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Abstract
Target therapies based on BRAF and MEK inhibitors (MAPKi) have changed the therapeutic landscape for
metastatic melanoma patients bearing mutations in the BRAF kinase. However, the emergence of drug
resistance imposes the necessity to conceive novel therapeutic strategies capable to achieve a more
durable disease control. In the last years, retrotransposons laying in human genome have been shown to
undergo activation during tumorigenesis, where they contribute to genomic instability. Their activation
can be e�ciently controlled with reverse transcriptase inhibitors (RTIs) frequently used in the treatment of
AIDS. These drugs have demonstrated anti-proliferative effects in several cancer models, including also
metastatic melanoma. However, to our knowledge no previous study investigated the capability of RTIs to
mitigate drug resistance to target therapy in BRAF-mutant melanomas. In this short report we show that
the non-nucleoside RTI, SPV122 in combination with MAPKi strongly inhibits BRAF-mutant melanoma
cell growth, induces apoptosis, and delays the emergence of resistance to target therapy in vitro.
Mechanistically, this combination strongly induces DNA double-strand breaks, mitochondrial membrane
depolarization and increased ROS levels. Our results shed further light on the molecular activity of RTI in
melanoma and pave the way to their use as a novel therapeutic option to improve the e�cacy of target
therapy.

Background
Combination therapy with BRAF and MEK inhibitors (MAPKi) has become standard of care for melanoma
patients (approximately 50%) harboring BRAF-V600 mutations (1,2). This therapeutic approach results in
rapid and durable objective responses in the majority of patients and in prolonged overall survival. A big
issue, however, still remains the emergence of drug resistance (3-6). From here, the need to identify novel
and more e�cient combinatorial approaches capable to control the development of drug resistant clones
and to avoid disease relapse (7). Towards this goal, our group has worked in the last years to the
identi�cation of non-mutational mechanisms involved in the acquisition of drug resistance. In this
context we reported that monoclonal antibodies targeting ErbB3, a member of EGFR family, are able to
inhibit activation of this receptor as a mechanism of escaping from MAPKi in melanoma and to delay the
emergence of drug resistance in vitro and in vivo (8). In addition, we have also demonstrated that
microRNAs are key players of resistance to target therapy in melanoma and that their targeting is able to
restore drug sensitivity (9-11).

A challenging �eld of cancer research is the possibility to take advantage of reverse transcriptase (RT)
inhibitors (12), normally used against retroviruses like HIV-1 for the therapy of AIDS (13). The rationale for
this approach lays on the existence in our genome of retrotransposons, i.e. genetic sequences able to
copy themselves into an RNA intermediate and to insert elsewhere in host DNA (14). The control of the
stability of these genomic “parasites” is pivotal for the cellular physiology of the host. There are two
classes of retrotransposons in mammals: 1) LTR and 2) non-LTR (14). Human endogenous retroviruses
(HERVs) are members of the �rst class (LTR) and are remnants of retroviral germline infections and due
to a strict epigenetic regulation they are barely expressed in adult healthy tissues (15). The molecular
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mechanisms encompassing HERV insertions in genome resemble those used by exogenous retroviruses
(16). Many studies have linked increased HERV expression to tumors, like breast cancer, melanoma and
kidney cancer. These results may indicate their oncogenic role, despite causative involvement of HERVs
has not still clearly demonstrated (15). As to non-LTR retrotransposons, they are mostly represented by
Long Interspersed Element-1s (LINE-1s), which are the only active autonomous retrotransposons in
humans. Again, their involvement as passengers or drivers of human cancers is still debated (17). A proof
of concept of their key role in cancer is the evidence that LINE-1 promoters are frequently silenced by
methylation in normal cells and then activated by genome-wide hypomethylation during tumorigenesis;
an event underpinning high retrotransposon activity and genome instability (18). In a recent work,
retrotransposon activity has been investigated through whole genome sequencing (WGS) in colorectal
cancer. This work led to the identi�cation of variable RT insertions in at least 15 known cancer genes.
Among them, LINE-1 insertions were observed in the oncosuppressor Adenomatous Polyposis Coli (APC)
leading to its inactivation, which suggests a direct contribution to tumor-initiation (19). Of note, similar
�ndings have been previously observed in colorectal cancer (20). Finally, an additional class of reverse
transcriptase in eukaryotic cells is represented by telomerases (TERT), which are involved in the
maintenance of chromosome ends (21). In most adult human tissues, telomerase activity is low or
undetectable. Differently, their up-regulation is a critical event in over 90% of cancers but the molecular
mechanisms underpinning TERT activation are not completely understood (22).

Both nucleoside RT inhibitors (NRTIs) and non-nucleoside RT inhibitors (NNRTIs) have demonstrated to
be effective anticancer agents in several carcinoma cell lines (23-26). Inspired by the combined structure-
activity relationships of F2-DABO class of NNRTIs and of the related ADATs (27,28), a series of novel
pyrimidinone derivatives were designed and screened for their antiproliferative effects in cancer cell lines.
Among them, compound SPV122 demonstrated anti-proliferative effects on melanoma and on prostate
cancer cells (29,30). Based on these �ndings we decided to investigate the capability of SPV122 to
potentiate target therapy for BRAF-mutant melanomas and to delay the emergence of drug resistance.
Furthermore, we have also deepened our knowledge on the molecular mechanisms responsible for the
anti-proliferative and apoptotic effects of RTi+MAPKi for the management of metastatic melanoma.

Materials And Methods
Cell culture, treatments, and reagents

Human melanoma cell lines M14, A375 and WM115 were obtained as previously described (9,12) and
cultured in RPMI supplemented with 10% FBS. For combination assays, BRAFi has been used starting
from the highest dose of 5 mM and then diluted 1:2 for ten times; SPV122 was used at �xed dose of 1.25
mM. All the other experiments have been performed with the following doses: 150 nM for BRAFi, 75 nM
for MEKi and 1.25 mM for SPV122. Long-term colony formation assays have been performed treating
M14 melanoma cells two times a week with 250 nM of a BRAFi and at every time point cells have been
�xed using crystal violet staining as previously done (10). For clonogenic assays, Zidovudine and
Stavudine NRTIs and SPV122 and Efavirenz NNRTIs have been tested starting from 100 mM and then
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diluted 1:2 for ten times. Encorafenib as BRAFi, MEK162 as MEKi, Efavirenz, Stavudine and Zidovudine
have been obtained by Selleckchem. SPV122 was prepared as described (29).

Cell proliferation and in vitro colony formation assays

Viability of cells was examined with 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bromide Cell
Titer 96 AQueous One Solution Cell Proliferation Assay (Promega), according to the manufacturer’s
protocol. Colony formation assays have been performed by crystal violet staining as previously described
(10).

FACS Analyses

Annexin V assay for apoptosis, cell cycle and mitochondrial membrane depolarization analyses have
been performed in melanoma cells treated with the aforementioned inhibitors for 48 hours as described
in our previous work (9) using a speci�c Millipore kit according to the manufacturer’s protocol.

Antibodies and Western Blot

PARP and pH2A.X were purchased from Cell Signaling Technology (Boston, MA, USA). p27 and GAPDH
were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-rabbit and anti-mouse were
purchased from AbCam (Cambridge, UK). Melanoma cells were lysed with RIPA buffer purchased by
Sigma-Aldrich (St. Louis, MO, USA) and total proteins were run using Invitrogen Bolt Bis-Tris 4–12% Plus
gels precast polyacrylamide gels as previously described (12).

Immuno�uorescence analyses

For immuno�uorescence analyses cells were �xed with 4% paraformaldehyde (PFA; Sigma-Aldrich),
permeabilized in 0.1% Triton-X100 (Sigma-Aldrich, Milan, Italy), after washing two times with PBS the
cells were stained with pH2A.X (1:100 dilution) or PBS alone as negative control and incubated at 4 °C
overnight. Next day, cells were washed by PBS three times to remove unbound antibodies, then secondary
antibody (1:300 dilution) was added in the dark and incubated at room temperature for 1 h. Then cells
were stained with Hoechst 33,342 (1:1000 dilution) for 5 min in the dark. Immuno�uorescence images of
cell lines were performed as previously described (6,31). For the pH2A.X foci counts at least 8–10 �elds
were randomly captured from each experimental triplicate (32).

Statistical Analyses

All results shown are presented as mean values from three independent experiments. Quantitative
analysis for curve �tting and p-value estimation (signi�cance p<0.05) were performed by GraphPad Prism
7 (San Diego, CA, USA) (33).

Results And Discussion
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SPV122+MAPKi reduce cell proliferation, induce apoptosis, and cell cycle blockade and delay drug
resistance in BRAF-mutant melanoma cells in vitro

SPV122 and its stereoisomers have demonstrated the capability to inhibit cell proliferation and to induce
differentiation in A379 melanoma cells. Those effects reproduced those observed with other NNRTIs, like
efavirenz or after RNA interference (RNAi)-mediated silencing of the RT-encoding LINE-1 elements (27-29).
This has been the starting point for the present study. Clonogenic assays (shown as Additional �le 1:
Figure S1) performed on M14 as a representative BRAF-mutant melanoma cell line con�rmed these
�ndings. In detail, cells were treated with efavirenz and SPV122 (as NNRTIs) or stavudine and zidovudine
(as NRTIs) starting from 100 μM and then diluted 1:2 for ten times. First of all, NNRTIs demonstrated to
be more effective in inhibiting M14 cell proliferation as compared to NRTIs, which are able to affect cell
viability only at very high concentrations (Additional �le 1: Figure S1). Furthermore, as previously reported
(29) SPV122 demonstrated to be more powerful in inhibiting melanoma cell growth as compared to
efavirenz (Additional �le 1: Figure S1 upper plates).

We next started to assess the effect of combinatorial treatments of MAPKi+SPV122 using different
biological assays in M14 cells. Towards this goal we tested different concentrations of encorafenib (as a
BRAFi) in the presence or not of SPV122. Our results clearly indicate that this NNRTI was able to
potentiate BRAFi activity on melanoma cell growth (Fig. 1A). Of note the same results were obtained in
two additional BRAF-mutant melanoma cell lines, namely A375 and WM115 (Additional �le 2: Figure
S2A). Furthermore, as further control of the magnitude of our �ndings we also tested the effects of the
aforementioned additional NNRTI, i.e. efavirenz in combination with a BRAFi on M14 cells. This
compound has largely demonstrated to be able to exert antitumor effects on melanoma cells (34,35)
although never in the presence of BRAF inhibitors. Results con�rmed the capability of this class of
molecule to potentiate BRAFi activity on M14 cells (Additional �le 2: Figure S2B). It is important to point
out that SPV122 alone, as reported by Sbardella et al (29), is able to trigger an e�cient inhibition of
melanoma cell growth only at doses higher than 1mM (see Additional �le 2: Figure S2C). Hereafter, we
also tested the triple combination of BRAFi + MEKi + SPV122 on M14 cell proliferation. Pleasingly, we
observed a strong improvement of the growth inhibitory in the presence of the NNRTI (Fig. 1B). The same
�ndings were con�rmed on apoptosis induction measured by FACS analyses through annexin V assays
(Fig. 1C). Furthermore, in line with previous �ndings indicating the capability of MAPKi (9) and NNRTIs to
induce a G0/G1 arrest in cancer cells (23) we observed that the triple combination induces a dramatic
block in this phase in melanoma cells as compared to double and single treatments (Fig. 1D).  Hereafter,
we decided to investigate through Western Blot analyses the molecular effectors involved in this cell cycle
blockade. Our results con�rmed that MAPKi was able to induce p27 cell cycle controller (9) after 24 hour
of treatment despite the addition of SPV122 did not further increase this protein (Fig. 1E). Of note, after
48 hours we observed a reduction of p27 both in double (BRAFi+SPV) and triple combinations
(BRAFi+MEKi+SPV) probably due to the activation of apoptosis (see Fig. 1C). These results suggest the
involvement of different mechanism of cell cycle arrest. For this reason, we decided to measure
phosphorylated-H2AX, a typical marker of DNA double strand breaks (36) which is known to be induced
by NNRTIs (23,30). Coherently, our results demonstrated a strong increase of this marker in SPV122
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combination with MAPKi both at 24 and 48 hours of treatments (Fig. 1E). Furthermore, at this last time
point we also observed the cleavage of PARP protein (Fig. 1E). Whole blots are available as Additional �le
3: Figure S3. All together these events may explain the strong level of apoptosis induction observed in
Fig.1C. It is important to point out that similar results on apoptosis and DNA damage induction have been
previously observed on melanoma cells using another NRTI, namely azidothymidine (AZT) (26).

Finally, we sought to determine the potential impact of SPV122 on BRAFi acquired resistance in vitro.
Hence, using long term in vitro colony formation assays, we tested the consequence of SPV122 on M14
BRAFi-sensitive melanoma cells exposed constantly to encorafenib for 28 d. Our data demonstrate that
melanoma cells co-treated with SPV122 completely loose the ability to form BRAFi-resistant colonies
(Fig. 1F). In contrast, in the absence of this inhibitor cells were initially affected by exposure to
encorafenib (day 3 of drug exposure), but very rapidly they succeeded in the establishment of resistant
colonies (Fig. 1F). These �ndings suggest the possibility that NNRTIs may potentiate the e�cacy of
current targeted therapies for BRAF-mutant melanomas patients and may delay the establishment of
drug resistance. 

SPV122+MAPKi induce DNA damage coupled with mitochondrial membrane depolarization and ROS
production in BRAF-mutant melanoma cells

DNA damage may mechanistically explain the strong inhibitory effects obtained when we add SPV122 to
MAPKi on BRAF-mutant melanoma cells. To strengthen these �ndings, we sought to measure the
accumulation of nuclear phosphorylated-H2A.X by immuno�uorescence (36,37). Results (Fig. 2A, left
panels) clearly show the increase of H2A.X foci corresponding to DNA double-strand breaks sites when
we combine SPV122 with either BRAFi alone or to greater extent with both a BRAF and a MEK inhibitor.
Data quanti�cation of foci formation per cell was plotted in a heat-map diagram (Fig. 2A right panel). Of
note the same �ndings were observed also in A375 cells (Additional �le 4: Figure S4). Hereafter, we
assess whether the depolarization of mitochondrial inner transmembrane potential as a marker of
apoptosis (38,39) may occur in different combinatorial regimens. Data indicate that this was indeed the
case. FACS analyses and their quanti�cation (Fig. 2B, left and right panels respectively) demonstrated
dramatic effects on the alteration of the mitochondrial inner membrane potential in the combination of
SPV122 with MAPKi. Again, the most impressive results were obtained in the case of triple combinations
of BRAFi + MEKi + SPV122 (Fig. 2B). The same data were obtained also in A375 cells (Additional �le 5:
Figure S5). Of note, similar results on mitochondrial dysfunction have been previously observed by
treating cancer cells with the aforementioned NRTI, i.e. AZT (40,41).

Finally, we reasoned that the thread linking between the DNA damage, the alteration of mitochondrial
membrane potential and induction of apoptosis may be the accumulation of oxidative stress in
melanoma cells (42,43). Towards this goal, we took advantage of FACS analyses using dihydroethidium
(DHE), a reagent that measures the reactive oxidative species allowing to distinguish cellular
subpopulations into ROS positive (+) or negative (-) cells. Results clearly show that SPV122 addition to
BRAFi and even more to BRAFi + MEKi dramatically increased the number of ROS (+) cells (Fig. 2C). All
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together these �ndings demonstrate that the powerful growth inhibitory effects obtained by the
combination of NNRTIs with target therapy in melanoma are linked to dysregulation of the mitochondrial
membrane potential and ROS production which in turn results in excessive DNA damage and apoptosis.

Conclusions
Reverse Transcriptase Inhibitors have demonstrated e�cacy as anticancer agents; however, their role as
potentiators of target therapies have not been addressed yet. Here, using as working models BRAF-
mutant melanoma cells we have demonstrated for the �rst time that the  RT inhibitor SPV122 strongly
synergizes with MAPKi to reduce cell proliferation, induce apoptosis and delay drug resistance in vitro. Of
course, these results warrant further corroboration in in vivo tumor models. Furthermore, the molecular
mechanisms underpinning NNRTIs' e�cacy in cancer cells still needs to be further elucidated. In this
context, very recently Bellisai et al (30) have reported that SPV122 decreased proliferation of metastatic
prostate carcinoma cells by concomitant induction of genomic DNA damage. In line with these �ndings,
we observed that SPV122 addition to MAPKi potently provokes DSBs as highlighted by nuclear
accumulation of H2A.X. Mechanistically, we provide evidences that these events may be caused by the
alteration of the inner transmembrane mitochondrial potential coupled with ROS production.

We are aware that our data do not directly allow to correlate SPV122 effects as potentiator of BRAF and
MEK inhibitors in melanoma, with inhibition of retrotransposon activity. In this regard we can envisage
the involvement of three possible elements. 1) Human endogenous retrovirus type K of HML-2 family
(HK2) members which are known to be transcriptionally active (44). Some virus-like particles of this
family have been detected in breast cancer, leukemia and also in melanoma (45). However, K103 enzyme,
which is the only HK2 functional RT has been demonstrated to be inhibited only by NRTIs and not by
NNRTIs in melanoma cell lines in vitro (45). These evidences tend to exclude the involvement of HERVs in
our working model. 2) Telomerase activation, which is a hallmark of advanced malignancies including
67-85% of metastatic melanomas (46). Interestingly, it has been recently demonstrated that oncogenic
BRAF-V600-MAPK signaling potently activates a mutant TERT promoter, which in turn up-regulates TERT
expression (47,48). This event encompasses not only the classical telomerase function but also a strong
suppression of MAPKi-induced melanoma cell apoptosis (47,48). In the light of these evidences TERT
aberrant expression may impact on the establishment of resistance to target therapy in BRAF-mutant
melanomas. However, also in this case NNRTIs such as our SPV122 have not demonstrated the ability to
inhibit telomerase activity, even at millimolar concentrations (49). Furthermore, only long-term and
continuous treatments with NRTIs resulted in an accelerated loss of telomere repeats and antiproliferative
effects in colorectal cancer and melanoma cell lines in vitro (26). 3) LINE-1 insertions, which have been
observed and mapped in the genomes of several human cancers (50). Furthermore, their activation has
been reported to orchestrate melanoma cell transcriptome by sequestering RNAs through the reverse
transcriptase activity to give rise to aberrant RNA:DNA hybrids (12). Hence it is not surprisingly that the
inhibition of LINE-1 expression through RNA interference (RNAi) is able to reduce proliferation and to
restore differentiation of melanoma and prostate cancer cells (27-30). These effects have been
reproduced treating the same cells with different NNRTIs in vitro, such as nevirapine, efavirenz as well as
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SPV122 and its stereoisomers (27-29). This suggests that the anti-tumoral activities of these compounds
may not re�ect a random off target consequence. Finally, the effects of the different aforementioned
NNRTIs are induced quite rapidly (within a few days), supporting the conclusion that all tested molecules
share a common target in melanoma cells.

In conclusion, it is evident that additional efforts to directly correlate the RT inhibitor SPV122 with
retrotransposons activity in melanoma cells are needed. However, the strength of our work encompasses
the demonstration of the capability of RTIs to delay resistance to target therapy in BRAF-mutant
melanoma cells in vitro. These �ndings pave the way for further testing of SPV122 combinations with
MAPKi in in vivo mouse xenograft models, where it will be possible to assess the capability of these new
triple combinations to control tumor recurrence for longer time.
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MAPKi: BRAF/MEK inhibitors; LINE-1: Long Interspersed Nuclear Element1; RTi: reverse transcriptase
inhibitors; NRTIs: nucleoside RT inhibitors; NNRTIs: non-nucleoside RT inhibitors; FBS: Fetal Bovine
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Supplementary Information
Additional �le 1: Figure S1. M14 cells treated with different RTIs. Cells have been exposed for 72 hours to
perform clonogenic assays in the presence of SPV122 or Efavirenz (as NNRTIs, upper plates) and
Zidovudine or Stavudine (as NRTIs, lower plates). Inhibitors have been used starting from 100 mM and
then diluted 1:2 for ten times.

Additional �le 2: Figure S2. Effects of RTIs alone or in combination with BRAFi in different BRAF-mutant
melanoma cells. (A) A375 and WM115 have been exposed to encorafenib (BRAFi) starting from 5 μM and
then diluted 1:2 for ten times in the presence or not of SPV122 at �xed dose of 1.25 mM to measure cell
viability through MTT assay after 72 hours. (B) The same experimental approaches have been performed
in M14 cells in the presence of a BRAFi and/or efavirenz used at of 2.5 mM. (C) M14, A375 and WM115
cells have been treated with SPV122 starting from 5 μM and then diluted 1:2 for ten times to measure cell
viability through MTT assay after 72 hours.

Additional �le 3: Figure S3. Whole blots of Figure 1E.

Additional �le 4: Figure S4. SPV122+MAPKi induce DNA damage in A375 cells. Immuno�uorescence
analyses have been performed to quantify nuclear p-H2A.X upon exposure to the aforementioned
combinatorial regimens for 24 hours. Scale bars: 50 mm; 40x magni�cation.

Additional �le 5: Figure S5. SPV122+MAPKi induce mitochondrial membrane depolarization in A375
cells. Mitochondrial membrane depolarization has been assessed by FACS analyses after 48 hours of
exposure to encorafenib, MEK162 and/or SPV122.

Figures
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Figure 1

SPV122 potentiates MAPKi effects on M14 BRAF-mutant melanoma cells. (A) M14 melanoma cells have
been exposed to encorafenib (BRAFi) starting from 5 μM and then diluted 1:2 for ten times in the
presence or not of SPV122 at �xed dose of 1.25 μM to measure cell viability through MTT assay after 72
hours. (B) Crystal violet staining and O.D. at 595 nM reading by spectrometer assessed the growth
inhibitory effects of encorafenib (BRAFi, 150nM) and MEK162 (MEKi, 75nM) in the presence or not of
SPV122 (1.25 μM) for 72 hours. The same drugs alone or in combination have been tested for apoptosis
induction (C) and cell cycle (D) after 48 hours of exposure. (E) M14 cells have been treated with the
different drugs as previously described and total protein extracts have been subjected to Western Blot
analysis to measure the expression levels of the indicated molecular effectors. (F) The same cells have
been exposed two times a week with 250 nM of a BRAFi and then stained with Crystal violet (day 0). The
remaining plates were treated with encorafenib in the presence or not of SPV122 (1.25 μM) and then
stained after 3, 10, 20 and 30 days (left part). Quantitation of data were obtained as described above
(right part).
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Figure 2

SPV122+MAPKi induce DNA damage, mitochondrial membrane depolarization and ROS production in
M14 cells. (A) Immuno�uorescence analyses have been performed to quantify nuclear p-H2A.X as a
marker of DSBs upon exposure to the aforementioned combinatorial regimens for 24 hours. Scale bars:
50 μm; 40x magni�cation. Heat map has been plotted to quantify the number of foci per cell. (B)
Mitochondrial membrane depolarization has been assessed by FACS analyses after 48 hours of exposure
of M14 cells to encorafenib, MEK162 and/or SPV122 (left panels). Data have been plotted to assess the
% of depolarized cells (right part). (C) M14 cells treated as described above have been tested for ROS
production by FACS analyses.
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