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RNA and proteins extracted from the regenerating tail

of lizards determine inhibition of cancer cell proliferation in vitro
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ABSTRACT Recent studies suggest that tail regeneration in lizards begins with a tumor-like stage usu-
ally termed regenerative blastema. Oncogenes and tumor suppressors are activated in blastema cells,
resulting in a balanced cell proliferation that does not turn the blastema into a tumor. This outgrowth
elongates forming new tissues and tail. We previously showed that physiological extracts fromregenerating
lizard tissues inhibit the growth of cancer cells in vitro within 2-4 days of administration, demonstrating
that the growing lizard blastema contains regulatory molecules which can also influence human cancer
cells. The molecules responsible for this inhibition were not identified in that initial study. In the present
experimental study, after specific extractions of RNAs and/or proteins from the regenerating tail of lizard,
we have confirmed the inhibition of breast cancer cell vitality in vitro within 2-3 days from their addition
to the culture medium. Proteolysis or heat denaturation of proteins abolished the inhibitory effect. RNA
delivered to breast cancer cells in vitro through lipid vesicles (liposomes) showed the highest inhibition
of cancer cells vitality. Cell degeneration, detected by microscopy, revealed that RNA is more effective
than proteins extracted from regenerating tissues. The present observations further suggest that RNAs
coding for known tumor suppressor proteins, and non-coding RNAs that are highly expressed in the
regenerating tail, may be key inhibitors (tumor suppressors) of blastema and cancer cell proliferation.
The evolution of a mechanism for the self-remission of tumor growth in lizards remains uncertain, but

continuing study of this reptile may help uncover natural mechanisms for tumor growth inhibition.
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Introduction

While regulated cell proliferation and differentiation allow a
harmonious development, growth and regeneration in animals,
deregulation of proliferation leads to tumor formation and cancer
(Brockes, 1998; Smetana et al., 2013; Fior, 2014; Boilly et al., 2017;
Sarig and Tzahor, 2017; Wong and Whited, 2020). A unique case of
balanced cell proliferation in amniotes, leading to the regeneration
of a voluminous organ, the tail, occurs in lizards (Bellairs and Bry-
ant, 1985; Fisher et al., 2012; Alibardi, 2014; Hutchins et al., 2014;
Gilbert et al., 2015; Lozito and Tuan, 2016; Jacyniak et al., 2017;
Ranadive et al., 2018). In natural conditions, this process most
commonly follows the loss of part of the tail after a predatory
attack or combats among males during the mating season, or for
other causes. Numerous cells from the injured tissue of the tail
are activated and some cells also dedifferentiate near the stump
surface of the tail and release proliferating cells that form aregen-

erative blastema (Quattrini, 1954; Alibardi, 2014, 2017; Londono
etal., 2017). The blastema is mainly composed of mesenchymal
cells and fibroblasts in contact with the tissues of the tail stump
and is delimited by a thick wound epidermis (Fig. 1).

Research from the last 10 years has identified several genes
involved in this successful regrowth of the tail, an organ counting
for 1/4* to 1/7™ of the entire body mass of some lizard species
(Hutchins et al, 2014, 2016; Liu et al,, 2015; Vitulo et al., 2017;
Murawala et al., 2018; Xu et al., 2020; Degan et al., 2021; Nagu-
mantri et al., 2021; Patel et al., 2022; Degan and Alibardi, 2023).
Transcriptome analyses so far conducted for lizards during tail
regeneration have evidenced the up-regulation of numerous cod-
ing and non-coding genes of the wnt, fgf, egf etc. pathways, and
also SnoRNAs and miRNAs. The comparison between genes
expressed in the regenerating tail with those of the scarring limb
in the same lizard (Podarcis muralis), has allowed the detection
of several differentially expressed genes in the tail that are not

*Address correspondence to: Lorenzo Alibardi. Department of Biology, University of Bologna, Bologna, Italy.

E-mail: lorenzo.alibardi@unibo.it | https://orcid.org/0000-002-8247-2217

Submitted: 18 March, 2025; Accepted: 2 May, 2025; Published online: 13 June, 2025.

ISSN: Online 1696-3547, Print 0214-6282

© 2025 The author(s). This is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) license.

Printed in Spain


https://doi.org/10.1387/ijdb.250040la
www.intjdevbiol.com
mailto:lorenzo.alibardi@unibo.it
https://orcid.org/0000

72 N. Greco et al.

activated in the limb (Vitulo et al., 2017). In the lizard P muralis,
these genes belong to two main gene categories: oncogenes and
tumor suppressors (Vitulo et al., 2017; Alibardi, 2019, 2021, 2022;
Degan et al., 2021; Degan and Alibardi, 2023). The latter studies
indicated a possible involvement of some RNAs in the process of
regenerationand cancer growthinhibition. Thisinformationinitially
derived from the detection of many coding and non-coding RNAs,
SnoRA (SnoRNA), SnoRD (SNORD), and scaRNA (Small Cajal Body
RNA), exclusively upregulated in the regenerating tail but not in the
scarring limb (Vitulo et al., 2017).

Theabove studies haveindicated thattheregeneratingblastema
initially is equivalent to a small tumor where oncogene activity
prevails over that of tumor suppressors and that the elongation
of the blastema into a new tail derives from a prevalence of tumor
suppressor over oncogene activity which addresses the forma-
tion of a new tail and not of a tumor outgrowth (Alibardi, 2023).
Therefore, it has been suggested that during the evolution of tail
repair and regeneration, lizards have evolved a mechanism to
control cell proliferation, addressing the regeneration of the tail
and avoiding cell deregulation and cancer, a spontaneous case of
cancer remission (Radha and Lopus, 2021). This information has
suggested that cells isolated from a regenerating tail collectively
contain tumor-suppressor molecules that might also inhibit de-
regulated cells such as cancer cells. Initially, this hypothesis has
been experimentally tested in vitro by applying raw tissue extracts
in Ringer fluid, from the normal and regenerating tail of the lizard P
muralis, and evaluating their effect on cancer cells in culture. This
has been determined by analyzing the proliferation and vitality of
two lines of human cancer cells from breast and prostate cancers
(Greco et al., 2023). This preliminary and explorative research in-
dicated that a physiological extract from regenerating tail tissues
significantly lowers cell vitality of breast and prostate cancer cells
(25-35%), and that numerous cancer cells degenerate within 3-4
days from the beginning of administration of the protein extract.
In a previous study, using a physiological and a protein extract
form the normal tail of a gecko lizards, no effect was observed
on normal human cells cultivated in vitro while an inhibition was
shown on human cancer cells cultivated in vitro (Jeong et al.,
2012). In our previous study, we only detected inhibition from physi-
ological extracts from the regenerating but not from the normal
tail (Greco et al., 2023). However, direct proof that the inhibitory
effect derived from proteins, RNA, or even protein-RNA complexes,
or smaller molecules extracted in the physiological solution was
not established in that study.

Toimproveinformation ontheinhibitory molecules, inthe present
study we have specifically examined the nature of the molecules
that might be involved in the negative effect, in particular proteins
or RNAs extracted from normal or regenerating lizard tissues. The
present experimental results indicate that the isolated RNAs, and
also isolated proteins, likely determine the inhibition of breast
cancer cell viability in vitro.

Results

Histological observations show the main tissues present in the
blastema-cone

Here we briefly report a description of the regenerating tail cone
ofthe lizard P. muralis to provide general information on the tissues
from which RNA and proteins were extracted in the samples that

were utilized in the present study. After the formation of a flat or
rounded regenerative blastema from 8-12 days post-autotomy, the
blastema grew into a regenerating cone, attached to the stump
(normal tail) tissues. The new tissues were in continuation with the
normal epidermis, vertebral column, original spinal cord, muscles,
nerves, connective and fat tissues (detailed descriptions in Quat-
trini, 1954; Alibardi, 2014,2017). Inthe cone blastema, the vertebral
column was replaced with a cartilaginous tube containing a thin
ependymal tube, the continuation of the original spinal cord (Fig.
1A). The cartilage was surrounded by a loose connective tissue
with blood vessels and nerves, and more externally by segmented
muscles and a multi-layered wound (regenerating) epidermis.
Most cells of the cone appeared as fibroblast-like cells and in the
0.5-1.0 mm long apex, the blastema, they were mainly represented
from more irregularly shaped mesenchymal cells (Fig. 1 B,C). The
regenerating ependyma was terminated by the apical part of the
regenerating cone with a dilated ampulla (Fig. 1D), and numerous

Fig. 1. Histology of regenerating cones. (A) Sagittal histological section
of a cone as continuation of stump tissues, showing the main component
tissues. Hematoxylin-Eosin stain. Bar, 100 pm. (B) Fibroblasts composing
most of the connective tissues and the apical blastema. Toluidine blue stain.
Bar, 10 um. (C) DAPI-fluorescence revealing the main regenerating tissues
and providing an indication of differences in cell density in a regenerating
cone. Dashes underline the epidermis. Bar, 100 um. (D) The apical ependy-
mal ampulla. Bar, 10 pm. (E) A regenerating muscle within a cone, at this
stage mainly composed of pre-fusing myoblasts to form myotubes. Bar, 10
um. Abbreviations: a, adipose tissue; bl, blastema (mesenchyme); by, blood
vessels (capillaries); ca, regenerating cartilage; e, ependymal tube/ampulla;
mu, regenerating and segmented muscles; ne, regenerating nerve; w, wound
(regenerating) epidermis.
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myoblasts were present in the forming segmental muscles (Fig.
1 C,E). Therefore, these are the main types of cells from which
proteins and RNA were extracted in the following experiments,
with a prevalence of fibroblast-like cells.

Experimental results show an inhibitory effect of proteins and
RNAs on cancer cell vitality

Initially, we confirmed the inhibition of cancer cell vitality after
administration of physiological extracts (Greco et al., 2023). In the
following experiments where proteins were extracted, denatured by
boiling orenzymatically digested by proteinase-K, and subsequently
administered to breast cancer cells at different concentrations,
including one at high concentration (400 pg/ml), no inhibition of
proliferation rate was observed (Fig. 2, see the lines of different

-# RT high conc. denatured boil
-+ RT high conc. denatured Proteinase k

T regeneratingtail (RT,red/orangelinesandtail blastemas)
tissuesdonotexertanyinhibitiononthe proliferationrate
of cancer cells at 1-3 days after denaturation (boiling)
or Proteinase-K degradation, in comparison to controls
(untreated, blue line). Data was normalized to that of
the control group.

colors (green, black, orange and red, corresponding to extracted
tail areasinthe lizard drawings), that was not significantly different
from the control-CTR, blue line.

Another experiment was conducted by the administration of
RNA extracted from the stump or regenerating tails tissues. To
test the efficacy of the treatment, two different concentrations
of RNA (2 pmol, low conc., and 5 pmol, high conc.) were utilized
for incorporating the extracted RNAs into liposomes that were
delivered to cancer cells. The two concentrations were chosen in
order to maximize the use of the available RNAs extracted from
normal and from regenerating tissues. The control cells treated
with empty liposomes and the stump tissues at different RNA
concentrations, high or low, did not show any significant variation
in the proliferation rate of cancer cells after 3 days (Fig. 3, lines

RNA treatment
1.2
1.14
1.0 4 —
IX

£ 0.9- ] Fig. 3. Plot showing cell vitality inhibition of extracted
c RNAs from regenerating tissues. Absence of inhibi-
-% 0.8 tion in controls (CTR Transfection, treated with empty
8 0.7- liposomes, blue line) and from normal tail (stump, ST,
’% ’ green/blacklines and tail areas in the lizard drawings)
& 0.6- . at high (5 pmol, green line) or low (2 pmol, black line)
RNA concentrations. No inhibition was also observed
0.5- . usinglow concentration of RNA-liposome, derived from
the regenerating tail (2 pmol, orange line and blastema
0.4 T T inthe lizard drawing). In contrast, significant inhibition
0 1 2 3 was detected (35-45%, red line) after the administra-
Day tion of arelatively high RNA-liposome concentration (5

-o- CTR Trasfection -# RT high (5 pmol)

~+ RT low (2 pmol)

- ST high (5 pmol)
- ST low (2 pmol)

pmol) derived from the regenerating tail (red line and
blastemainthelizarddrawing). Data was normalized to
that of the control group. P-value, **p < 0.001 vs. CTR.
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light blue, black and green and corresponding tail areas in the
lizard drawings). As opposed, higher RNA concentration derived
from regenerating tissues (5 pmol), showed a significant inhibition
of cancer cell proliferation (about 40%, Fig. 2B red line and blas-
tema in the lizard drawing). A weak inhibition but not statistically
significant, was actually also noted (about 10%) from high RNA
concentrations extracted from stump tissues (Fig. 3, green line
and tail area of the lizard drawing). Lower concentrations of RNA
from regenerating tail (2 pmol), also did not show any inhibition
(Fig. 3, orange line and blastema in the lizard drawing).

Microscopic observations show cell damage in cultured cells
The qualitative microscopic control of In vitro cancer cells af-
ter 3 days of culture, showed a high cell density and viable cells,
many of which appeared flat-attached to the substrate in untreated
culture medium (Fig. 4 A,B), in Ringer (Fig. 4C), or in cell culture
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Fig. 4. Effect of protein treatment on cells in vitro. (A) Low magnification of untreated
cells (untr); bar, 20 um. (B) Higher magnification of untreated cells; bar, 10 pm. (C) Cells
only treated with Ringer (ring); bar, 10 um. (D) Cells treated with denatured proteins
from regenerating tail tissues (Prot den reg); bar, 10 um. (E) Low magnification of cells
(numerous are degenerating, some indicated by arrows) treated with proteins extracted
from regenerating tail tissues (Prot reg); bar, 20 um. (F) Higher view of cells treated with
proteins extracted from regenerating tail tissues. Some degenerating and granular cells

are indicated by arrows; bar, 10 um. (See description in the text).

treated with denatured proteins by boiling or protease treatment
(Fig. 4D). In contrast, the number of cells appeared diminished in
the culture treated with native proteins (not denatured), especially
at high concentration (Fig. 4 E,F). In the latter, numerous cells
appeared detached from the Petri dish substrate, and few were
still flat-attached to the substrate, others were shrunken and their
cytoplasm contained granular inclusions while sparse cells debris
were also observed, more commonly than in control cultures.
The observations on cell cultures after RNA delivery through
liposomes, showed normal cytological aspectsinuntreated controls
at 3 days (Fig. 5A), and also in other controls where the cultured
cells were treated with empty (no RNA) liposomes (Fig. 5B). Also,
cancer cellstreated with RNA extracted from the stump (normal) tail,
and incorporated into liposomes, did not show relevant aspects of
cell degeneration after 3 days from the administration, indicatively
resembling untreated cultures (Fig. 5C). In contrast, a dramatic

aspect, with reduction of cells numbers and increase
of cell debris, was instead observed at 2 and at 3 days
post-treatment in the culture treated with liposomes
containing RNA derived from regenerating tissues (Fig.
5D). At higher magnification most of these cells ap-
peared detached from the substrate and flat-attached
cells were almost absent, and cells were devoid of cell
elongations, shrunken, and numerous cells appeared
degenerated and/or mixed to cell debris (Fig. 5 EF).

The qualitative observations of cells sectioned from
resin-embedded cultures, confirmed the cytological
alterations previously reported between untreated cells
versus those treated with proteins or with RNA-lipo-
somes at high concentrations (Fig. 6). The histological
examination of normal versus treated cancer cells also
evidenced a cytotoxic action after separate protein or
separated RNA treatments. Untreated, control cancer
cells appeared prevalently bi- or multi-polar, stainable
(basophilic), their nucleus and nucleolus were evident,
and the membrane was intact (Fig. 6 A,B). In contrast,
cancer cells that were treated with extracted, untreated
proteins (not denatured) from regenerating tissues
contained numerous granules and their cytoplasm was
paler,and more poorly stainable, than untreated controls
(Fig. 6 C-E). Nuclei of these cells were often not seen,
and also the cell membrane or cell profile evidenced
some interruptions. Similar aspects were also detected
incellstreated with RNA-liposome at high concentration,
isolated from regenerating tail, featuring numerous cy-
toplasmic granules, lack of nuclei and evidencing some
discontinuity in their cell membranes (Fig. 6 F-H). Cell
fragments of small dimension were present among the
treated cells, suggesting cell fragmentation.

Discussion

Effects of extracted proteins and RNAs on cancer cells

The reason to initiate the present research derived
from previous studies (summarized in Alibardi, 2023),
indicating that the lizard blastema might produce
inhibitory molecules capable to regulate cell prolifera-
tion. Therefore, it was of interest to check if molecules
present in the lizard blastema were somehow also ef-
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fective on cancer cells. A previous study, conducted until 4 days
post-treatment on cancer cells (breast and prostate) In vitro with
high concentration (200-400 pg/ml) of a physiological (Ringer)
tissue solution derived only from regenerating tail tissues but not
fromnormaltissues, evidenced aninhibition of about 30-35% of the
total vitality of cancer cells (Greco et al., 2023). Therefore, it was
considered that while cancer cells with no treatment maintain for
days their vitality and proliferation, the addition of cellular extracts
from regenerating tissues only, negatively influenced the growth
of these cancer cells In vitro. Previous experiments on two types
of aggressive cancer cell lines cultivated In vitro showed a similar
inhibition, suggesting that cancer cells of different histological
origin are affected from molecules present in the regenerating
tail tissues (Greco et al., 2023). Therefore, the present and more
focused study specifically tested the cellular response of breast

Fig. 5. Effect of RNA-liposome treatments on cells in vitro. (A) Low magnification of
untreated cells (unt); bar, 20 ym. (B) Higher magnification of cells treated with empty
liposomes as controls (lipC0), bar, 10 um. (C) Cells treated with RNA-liposome extracted
from normal (stump) tissues (lip-NT), bar, 10 um. (D) Low magnification showing cells
(numerous are degenerating) treated with RNA-liposomes from regenerating tail tissues,
after 2 days in culture (lipReg2d), bar, 20 um. (E) Higher magnification of cells treated
with RNA-liposomes from regenerating tail tissues, after 2 days (lipReg2d); bar, 10 ym.
(F) Cells treated with RNA-liposome from regenerating tissues after 3 days (lipReg3d);

bar, 10 um. (see description in the text).
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cancer cells to the exposure of separated total RNA or separated
proteins, extracted and isolated from normal and regenerating tail
tissues. The present study confirmed that only molecules isolated
from regenerating tail tissues but not from normal tissues signifi-
cantly inhibithuman cancer cells. In a previous study, using normal
tails from gecko lizards, an inhibitory effect was also detected
from normal tail tissues, only versus In vitro cultivated cancer cells
but not effecting the vitality of normal cells (Jeong et al., 2012).
Although in our study, no effect was obtained using extracted
proteins or RNAs from normal tail tissues, it is also possible that
yielding a higher quantity of proteins or RNAs from normal tissues
some inhibition could be detected. However, our main goal was
to see a possible anti-cancer effect under our conditions of low
proteins/RNA concentrations.

With respect to the previous study that utilized Ringer extracts
(Greco et al.,, 2023), where smaller thermic resistant
molecules such as amino acids, peptides, nucleotide
bases, vitamins, non-protein hormones, ions etc. were
likely present, the present experiments have indicated
that isolated proteins or isolated RNAs are specific
sources of theinhibitory effect. Lowering cell vitality and
increasing cell degeneration was limited to 3 days of
exposition to protein extracts or to RNAs administered
via liposomes. This result suggests that the damage
and inhibition of vitality and growthin cancer cells could
be higher after longer exposure to RNA or to proteins
derived from the regenerating tissues.

Thehistological examination of normal versus treated
cancer cells also evidences a cytotoxic action after
separate protein or separated RNA treatments. The
elimination of the inhibitory action of isolated proteins
after boiling or protease treatment (Fig. 2A), indicates
that the proteins deactivated from the treatments, ef-
fect cancer growth. Although the present study reveals
that RNA alone is also or even prevalently involved in
the cytotoxic action (Fig. 2 B,C), it remains to be spe-
cifically identified whether RNA acts directly on cancer
cells or RNA codes for tumor suppressor proteins after
it enters, though liposome, into cancer cells. Itis known
that the regenerating tail contains a number of tumor
suppressors, such as Arhgap28, Rb, APC, etc. (Vitulo
et al., 2017; Degan et al, 2021; Degan and Alibardi,
2023). The other possibility is that the inhibitory effect
derives from some of the ncRNAs previously detected
in the regenerating tissues of lizard (Vitulo et al., 2017
Alibardi, 2019).

Due to the shortage of available material for more
experiments tagging specifically RNAs in the extracted
tissue solutions (e.g. RNAse treatments), the present
study cannot specifically indicate which type of RNA
is responsible for the observed inhibition. Despite this
missing information, we can however hypothesize
that the inhibitory effect largely derives from ncRNAs,
based on the following reasoning: a) transcriptome
data (Vitulo et al, 2017) indicate these ncRNAs are
exclusive of the regenerating tail but are absent in the
scarring limb. These studies have suggested that (a)
SNORD26, SNORD87, U8, SNORD50 and SNORD15 may
be candidates as tumor suppressors in the blastema
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of the lizard P muralis; b) ncRNAs are among the most highly
expressed transcripts in the regenerating tail, higher than most
coding mMRNAs (Vitulo et al., 2017; Degan and Alibardi, 2021) and
c) if mMRNAs are also involved in the inhibition effect, the latter
however derive from the protein coded from these mRNAs, such
as Arhgap28, APC, Rb, Ephrin etc. (Vitulo et al., 2017; Alibardi,
2019, 2021, 2022). More detailed experiments in the future could
aim to identify specific inhibitory ncRNAs or proteins on breast
or other types of cancer cells.

Cancer inhibition and regeneration

Cell proliferation and differentiation are very active during
development, regeneration and cancer. Although tumors are
also present among amphibians (Asashima et al, 1987), the
regenerating organs of amphibians are resistant to tumor trans-
formation, likely because of their effective regulatory regenera-
tive mechanisms that impede cell deregulation (Brockes, 1998;
Fior, 2014; Boilly et al., 2017; Sarig and Tzahor, 2017; Wong and
Whited, 2020). It is reasonable to assume that these regula-
tory mechanisms have evolved from long time in amphibians,
especially urodeles (Asashima et al., 1987; Anver, 1992; Oviedo
and Beane, 2009; Fior, 2014), but also in lizards. Paleontological
studies have indeed indicated that broad abilities to regener-
ated organs was already present in ancient amphibians of the
Carboniferous Period, at least 320 million years ago, and also in
ancestors of lizards of the Permian and Triassic, about 250 years
ago (Bellairs and Bryant, 1985; Frobisch et al., 2014; LeBlanc et
al., 2017).

The study on lizard regeneration further indicates that also
blastema cells of this amniote are capable to resist neoplastic
transformation, perhaps using cell control mechanisms similar to
those of amphibians. Although the details on the control mecha-
nisms remain unknown in both urodeles and lizards, in the latter
a balanced role of oncogenes and tumor suppressors has been
hypothesized, an equilibrium that impedes tumor transforma-

Fig. 6. Effects of protein treatment and RNA-
liposome treatment at high concentrations.
Cells were subsequently embedded in Epon
resin. (A,B) Untreated culture controls. (C-E)
Afterproteintreatment (Pot reg) and (F-H) after
RNA-liposome treatment at high concentra-
tions (Rreg). (A) Multipolar cell. Arrowheads
indicate cross-sectioned cell elongations; bar,
5 um. (B) Bipolar cell. Arrowheads indicate
cross-sectioned cell elongations; bar, 5 ym.
(C) Degenerating cells and cross-sectioned
cell elongations (arrowheads) that contain
cytoplasmic granules; bar, 5 ym. (D) Granu-
lated cells and cell elongations (arrowheads);
bar, 5 um. (E) Other granulated cells, likely
in cross-section, surrounded by cell elonga-
tions (arrowheads); bar, 5 um. (F) sections
of granulated cells of bipolar shape and cell
elongations (arrowheads); bar, 5um. (G) Detail
of roundishcellfilled with granules. (H) Abipolar
cell with granulations and close to sectioned
cell elongations (arrowheads); bar, 5 um. (see
description in the text).

tion but instead allows for a regulated regeneration of the tail
(Alibardi, 2019, 2023). How amphibians and lizards evolved this
cancer-resistance is a subject worthy to be investigated in the
future in order to discover regulative processes useful for human
cancer studies or even therapies. While the cellular localization
of tumor suppressor proteins in the lizard blastema is partially
known (Alibardi, 2021, 2022), no information on the specific
cells or tissues expressing ncRNAs are presently available, a
subject for next research using lizards as experimental models.
The present study was limited to test only cancer cells but we
do not know whether lizard proteins or RNAs from the normal or
regenerating tail can also affect normal human cells in vitro, a
limitation of the present study.

In conclusion, at the present stage, we can hypothesize that
RNA alone, or specific proteins present in the regenerating tail tis-
sue of the lizard P muralis, are capable of damaging and inhibit-
ing the proliferation of human breast cancer cells in vitro. Further
experiments, including also tests on other types of cancer cells,
should be conducted in order to specifically identify the types of
RNAs or proteins involved in the inhibition that seems to regulate
tail regeneration in lizards.

Materials and Methods

Lizard tail collection

In the present study, we utilized eleven samples that com-
prised two normal tail samples and three regenerating tails of
3-4 mm in length for protein testing, three normal tail samples
and three regenerating tails of about 3 mm in length for RNA
testing. The tissues derived from adult individuals of the wall
lizard (Podarcis muralis), kept in cages at 27-30°C and fed with
mealworms alternated with maggots, as previously reported
(Alibardi, 2022; Greco et al., 2023). Experiments were performed
under the Italian regulations for the care and use of animals for
experimentation (art. 5DL 116/92). Autotomy (a voluntary self-
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amputation triggered after grabbing the tail, see Quattrini, 1954)
was induced by twisting the tail at about 1/3" proximal, stimulat-
ing the animal to release it. The more proximal part of the tail,
3-5 mm in length, was utilized as tissue control and is indicated
as "stump or normal” tail tissues (ST in the following text). After
a regenerating tail cone (RT in the following text) of 3-4 mm in
length was formed, it was collected following the induction of
hypothermia to obtain numbed animals, and the lizards were later
released in the wild.

Tissues from the normal or from the regenerating tail were
reduced in size by cutting the tissues with a razor blade and im-
mediately collected in TRIzol reagent (#15596-026, ThermoFisher
Scientific) for RNA isolation (see below) or in Ringer solution
(NaCl 4.5 mM, NaHCO, 2.5 mM, KCI 100 mM, NaH,PO, 0.5 mM,
CaCl, 1.44 mM, Glucose 16.8 mM) for protein extraction (see
below) and stored at -80°C until use.

Protein extraction

Protein extraction was performed as described in a previous
work (Greco, 2023). The normal or regenerating tail tissues were
collected in a sterile Ringer solution, and they were homogenized
to obtain a protein extract. To avoid possible influences on the
following In vitro tests, no protease inhibitors were added to the
samples. After centrifugation, the supernatant solution contain-
ing the proteins was collected while the pellet was discharged.
Tail extracts were sonicated for 30 seconds, centrifuged for 30
min at 12000g at 4 °C, and the supernatant was filtered through
a 0.22 pym filter. Protein concentration was measured by Pierce™
BCA Protein Assay kit (#23227, ThermoFisher Scientific, Rock-
ford, USA).

Protein denaturation by boiling and enzymatic digestion

To discriminate the role of proteins in these studies, the pro-
tein extracts were degraded in two different ways, and consid-
ered as negative controls. One method consisted in the physical
inactivation (denaturation) of proteins by boiling the protein
extracts for 10 min at 100 °C. Another method consisted in the
enzymatic digestion of the protein extracts using proteinase K
(PK) (100 pg/ml), by incubating the protein extracts at 37 °C for
1 h with the enzyme. PK digestion was terminated by the addition
of cOmplete™ Mini Protease Inhibitor Cocktails (#11836153001,
Roche) at a final concentration of 1 uM.

RNA isolation and transfection

To promote total RNA extraction from normal or regenerating
tail tissue, the samples were mechanically homogenized by the
use of Benchmark D1000 Homogenizer (Benchmark, Sayreville,
USA). The RNA was extracted from the homogenates by TRIzol™
reagent (#15596-026, ThermoFisher Scientific, Rockford, USA),
an RNA extraction kit designed to isolate high-quality total RNA
and to maintain its integrity, according to the manufacturer’s
instructions. The RNA samples obtained through this procedure,
and their purity, were quantified using a NanoDrop™ One/One‘ Mi-
crovolume UV-Vis Spectrophotometer (ThermoFisher Scientific,
Rockford, USA). To avoid RNA degradation after delivery of RNA
in the cell culture medium for testing its effect on cancer cells,
the extracted RNA was delivered by Lipofectamine RNA iMAX
Transfection Reagent (liposomes, #13778150, ThermoFisher
Scientific, Rockford, USA) following the manufacturer’s protocol.

Cell cultures

MDA-MB 231, triple-negative breast cancer cell line (ATCC),
were cultured in Dulbecco's Modified Eagle Medium-High Glu-
cose (DMEM-HG, Gibco, ThermoFisher Scientific, Rockford, USA),
completed with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
penicillin (100 U/mL), and streptomycin (100 ug/mL). Cells were
maintained in a humidified 95% air 5% CO, incubator at 37 °C.

Cell viability assay

CyQUANT XTT cell viability assay (#X12223, ThermoFisher
Scientific) was used to evaluate cell viability after lizard tail
extracts treatment, as previously described (Greco et al., 2023).
Briefly, 5 * 10° MDA-MB 231 cells/well were plated in 96-well
plates. Cells were then treated with different concentrations of
normal or regenerating tail extracts of proteins (400 pg/mL) or
RNAs extracts (at a final concentration of 5 pmol and 2 pmol) in
triplicate. These concentrations were chosen to maximize the
use of the total quantity of extracted Proteins or of RNAs from
the available samples. Ringer solution and RNA transfection
reagent (empty liposomes) were used as a negative control.
At 24, 48, and 72 hours, the proliferation rate was tested by
adding 70 pL of working solution to each well of 96 well-plate
containing 100 pL of the medium. After 4 hours of incubation,
the absorbance of the plate was read at 450 nm (XTT specific
absorbance) and 660 nm (used to eliminate background signal
for all non-specific absorbance).

In vitro images after cell treatment

When cells reached 80% of confluence, they were detached
and dissociated by Trypsin-EDTA solution and were plated on
a Nitrocellulose membrane with a pore size of 3 um (Millipore,
Milan, Italy) that was pre-coated with 0.2 mg/mL of Matrigel (BD
Biosciences, Milan, Italy). After 24 hours, cells were treated with
RNAs (15 pmol and 6.25 pmol) or proteins (400 pg/mL) and
incubated in a humidified atmosphere at 37 °C containing 5%
CO,. After 3 days of incubation, control cells, RNA and proteins
treated-cells were photographed with an inverted microscope at
10x and 20x using a digital camera (Leica DMil Camera MC170
S40, Wetzlar, Germany). Then, the membranes with the attached
cancer cells were fixed for one hour at room temperature in
Karnowsky fixative containing 2.5% glutaraldehyde in phosphate
buffer. The fixed material was dehydrated in ethanol and embed-
ded in Epon resin for the following cytological study under light
microscopy.

From the resin block, sections of 1-2 pm in thickness were
obtained using an ultramicrotome (NOVA, LKB), and they were
collected on glass slides, stained with 1% toluidine blue or with
Giemsa stain, and observed with a light microscope at 20x or 40x.
Tissues from two regenerating tail cones of 3-4 mm in length,
collected, fixed, and prepared in previous studies (Alibardi, 2022),
were also used for determining the histological composition of
the regenerating tails at similar stages as those utilized in the ex-
perimental study. These sections were stained with 1% toluidine
blue, Hematoxylin-Eosin, or using the nuclear blue fluorophore
DAPI, and then observed under an epifluorescent microscope. Im-
ages were photographed using a digital camera (Leica DMil Cam-
era MC170 S40, Wetzlar, Germany or a Toupcam, Labwaretools,
version 3.7, Treviso, ltaly), and selected images were composed
into figures making use of Adobe Photoshop, version. 8.0.
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Statistics

Comparisons were made by using ANOVA onrepeated measures
and p <0.05was considered as statistically significant. Arepeated
measures ANOVA was employed to account for both the day and
concentration factors. Normality of the data was assessed by
evaluating their distribution, which appeared as consistent as a
normal. All data are represented as mean * standard deviation. All
the statistical analyses were performed with RStudio, the open-
source software of R language.
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