. 2020, 11, 1211. [CrossRef]

31. Wang, B.C.; Chen, L.F.; Zhen, H.; Zhou, L.; Shi, P.; Huang, Z.W. Proteomic Changes Induced by Podophyllotoxin in Human
Cervical Carcinoma HeLa Cells. Am. J. Chin. Med. 2013, 41, 163–175. [CrossRef]

32. Jin, L.; Song, Z.J.; Cai, F.; Ruan, L.J.; Jiang, R.W. Chemistry and Biological Activities of Naturally Occurring and Structurally
Modified Podophyllotoxins. Molecules 2023, 28, 302. [CrossRef] [PubMed]

33. Zefirov, N.A.; Evteeva, Y.A.; Wobith, B.; Kuznetsov, S.A.; Zefirova, O.N. Adamantyl-substituted ligands of colchicine binding site
in tubulin: Different effects on microtubule network in cancer cells. Struct. Chem. 2019, 30, 465–471. [CrossRef]

34. Wang, Z.Z.; Sun, W.X.; Wang, X.; Zhang, Y.H.; Qiu, H.Y.; Qi, J.L.; Pang, Y.J.; Lu, G.H.; Wang, X.M.; Yu, F.G.; et al. Design, synthesis,
biological evaluation, and 3D-QSAR analysis of podophyllotoxin-dioxazole combination as tubulin targeting anticancer agents.
Chem. Biol. Drug Des. 2017, 90, 236–243. [CrossRef]

35. Sun, W.X.; Ji, Y.J.; Wan, Y.; Han, H.W.; Lin, H.Y.; Lu, G.H.; Qi, J.L.; Wang, X.M.; Yang, Y.H. Design and synthesis of piperazine
acetate podophyllotoxin ester derivatives targeting tubulin depolymerization as new anticancer agents. Bioorg. Med. Chem. Lett.
2017, 27, 4066–4074. [CrossRef] [PubMed]

36. Swedan, H.K.; Kassab, A.E.; Gedawy, E.M.; Elmeligie, S.E. Topoisomerase II inhibitors design: Early studies and new perspectives.
Bioorg. Chem. 2023, 136, 106548. [CrossRef] [PubMed]

37. Fesik, S.W. Promoting apoptosis as a strategy for cancer drug discovery. Nat. Rev. Cancer 2005, 5, 876–885. [CrossRef] [PubMed]
38. Zhao, Y.; Li, D.Y.; Han, Y.; Wang, H.H.; Du, R.; Yan, Z.W. The ester derivatives obtained by C-ring modification of podophyllotoxin-

induced apoptosis and inhibited proliferation in Hemangioma Endothelial Cells via downregulation of PI3K/Akt signaling
pathway. Chem. Biol. Drug Des. 2022, 99, 828–838. [CrossRef]

39. Lee, S.O.; Joo, S.H.; Kwak, A.W.; Lee, M.H.; Seo, J.H.; Cho, S.S.; Yoon, G.; Chae, J.I.; Shim, J.H. Podophyllotoxin Induces
ROS-Mediated Apoptosis and Cell Cycle Arrest in Human Colorectal Cancer Cells via p38 MAPK Signaling. Biomol. Ther. 2021,
29, 658–666. [CrossRef]

40. Kwak, A.W.; Yoon, G.; Lee, M.H.; Cho, S.S.; Shim, J.H.; Chae, J.I. Picropodophyllotoxin, an Epimer of Podophyllotoxin, Causes
Apoptosis of Human Esophageal Squamous Cell Carcinoma Cells Through ROS-Mediated JNK/P38 MAPK Pathways. Int. J. Mol.
Sci. 2020, 21, 4640. [CrossRef]

41. Wang, Y.J.; Sun, H.; Xiao, Z.Y.; Zhang, G.; Zhang, D.; Bao, X.Q.; Li, F.F.; Wu, S.Y.; Gao, Y.C.; Wei, N. DNA damage and apoptosis
induced by a potent orally podophyllotoxin derivative in breast cancer. Cell Commun. Signal. 2018, 16, 52. [CrossRef]

42. Hernandez, A.P.; Juanes-Velasco, P.; Landeira-Vinuela, A.; Bareke, H.; Montalvillo, E.; Gongora, R.; Fuentes, M. Restoring the
Immunity in the Tumor Microenvironment: Insights into Immunogenic Cell Death in Onco-Therapies. Cancers 2021, 13, 2821.
[CrossRef]

https://doi.org/10.3389/fphar.2018.00454
https://doi.org/10.1038/s42003-019-0570-8
https://doi.org/10.1161/circulationaha.116.025446
https://www.ncbi.nlm.nih.gov/pubmed/28438806
https://doi.org/10.1002/pmic.201400261
https://www.ncbi.nlm.nih.gov/pubmed/25266292
https://doi.org/10.1007/978-1-0716-1562-1_2
https://www.ncbi.nlm.nih.gov/pubmed/34115349
https://doi.org/10.1016/j.annonc.2019.10.021
https://doi.org/10.1007/s11060-016-2133-x
https://www.ncbi.nlm.nih.gov/pubmed/27147083
https://doi.org/10.1016/j.ijpddr.2017.06.003
https://doi.org/10.1016/j.bmc.2006.12.008
https://www.ncbi.nlm.nih.gov/pubmed/17197187
https://doi.org/10.3390/biom11121776
https://www.ncbi.nlm.nih.gov/pubmed/34944421
https://doi.org/10.3389/fphar.2020.01211
https://doi.org/10.1142/s0192415x13500122
https://doi.org/10.3390/molecules28010302
https://www.ncbi.nlm.nih.gov/pubmed/36615496
https://doi.org/10.1007/s11224-018-1219-9
https://doi.org/10.1111/cbdd.12942
https://doi.org/10.1016/j.bmcl.2017.07.047
https://www.ncbi.nlm.nih.gov/pubmed/28757065
https://doi.org/10.1016/j.bioorg.2023.106548
https://www.ncbi.nlm.nih.gov/pubmed/37094479
https://doi.org/10.1038/nrc1736
https://www.ncbi.nlm.nih.gov/pubmed/16239906
https://doi.org/10.1111/cbdd.14034
https://doi.org/10.4062/biomolther.2021.143
https://doi.org/10.3390/ijms21134640
https://doi.org/10.1186/s12964-018-0263-9
https://doi.org/10.3390/cancers13112821


Int. J. Mol. Sci. 2024, 25, 4631 17 of 17

43. Huang, W.; Whittaker, K.; Zhang, H.H.; Wu, J.; Zhu, S.W.; Huang, R.P. Integration of Antibody Array Technology into Drug
Discovery and Development. Assay Drug Dev. Technol. 2018, 16, 74–95. [CrossRef] [PubMed]

44. Lin, F.; Li, Z.L.; Hua, Y.F.; Lim, Y.P. Proteomic profiling predicts drug response to novel targeted anticancer therapeutics. Expert
Rev. Proteom. 2016, 13, 411–420. [CrossRef] [PubMed]

45. Masuda, T.; Mori, A.; Ito, S.; Ohtsuki, S. Quantitative and targeted proteomics-based identification and validation of drug efficacy
biomarkers. Drug Metab. Pharmacokinet. 2021, 36, 100361. [CrossRef] [PubMed]

46. Paananen, J.; Fortino, V. An omics perspective on drug target discovery platforms. Brief. Bioinform. 2020, 21, 1937–1953. [CrossRef]
[PubMed]

47. Hernández, A.P.; Iglesias-Anciones, L.; Vaquero-González, J.J.; Piñol, R.; Criado, J.J.; Rodriguez, E.; Juanes-Velasco, P.; García-
Vaquero, M.L.; Arias-Hidalgo, C.; Orfao, A.; et al. Enhancement of Tumor Cell Immunogenicity and Antitumor Properties
Derived from Platinum-Conjugated Iron Nanoparticles. Cancers 2023, 15, 3204. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1089/adt.2017.808
https://www.ncbi.nlm.nih.gov/pubmed/29394094
https://doi.org/10.1586/14789450.2016.1164043
https://www.ncbi.nlm.nih.gov/pubmed/26954459
https://doi.org/10.1016/j.dmpk.2020.09.006
https://www.ncbi.nlm.nih.gov/pubmed/33097418
https://doi.org/10.1093/bib/bbz122
https://www.ncbi.nlm.nih.gov/pubmed/31774113
https://doi.org/10.3390/cancers15123204

	Introduction 
	Results 
	Cytotoxic Analysis and Cell Cycle Evaluation 
	Functional Proteomic Profiling of Etoposide and Podophyll Aldehyde for Cell Death Mechanisms 
	Comprehensive Analysis of Cell Cycle and Apoptosis Proteomic Profiles 

	Discussion 
	Materials and Methods 
	Chemical and Biological Materials 
	Tumor Cell Lines Culture 
	MTT Assays for Cytotoxicity Determination and Cell Viability 
	Cell Cycle Evaluation by Flow Cytometry 
	Cell Lysis, Labelling, and Protein Array Processing 
	Image Acquisition and Raw Data Processing 

	Determination of Protein Profiles 

	Conclusions 
	References

