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Abstract: AUTAC-Biguanide is a hybrid compound designed to target mitochondria inducing their
degradation by mitophagy. This study unveils the potential of biguanides as cancer cell-targeting
agents, emphasizing AUTAC-Biguanide's superior antiproliferative properties compared to
metformin and its selectivity for cancer cells. The mechanism behind this heightened effect includes
the ability of AUTAC-Biguanide to triggers mitophagy. By providing a comprehensive analysis of
these findings, the study adds valuable insights to the field of mitochondrial-targeting anticancer
agents.
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1. Introduction

The influence of biguanide derivatives on the mitochondrial respiratory chain has become a
well-established area of research. Their antitumor properties, to some extent, stem from their ability
to inhibit oxidative phosphorylation.! While numerous studies have demonstrated the inhibition of
complex I in response to metformin and phenformin treatments?, the precise molecular target of
biguanides within the mitochondria remains unclear.> ¢ Furthermore, some studies indicate a lack of
biguanide activity on isolated mitochondria, suggesting that these compounds may only exert their
effects within intact cells. One plausible explanation is that these compounds do not directly interact
with mitochondria.* Another hypothesis suggests that the action of biguanides is, indeed, the result
of a direct interaction but is triggered by their accumulation within these organelles.+¢ This raises an
intriguing question regarding whether biguanides primarily target mitochondria themselves or if
their target is actually in the cytoplasm, the inhibition of oxidative phosphorylation being an indirect
consequence of this interaction.

The propensity of monosubstituted biguanides to localize within mitochondria primarily hinges
on their protonation status at physiological pH. Positively charged biguanides exhibit an affinity for
the negatively charged mitochondrial inner membrane.” & Since the inception of research on
biguanide derivatives in the 1920s-1930s, limited attention has been given to exploring their
interactions within mitochondria.® A notable breakthrough occurred in 2018 when a study
demonstrated the co-localization of these compounds with cytochrome c. In pursuit of this
understanding, the researchers conducted an in vitro experiment where they conjugated a metformin
derivative with a fluorescent marker using a copper-catalyzed azide-alkyne cycloaddition method
applicable within intracellular environments. Their observations revealed the accumulation of the
metformin derivative in mitochondria.

Nevertheless, several crucial questions persist. Does the observed accumulation in mitochondria
suffice to designate mitochondria as the primary target of biguanides? Furthermore, does
incorporating a biguanide function into a compound redirect its mechanisms of action toward
mitochondria? To delve into the interaction between biguanidium salts and mitochondria, and with
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the aspiration of formulating a potentially more potent anticancer agent than metformin, we fused
metformin with a ligand capable of activating the cell's autophagy system. The effects of this hybrid
compound on mitochondrial structure may offer compelling evidence supporting the notion that
biguanides indeed target mitochondria.

An emerging strategy involves promoting the degradation of a target molecule by attaching it
to a ligand that can harness the cell's intrinsic degradation pathways.!-1* Autophagy is a cellular
mechanism that facilitates the degradation of a broad spectrum of substrates, ranging from individual
proteins to entire organelles. This process operates through the selective tagging of proteins and their
subsequent incorporation into autophagosomes. Upon fusion with lysosomes, these
autophagosomes allow the enzymatic degradation of their contents by hydrolases.™* To specifically
target proteins or organelles of interest using this mechanism, recent developments have led to the
creation of bifunctional molecules, including AUTACs (Autophagy Targeting Chimeras) and
ATTECs (Autophagosome Tethering Compounds)'* 12 15, These molecules consist of two essential
components: one ligand targeting the protein to be degraded, represented by the pink motif
(Biguanide in our case), and another ligand that recruits the degradation system, denoted by the blue
motif (Guanine-derivative) (see Figure 1A). Notably, the creation of an ATTEC compound with
mitochondria-targeting capabilities has already been successfully realized through the incorporation
of a triphenylphosphonium (TPP) targeting group.'s Liu et al. have successfully showcased the
capacity of ATTEC-TPP derivatives to trigger mitophagy.”” Among the diverse approaches to activate
autophagy, the creation of AUTAC compounds draws inspiration from protein S-guanylation as a
triggering mechanism. In fact, a study conducted by Arimoto et al. in 2013 emphasized the
significance of S-guanylation as a marker that induces bacterial autophagy within the cytoplasm of
mammalian cells.'® 1 This process is characterized by the interaction between the compound 8-nitro-
c¢GMP (Cyclic Guanosine Monophosphate) and a protein's cysteine residue. The creation of a
thioether bond facilitates the subsequent attachment of ubiquitin through lysine 63 (K63), thereby
marking the protein for degradation by the lysosome.? As a result, the ubiquitin chain is
subsequently identified by autophagy receptors and integrated into the autophagosome (as
illustrated in Figure 1B). Taking inspiration from this recognition mechanism, Arimoto et al. achieved
the synthesis of the initial AUTAC compound. This one comprises a guanine derivative and a
mitochondria-targeting ligand and has demonstrated the ability to induce mitophagy.'s

The research presented below intends to confirm the mitochondria-targeting potential of
biguanides and enhance their efficacy as anticancer agents. We designed an AUTAC-Biguanide
compound by incorporating a biguanide functional group as a targeting moiety to the guanine motif,
known for its ability to recruit autophagy, as originally reported by Arimoto et al.’® The two ligands
connected by a carbon chain (Figure 1C) were assessed for their capacity to target and modify
mitochondria and inhibit the proliferation of cancer cells in vitro.

2. Results and Discussion

The synthesis of the AUTAC-Biguanide was the result of the conjugation of two building blocks.
N-Boc-1,6-hexanediamine was introduced in stoichiometric quantities with dicyandiamide and
TMSCI to form compound 1 in salt form, by in situ deprotection of the tert-Butoxycarbonyl (Boc)
group (Scheme 1A). To form the guanine ligand, the synthetic route previously described by Arimoto
et al.’® has been revisited with the aim of reducing the number of reaction steps. By substituting 4-
fluorobenzyl alcohol with fluorobenzyl bromide, it was possible to streamline the synthesis process
by eliminating three steps, reducing it to just four steps. The initial step involved the formation of
compound 2 through an SN2 reaction involving the purine imidazole and fluorobenzyl bromide,
yielding the desired isomer with an 89% yield. Subsequent addition of formic acid led to the complete
formation of intermediate 3, followed by bromination to yield compound 4. This one then reacted
with acetylcysteine thiol to yield guanine derivative ligand 5, incorporating an essential carboxylic
acid function to enable coupling with the previously synthesized biguanide derivative 1 (see 51-514).
After HPLC-prep purification, compound 6 was successfully obtained with a 12% yield, as depicted
in Scheme 1B. A control derivative was also synthesized without the biguanide function. In this case,
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compound 5 was coupled with hexylamine to retain only the guanine ligand and the spacer,
following the synthetic route depicted in Scheme 1C. This approach offers the advantage of
simplicity, requiring only a few steps.
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Figure 1. Design and mechanism of AUTAC-Biguanide. (A) Mode of action of the AUTAC compound
and the mechanism of autophagy. (B) S-guanylation and ubiquitination protein recognition mode for
selective degradation by autophagy. (C) Design and structure of AUTAC-Biguanide.
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Scheme 1. Synthesis of AUTAC-Biguanide and its control AUTAC-Hexyl. (A) Synthesis of
intermediate 1. (B) Synthesis of AUTAC-Biguanide 6. (C) Synthesis of AUTAC-Hexyl 7.

To evaluate its potential as an anticancer agent, AUTAC-Biguanide 6 underwent testing on two
pancreatic cancer cell lines, namely KP4 and PANCI. Its effectiveness was subsequently compared
with that of metformin, as well as guanine derivatives AUTAC-COOH 5 and AUTAC-Hexyl 7. The
results showed that controls 5 and 7 had no discernible impact on the growth of cancer cells, while
metformin exhibited toxic activity at concentrations ranging from 1 to 4 mM. Notably, the
combination of the AUTAC ligand with the biguanide proved significantly more potent,
demonstrating a median effective concentration of approximately 0.1 mM. This concentration is ten
times lower than that of metformin, highlighting the compound's potential antitumor properties (see
Table 1). The compounds were also tested on two healthy cell lines, h\TERT-HPNE (immortalized
pancreatic cells) and IMR90 (lung fibroblasts), to assess their toxicity. Metformin had no noticeable
effect on either cell line at the concentrations examined. Conversely, the controls, AUTAC-COOH 5
and AUTAC-Hexyl 7, appeared to affect hTERT-HPNE without exhibiting toxicity toward IMR90.
AUTAC-Biguanide, much like metformin, had no adverse impact on any of the healthy cell lines.
However, it's important to note that determining the ECso (effective concentration reducing cell
viability to 50%) for these compounds became challenging as the solubility of the compound
exceeded 1 mM in the culture medium (see Table 1). Both AUTAC-Biguanide 6 and metformin
exhibited a remarkable selectivity for cancer cells over healthy cells, indicating the potential of the
biguanide function as a cancer cell-targeting mechanism. These derivatives demonstrated a
selectivity index greater than 10, establishing them as promising anti-cancer agents.

Notably, compound 6 outperformed metformin, as its anticancer effects were observed at lower
concentrations, as illustrated in Figure 2. Evidently, AUTAC-Biguanide stands out from metformin
due to its significantly improved antiproliferative properties in cancer cells. To gain insights into the
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underlying reasons for this enhanced effect, a comprehensive investigation of the compound's
mechanism of action was undertaken and subsequently compared with its biguanide and guanine

controls.
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Figure 2. Study of the effect of AUTAC-Biguanide 6 on different cell lines. (A) Effect of 6 on pancreatic
cancer cells KP4 compared to metformin (B) Effect of 6 on the proliferation and growth of KP4 and
PANCI1 (cancer cells) and hTERT-HPNE and IMR90 (healthy cells), to assess its selectivity for cancer

cells versus healthy cells.

Table 1. ECso and selectivity index (SI) of AUTAC-Biguanide and its controls, determined after 72 h
of treatment in different cell lines (mean + SD).

Entry ECso (uM)
KP4 PANC1 IMR90 hTERT-HPNE _ SI
Met.» 1.49 +0.55 3.13+1.41 >20 > 20 >31
5 >5% >5* >5* 3.51+1.45 -
6 0.10 + 0.03 0.15 + 0.03 1% >1% >01
7 ST ST >1* 0.11 +0.02 -

See section “Material and Methods” in Supporting Information
* Could not be determined due to solubility issues
aMet. = Metformin.

As the impact of biguanide compounds is primarily linked to mitochondria, a study was
conducted to investigate whether the guanine motif had the potential to induce autophagy in these
organelles. In healthy cells, mitochondria form a dynamic network that evolves throughout the cell
cycle. This network presents itself as a collection of mobile filaments, which tend to undergo
fragmentation at the onset of apoptosis, resulting in a disorganized network with a punctate
appearance.?- 2 The morphology of mitochondria can be influenced by various stimuli, which may
have a more or less direct impact on these organelles. These alterations can be visualized using
confocal microscopy. Depending on their morphology, mitochondria can be categorized as
filamentous, fragmented (representing an intermediate state with both filaments and dots), or
punctate.?22 A fluorochrome that specifically targets mitochondria (MitoTracker Deep Red FM or
MTDR) was employed to examine the mitochondrial morphology in KP4 cells.?? In the presence of
metformin and AUTAC-Hexyl 7, mitochondria predominantly formed a filamentous network.
However, upon treatment with AUTAC-Biguanide, they exhibited a punctate configuration. Notably,
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the extent of this effect was concentration-dependent and became evident only when concentrations
exceeded the ECso threshold (100 uM). At this concentration, more than 50% of cells displayed a
fragmented or punctate mitochondrial network within just 24 hours of treatment. Doubling this
concentration resulted in fewer than 10% of cells maintaining a filamentous network. Moreover, there
was a decrease in fluorescence intensity, indicating potential mitochondrial degradation, which
aligns with previous findings (Figure 3A). To enhance image resolution and validate the disparity in
the effects of metformin and AUTAC-Biguanide, immunostaining was performed. In this context, an
immunofluorescent label was applied to TOMM?20, a mitochondrial outer membrane protein. The
results were consistent with MTDR results, showing that the majority of cells assumed a punctate
appearance after treatment with 200 uM compound 6, while 2 mM metformin induced a mild
fragmentation of the network, characterized by the presence of filaments (indicated by white arrows)
and dots (indicated by red arrows) (Figure 3B). Furthermore, mitochondria seem to adopt the same
morphology with both AUTAC-Biguanide and ATTEC-TPP treatments as reported by Liu et al.?7,
suggesting that both compounds have the same mode of action of inducing mitophagy.

To further assess mitochondrial mass reduction induced by the action of compound 6, its effect
on the levels of proteins belonging to the mitochondrial respiratory chain was studied (Figure 4). To
this end, protein transfer was performed following 24 h treatment of compound 6 and metformin in
KP4. A cocktail of antibodies was used to reveal and quantify various mitochondrial proteins
involved in oxidative phosphorylation (OXPHQOS). This mixture enabled the detection of one protein
from each of the respiratory chain complexes: vVATP5A (complex V), UQCR2 (complex III), SDHB
(complex II), COXII (complex IV) and NDUFBS8 (complex I). While metformin did not appear to affect
the levels of the proteins studied, a decrease was visible upon treatment with compound 6 for the
majority of proteins, with the exception of vATP5A and SDHB.

To delve deeper into the mechanism of action of AUTAC-Biguanide 6, investigations were
conducted to ascertain whether autophagy played a role in inducing mitochondrial degradation. The
autophagic process hinges on the formation of autophagosomes, which encapsulate proteins or
organelles. These autophagosomes subsequently fuse with lysosomes, leading to the degradation of
their contents.?* One of the most widely used markers of autophagy is the LC3-II protein, associated
with the membranes of autophagosomes and autophagolysosomes.?> The cytosolic protein LC3-I
(microtubule-associated protein 1A/1B-light chain 3) is recruited during autophagy and conjugated
with a phosphatidylethanolamine (PE) molecule to form LC3-II. This can then be incorporated into
the phagophore membrane, and is degraded only after fusion to the lysosome by hydrolases.? Its
expression is therefore closely correlated with autophagy, and its detection by immunoblot has
proved an effective method for monitoring this process.? In addition, LC3-II interacts with the p62
protein, capable of binding to ubiquitinated proteins or organelles.?” This interaction ensures selective
degradation of components incorporated into the autophagosome. Autophagy is a naturally
observed degradation process, which contributes to cell homeostasis by targeting damaged or
overexpressed proteins or organelles.
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Figure 3. Confocal microscopy images of KP4 pancreatic cancer cells following treatment with
AUTAC-Biguanide 6 or controls. (A) Morphology of KP4 cells after 24 h of treatment with DMSO,
metformin (2 mM), compounds 7 (1 mM) or 6 (50 uM, 100 uM and 200 uM) and staining of
mitochondria with the Mitotracker® Deep Red FM (MTDR) fluorescent probe and the nuclei with the
fluorescent dye DAPI; Cell morphology counts performed on a minimum of 100 cells per treatment
(n > 2). (B) Observation of KP4 cells after 24 h of treatment with DMSO, metformin (2 mM) or
compound 6 (200 pM) by immunofluorescence of the TOMM20 protein performed with the
combination of antibodies against TOMM20 and an anti-mouse Alexa Fluor 488. The nuclei are
stained with the fluorescent dye DAPI. Scale bars : 10 um.
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Figure 4. Effect of AUTAC-Biguanide 6 and its controls on OXPHOS proteins levels in KP4 after 24 h
of treatment and relative quantification of proteins levels for metformin and AUTAC-Biguanide (6);
*p<0,05;**p<0.01 (ANOVA).

There is therefore a basal level of LC3-1I, which may differ depending on the cell line studied or
the experimental conditions. To assess the impact of compound 6 on the induction of the autophagy
process, LC3-I and LC3-II levels were therefore determined in KP4 after 24 h of different treatments
and expressed as a relative quantity compared to the protein level in control-treated cells (DMSQO)
(Figure 5). According to previous experiments, AUTAC-Biguanide was most effective after a 24 h
treatment at 200 pM in KP4, with major disruption of the mitochondrial network. Cells were then
treated during the same time with 100 uM (ECso) and 200 pM (2 x ECs0) of compound 6. To evaluate
the impact of the biguanide component on autophagy levels, two different concentrations of
metformin were examined: 200 uM, to assess the effect of the biguanide ligand at a concentration
equivalent to that of compound 6, and 2 mM, the concentration at which metformin demonstrates
efficacy as an anticancer agent in these cells. For each of these metformin concentrations, it was
observed that the level of LC3-II did not increase, indicating that the anticancer properties of
metformin are not tied to its ability to induce autophagy (Figure 5A). At a concentration of 200 uM,
AUTAC-Hexyl 7 demonstrated an ability to elevate LC3-II levels, underscoring the capacity of the
AUTAC ligand to induce autophagy. However, it's important to note that AUTAC lacks anticancer
properties and doesn't affect mitochondrial morphology at higher concentrations. Its participation in
the autophagy process does not inherently lead to cytotoxicity, and it doesn't specifically target
mitochondria. On the other hand, AUTAC-Biguanide showed a mild increase in LC3-II levels after
treatment at 100 uM and 200 uM. This suggests that it retains the autophagy-inducing properties of
the AUTAC ligand, but its conjugation with the biguanide function directs its effect towards
mitochondria, potentially leading to mitophagy.

However, when studying the effects of a chemical agent on autophagy, the increase in LC3-II
protein levels can result from either enhanced conversion of LC3-I to LC3-1I (indicative of autophagy
activation) or reduced elimination by the lysosome (indicative of lysosomal degradation inhibition).
To determine whether compound 6 serves as an autophagy activator or an inhibitor of lysosomal
degradation, the same experiment as described above was conducted in the presence of the
autophagosome-lysosome fusion inhibitor, chloroquine (Figure 5B). The introduction of chloroquine
to the medium led to an increase in LC3-II levels by inhibiting its degradation. A comparison between
the medium without chloroquine and with chloroquine helped determine whether AUTAC-
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Biguanide exhibited similar properties to this inhibitor. If this were the case, the addition of
chloroquine in its presence would have had little impact on LC3-II levels. Immunoblot results
revealed a significant overexpression of LC3-II in the presence of chloroquine under all conditions,
including when AUTAC-Biguanide was present. Therefore, it can be concluded that AUTAC-
Biguanide does not affect the degradation of LC3B. These experiments align with the original
hypothesis behind the design of AUTAC-Biguanide. AUTAC is specifically engineered to induce
autophagy in cells through S-guanylation, thereby promoting the degradation of its target. The
examination of LC3-II levels indeed suggests the activation of upstream autophagy. The
incorporation of the biguanide component allows this degradation process to be selectively directed
towards mitochondria, consequently inducing mitophagy.

3. Conclusions

AUTAC-Biguanide 6 demonstrates significant antiproliferative properties against cancer cells,
leading to mitochondrial perturbations leading to a punctate mitochondrial network following
treatment at the median effective concentration. Notably, the ECso for AUTAC-Biguanide is
significantly lower than that of metformin, underscoring its heightened antiproliferative activity
against cancer cells.

Furthermore, AUTAC-Biguanide demonstrates notable selectivity for cancer cells compared to
healthy cells. Consequently, this bifunctional molecule proves to be a superior anticancer agent
compared to metformin. Moreover, the observed perturbations of mitochondrial network following
treatment with AUTAC-Biguanide serves as compelling evidence that biguanidium salts effectively
target these organelles and suggests that the biguanide function could be considered a mitochondria-
targeting agent, akin to TPP group. While TPP is commonly employed to direct molecules towards
mitochondria, it has the drawback of being highly apolar, making conjugation with excessively
hydrophobic molecules a challenge due to resulting insolubility in biological media. The biguanide
function, being highly polar, offers an alternative to TPP. Conjugation with hydrophobic molecules
strikes a balance between hydrophilicity and hydrophobicity, ensuring both the diffusion of
molecules across cell membranes and their solubility.

d0i:10.20944/preprints202407.1193.v1
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Figure 5. Effect of AUTAC-Biguanide 6 and its controls on LC3-I and LC3-II protein levels. (A)
Immunoblot for the study of LC3-I and LC3-II protein levels in KP4 after 24 h of treatment and relative
quantification of protein levels for metformin (Met.), AUTAC-Hexyl (7) and AUTAC-Biguanide (6);
*p <0.05; p <0.001 (ANOVA). (B) Effect of AUTAC-Biguanide 6 and its controls on LC3-I and LC3-II
protein levels in the absence and presence of chloroquine; Immunoblot for the study of LC3-I and
LC3-II protein levels in KP4, with and without chloroquine, after 24 h of treatment and relative
quantification of protein levels for metformin, 7 and 6; **p < 0.01; p < 0.001 (ANOVA).

In contrast to the mito-AUTAC previously reported that improved cell viability,'> we present
new biguanide-based AUTACsS that are toxic to cancer cells and thus hold potential for anticancer
therapies. The action of AUTACs depends on the presence of 8-nitro-cGMP, a metabolite produced
from cGMP by the action of nitric oxide (NO) and ROS. Pancreatic cancer cells bearing KRAS
mutations exhibit high levels of ROS and NO, suggesting why biguanide AUTACs can be toxic to
these cells, which likely have elevated levels of 8-nitro-cGMP. It is also conceivable that the toxicity
relies on the ability of biguanides to specifically target cancer mitochondria, but there is currently no
data available to support this hypothesis.

The synthesis of this biguanide derivative, capable of inducing autophagy, has, therefore, paved
the way for the development of a more potent anti-cancer agent.
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