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ABSTRACT

| use the Nernst equation, parameterised with experimental data, to predict that cancer cells
will accumulate more of a lipophilic anion than normal cells. This effect is correlated to
charge number. Model cancer cells accumulate *100 more of an anion, *10% more di-anion,
*10° more tri-anion, *10® more tetra-anion and *10° more penta-anion (>>1 billion times
more). The trend endures, conveying even greater specificity, for higher charge numbers.
This effect could be leveraged for cancer therapy. Wherein the lipophilic anion is a toxin that
targets some vital cellular process, which normal and cancer cells may even share. It delivers
a high, lethal dose to cancer cells but a low, safe dose to normal cells. This mathematical
finding conveys the prospect of a broad, powerful new front against cancer.

BACKGROUND

President Richard Nixon declared war on cancer over 40 years ago. However, today cancer is
the leading cause of death worldwide. 7.6 million deaths in 2008; projected to rise to 13.1
million deaths per year by 2030 [1]. It is estimated that a quarter of adult males, and a fifth of
female adults, will die from cancer in the USA [2]. These fatalities deliver substantial
economic and immeasurable personal cost.

| propose a new class of anti-cancer medicines. Lipophilic anions: negatively-charged
molecules that can passage through lipid membranes. | use a biophysical model to show that
cancer cells will accumulate and retain more of these molecules, in their cytoplasm and
mitochondrial intermembrane space (IMS), than normal cells. So, a poison from this class
will be directed to cancer cells at a higher dose than normal cells, which will convey a
therapeutic window. The model predicts that the accumulation by cancer cells is so much
greater than for normal cells that even molecules/processes that normal cells rely on also are
safe targets. So the potential of this new paradigm is immensely rich and broad, given the
huge number of different molecular targets in the cytoplasm and IMS.
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My accumulation model is a simple and powerful recasting of the Nernst equation [3], a
cornerstone of biophysics, parameterised to experimental data. In the model, cancer and
normal cells accumulate charged lipophilic molecules differently because they have different
voltages across their plasma (Wrm) and inner mitochondrial (¥im) membranes. As compared
to normal cells, cancer cells have a depolarised Wpm [4-10] and a hyperpolarised Wim [11-23].
Whether they have a different voltage across their outer mitochondrial membrane (Wow) is
less clear, with the relevant experiments yet to be done. The ramifications of different Yom
values are explored in the model, but no tested Wowm Settings change model behaviour
sufficiently to change the conclusions drawn.

There is a history of charged lipophilic molecules in cancer research. But cations rather than
anions: delocalised lipophilic cations (DLCs) targeted to the mitochondrial matrix. A number
of different DLCs have been shown to accumulate in, and selectively kill, cancer cells in vitro
and in vivo [11-16, 20, 24-40]. However, no DLC has yet been successful in clinical trials.
MKT-077 failed because of renal toxicity [41-42]. In phase | trials, rhodamine 123 couldn’t
kill cancer cells, to the stringency of statistical significance, at the maximally tolerated dose
[43]. These failures seem to have blunted an approach that once generated such excitement,
promise and hope. To date, it hasn’t been explained why DLCs could be so successful in
some cases (e.g. xenograft mouse models) and not others (e.g. clinical trials). My model
delivers answers. It gives a mechanistic account of why some cancer cell lines will
selectively accumulate more of a DLC than normal cells, and not others. A hyperpolarised

¥ m favours, and a depolarised Wpm disfavours, DLC accumulation. For some cancers, their
stereotypical depolarisation in Wpm equals their stereotypical hyperpolarisation in ¥im. This
cancels out any selective accumulation of DLCs as compared to normal cells. For other
cancers, there is a small discrepancy between the magnitude of their stereotypical
depolarisation in Wpm and hyperpolarisation in ¥ym. This conveys a margin for selective
accumulation of DLCs over and above normal cells. By understanding why the DLC
approach won’t work in every case, | hope it will reignite this tact for some amenable
cancers. However, where the model explains why DLCs have a delimited therapeutic
potential, it shows that lipophilic anions will have a universal applicability. Whereas the
depolarisation in Wpm and hyperpolarisation in Wi are subtractive for cations, they are
additive for anions. And where the selective accumulation for DLCs is small at best, the
selective accumulation of lipohilic anions is substantial at worst. So, | propose that lipophilic
anions should be our focus rather than lipophilic cations; delocalised lipophilic anions
(DLAS) as a new therapeutic paradigm.

Cancer cells have a depolarised ¥rm compared to normal cells
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Wpm can change during the different phases of the cell proliferation cycle [4]. For example,
Wem hyperpolarises in some cancer cells as they enter the S phase. However, at all phases, the
Wem of cancer cells is consistently depolarised to that of normal, differentiated cells [4]. For
example, MCF-7 breast cancer cells have a Wpm value of -9 mV (-30 mV during S phase) and
normal, differentiated breast cells have a Wpm value of -40 to -58 mV. Wpm depolarisation
seems to be required for cancer proliferation (causative rather than merely correlative [4-5,
7]). For proliferating Chinese hamster ovary (CHO) cells, ¥pm = -10 mV, and hyperpolarising
the cells to -45 or -75 mV (values more typical to normal differentiated cells) halts their
proliferation [4]. So, strategies or drugs to hyperpolarise Wpm may be effective against cancer.
Indeed, a hyperpolarisation of Wpm reduces tumour formation in vivo [5]. Wpm values for
cancer cells are depolarised to -40 mV; Wpm values for normal, differentiated somatic cells
are hyperpolarised to -40 mV (Figure 1 in [4]). Exact values vary between cell types. A fair,
representative Wpm value for a cancer cell = -10 mV; a fair, representative Wpm value for a
normal adult cell =-70 mV [4]. I will carry these values into my model.

Note that there is a divergence and contradiction in the literature, with many hundreds of
studies (e.g. the model of [39]) propagating an earlier report that cancer cells have a
hyperpolarised, and not a depolarised, ¥pm compared to normal cells [16]. This report
increased extracellular [K*] to depolarise the cell and identify the importance of Wpm.
However, it doesn’t compare a cancer cell with its normal, untransformed equivalent. It
compares a MCF-7 human breast cancer cell with a normal CV-1 African green monkey
kidney epithelial cell line [16]. So, it doesn’t control for diversity in Wpm between different
cell types (and species). Nor for different cell types having a different depolarisation response
to increased extracellular [K*], because of different ion channel complements. For example,
different cell types can differ in their expression levels of pannexin (CI- channel), which has a
greater open probability at hyperpolarised values of Wpwm, in response to increased
extracellular [K*] [44]. Studies that are more controlled, and that compare transformed and
untransformed cells of the same origin, observe cancer cells to have a more depolarised Wpm
than normal cells [6]. In my modelling, I follow this conclusion, and it aligns with other
studies, which also show Wpwm is depolarised in cancer cells e.g. [4-5, 7].

Cancer cells have a hyperpolarised ¥im compared to normal cells

In a normal cell, Wm flickers between -108 and -159 mV: with a mean value of -139 mV [45-
46]. Cancer cells have a more hyperpolarised Wim than normal cells [11-23]. The more
invasive and dangerous the cancer, the more hyperpolarised its Wi is observed to be [17-19].
The hyperpolarisation of ¥im can be >50% greater in cancer cells than normal cells [17] e.g.
Yim = ~-210 mV in Neu4145 cancer cells [21]. The Wim hyperpolarisation in cancer cells can
even be double that of normal cells [22]. In a prior paper, | provided a quantitative,
biophysical explanation of why ¥im is more hyperpolarized in cancer cells [23].
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Cancer and normal cells may or may not have a different Yom: data is limited and
theory divergent

Experiments with pH sensitive probes, in cancer cells, show that the pH in the mitochondrial
intermembrane space (IMS) is lower (6.9) than in the cytoplasm (7.6) [47]. If protons can’t
move freely across the mitochondrial outer membrane (OM), this pH differential indicates
Yom = +43 mV (Nernst equation, T = 310 K). However, protons can probably — I assume -
flow through the OM via the voltage-dependent anion channel (VDAC). In which case, there
must be a potential difference maintaining this pH difference, indicating Yom = -43 mV. On
the other hand, the protons may not actually be free to move because of a boundary layer
effect. [48] propose, on the basis of mitochondrial cristae anatomy/folding and
thermodynamics [49], a boundary layer (~1 nm thick) on the IMS face of the mitochondrial
inner membrane (IM) where the proton concentration is higher than the bulk (IMS and
cytoplasm) concentration. If the protons are not free to leave the boundary layer, they
certainly aren’t free to cross the OM. So, this would then indicate Wom = +43 mV again.
Although to be accurate, here the potential is not across the OM but across the border of the
boundary layer. But for our purposes here the exact location of ¥ is less important, than its
value, which dictates how charged lipophilic molecules will move across it. This value may
be an underestimate. It has been calculated that the pH in the boundary layer must be 2 pH
points lower than the mitochondrial matrix, in order for the pmf to be large enough to
produce sufficient ATP to support life [48]. The pH is ~8 in the mitochondrial matrix (7.8
[47], 8 [50]) and, by this argument, ~6 in the boundary layer. So, this calculation suggests the
pH probe experiment [47] underestimates the pH difference between the IMS and cytoplasm.
Indeed, we don’t know if this pH probe, attached to the C-terminus of an integral membrane
protein in the 1M, is sensing the pH in the boundary layer (which is still only a postulate) or at
another point in the IMS. With this revised, estimated pH differential we attain Yom = +123
mV. Alternative theoretical studies, considering various different factors and in publication
date order, have estimated Wowm to be -5 mV [51], -60 to +60 mV [52], +12 mV [53], +30 mV
at a maximum and -15 mV likely [54]. The latter is late enough to discuss the pH data of
[47], but doesn’t frame it and consider it as I do here. This pH data is actually from a cancer
cell line [47], we don’t have any comparative data from a normal, differentiated cell. Yom has
physiological implication because VDAC, in the OM, is voltage-gated [55]. It has a bell-
shaped conductance profile. It’s fully open when Wow is in the range: -40 to +40 mV, but
partially closed at more positive/negative potentials than this. Its pore radius reduces from
[1.2-1.5] to [0.85-0.95] nm [55] and it reverses its moderate selectivity, becoming more
selective for cations than anions. In this state, ATP* passage is low [55].

My own view is that in addition to, or in place of, a potential difference across the OM: there
may be a potential difference across the IMS facing border of a proton boundary layer (~1 nm
thick) which resides along the IMS face of the IM. | propose that the potential difference due
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to a pH difference (= +43 to +123 mv) resides here, rather than at the OM, because at the OM
this potential is sufficient to close VDAC, which would then pose the question of how ATP,
ADP, NADH etc. passage the OM; for normal cells, and for cancer cells also. I think this is
an important reanalysis and solves a paradox. However, in this paper | conform and speak
only of Wom. The exact location of this ¥ isn’t important to my model or study. Nor its value
really: just whether it differs between normal and cancer cells. Incidentally, | envisage that
this W will “charge screen” the negative mitochondrial matrix and dampen the attraction of
cations to it, but it will assist the localisation of anions to the IMS. This is another reason why
| propose lipophilic anions rather than cations. This screening effect might be complex as
protons may be distributed unequally in the IMS, preferentially located in cristae folds [49].
In which, [H*] is higher than bulk IMS. So, there will be areas of higher and lower screening.

In summary, we just don’t know what Wowm is in normal and cancer cells, and if they differ at
this parameter. | think an experiment in which the pH probe is attached to an integral protein
of the OM rather than the IM (facing the IMS) would be extremely informative. However, for
now, there is no meaningful consensus. So, with this uncertainty, my biophysical model uses
WYom =0 mV for both normal and cancer cells. However, | do explore the effect of different
Yowm values, and varied Wowm differentials between normal and cancer cells, to investigate
changes in model behaviour and if they can alter conclusions drawn. No Wowm values tested
undermine the findings of the paper. Indeed, both a positive or negative differential in Yom
(between normal and cancer cells) can actually reinforce my findings. They make the
selective accumulation of lipophilic anions by cancer cells reach even greater and even more
stratospheric multiples. Some have suggested that Wowm is more depolarised in cancer cells
[56-57] in a theory that | summarise in the Appendix.

A new drug design rule: the more anionic a drug candidate, the greater its probable
selectivity for cancer cells

| use the model to suggest that anionic character should be a new selection criterion for
cancer drug design. The more anionic, the better. This stipulation can be applied alone - or
combined with Lipinski's rule of five [58], which predicts “drug-likeness” (oral
bioavailability) - to generate a new drug design rule for cancer specific drugs. This can guide
novel drug screens e.g. systematically testing drugs that conform to the rule of five (or some
variant of it) in turn: from the most to the least anionic. This should find some of the best
drugs early. Indeed, | have conducted such a screen myself. Excitingly, there are some very
anionic compounds that conform to the rule of five. For example, anions with -6 charge e.g.
C14H22010P2® [59]. My model predicts that cancer cells will accumulate these >1 trillion
times (!) more than normal cells. Some of the molecules | have found in my screens have had
some bioactivity established, although not necessarily cancer-specific, by prior studies. But
again, to repeat from earlier, the differential in accumulation is so great that targets which
normal and cancer cells share are valid therapeutic targets for drugs of this class. For
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example, C2sH1sNO15S3 [60] disrupts histone modification [61]. This is an important
process in transcriptional control and DNA packaging. My model predicts that this chemical,
and its disruption, will be targeted to cancer cells 100 million times more than normal cells.
Or there is C2sH17Ns014S47 [62], which inhibits human Flap Endonuclease 1 ([63]; FEN1;
very important in genomic stability). Again, my model predicts that this poison will be
targeted to cancer cells 100 million times more than normal cells.

MATERIALS AND METHODS
The Model

Equations 1-3 use the Nernst equation [3] to present the lipophilic cation/anion concentration
accumulated in the mitochondrial matrix (Eg. 1), mitochondrial intermembrane space (IMS)
(Eg. 2) and cytoplasm (Eq. 3) of a cell as a function of the extracellular cation/anion
concentration, [extracellular], which is arbitrarily set to 1. All equations were solved in R
[65].

Wem +Yom +¥im J

G

[matrix] =[extracelluar] -107[ (1)

(Wem +Pom )—Fim j

[IMS] =[extracelluar] -107[ ¢ (2)

Vom —(Yom +¥im )j

[cytoplasm] =[extracelluar] -10_( ¢

G=1000*2.3026*(RT/zF); where 1000 is a dimensionality factor to work in mV, R is the gas
constant (8.31 J -mol™), T is temperature (300 K), z is the charge of the species and F is the

Faraday constant (96,400 C-mol™). G = 60 for a cation, G = -60 for an anion. When cationic
charge =-2, -3, -4, -5, -6, -7, -8, -9, -10, -20: G = 30, 20, 15, 12, 10, 8.5, 7.4, 6.6, 6, 3
respectively. Wem, WYowm, ¥im are the membrane potentials of the plasma, outer and inner
mitochondrial membranes respectively. Their values can differ between cancer and normal
cells. Thence, they accumulate lipophilic cations/anions differently. In my modelling:

Normal cell: ¥pm=-70 mV, Yom=0 mV, ¥im = -140 mV
Cancer cell (Model V1): ¥Ypm=-10 mV, Yom=0mV, ¥im =-200 mV
Cancer cell (Model V2): ¥Ypm=-30 mV, Yom=0mV, ¥\m = -210 mV.

So, note that two different cancer model settings are trialled. Both have parameters within the
experimentally observed range [4-10, 11-23]. So are equally valid. They reflect the delimited
diversity in Wpm and Wim between different cancers. Cancers, as compared to normal cells,
consistently have a depolarised Wpm [4-10] and hyperpolarised Wim [11-23] but the actual
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values involved within this trend can vary among different cancers. We capture some of this
diversity by having two alternative cancer models, which differ in the degree of their ¥pm
depolarisation and Wim hyperpolarisation: Models V1 and V2. The parameter values are
chosen to give a reasonable account of the diversity.

Equations 1-3 were solved for a normal and a cancer cell, for different molecular species
(cations and anions of different charge numbers: 1-10). Then, for each intracellular
compartment (mitochondrial matrix, IMS, cytoplasm), the ratio of [concentration found in
cancer cell vs. concentration found in normal cell] was calculated for these different species.
This was done for both Model V1 and V2 as the cancer cell. It was also done for other more
hypothetical normal and cancer cells, with different Wpm, Wom, Pim values and less
foundation in experiments, to explore parameter space. The Ratio: [accumulation in cancer
cell, x]:[accumulation in normal cell, y] was calculated by:

_( Wome ~(Pome +Wime )J
. G
cytoplasm_ Ratio = X_ [B]-10 (4)

_ PMN*( omn IMN)
(B].10 [‘P Woun +P, j

G

_[MJ
. x [B]10 ©
IMS _Ratio = == uj B

i
Y [B]~10( e

Weme +'Yome +Yive J

. X [B]-lo( °
matrix_Ratio = — = Fom o Fon ©

[B] .10_( G

Where Wpmc, Wome, Wimc are cancer cell model values (Model V1 or V2), and Wemn, Pomn,
Wimn are normal cell model values, for the plasma, outer mitochondrial and inner
mitochondrial membrane potentials respectively. G is positive for a cationic species, negative
for an anionic species.

Because of uncertainty about Wom values in normal and cancer cells (refer Background), Yom
=0 mV for all models at default. However, alternative Wowm values are tested and reported to
explore the parameter space. It is a differential in Wowm, between normal and cancer cells, that
is salient and different (differential, Wpirr) = (cancer Wom) — (normal Wowm) values are trialled;
across positive and negative values of this Wowm differential.

RESULTS
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Cancer cells accumulate lipophilic anions more than normal cells

Figure 1 presents model output; A shows that cancer (Model V1) and normal cells have equal
DLC accumulation, both for cations and di-cations. By contrast, it shows that cancer cells
(Model V1) accumulate *100 and *10,000 more lipophilic anions and di-anions respectively
than normal cells; in both their cytoplasm and mitochondrial intermembrane space (IMS).
Figure 1B shows an alternative cancer cell (Model VV2) to have a slight accumulation of
DLCs: *3 for cation, *10 for di-cation. By contrast, it shows that this cancer cell (Model V2)
accumulates *68 and *4,642 more lipophilic anions and di-anions respectively than normal
cells; in both its cytoplasm and mitochondrial intermembrane space (IMS). These
computational results suggest that lipophilic anions are disproportionally targeted to cancer
cells, better than DLCs.

(A) MODEL V1 (8) MODEL V2

cation

anion

RATIO

di-cation

20000

10000 10000

di-anion

matrix total in cell IMs matrix

Figure 1, The biophysical model predicts that cancer cells accumulate more of a
lipophilic anion than normal cells. (A) x-axis presents intracellular compartments, y-axis
shows Ratio (differential in accumulation between cancer and normal cells). Cancer (Model
V1) and normal cells have equal DLC accumulation (cation, di-cation: Ratio = 1) but cancer
has a markedly greater anion/di-anion accumulation. (B) Cancer (Model VV2) accumulates
slightly more DLC (cation, di-cation) and much more anion/di-anion than a normal cell.
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How does the differential in anion/cation accumulation, between cancer and normal
cells, scale with charge number?

Figure 1 only considered single and double charged species. Figure 2 shows the differential
in cancer/normal cell accumulation of anions/cations, which differ in charge number (1-10).
For cations, accumulation in the mitochondrial matrix is presented. For anions, accumulation
in the IMS/cytoplasm (they are equal, refer Figure 1) is presented. It is clear again that
anionic species are disproportionally accumulated by cancer cells, to a larger extent than
cationic species. Indeed, Model V1 has no greater accumulation of any DLC, no matter its
charge, than a normal cell (Ratio =1). Model V2 does show disproportional accumulation of
DLCs. Models V1 and V2 show that the more anionic a molecule, the greater its
accumulation by cancer cells as compared to normal cells. As mentioned in the Introduction,
there are some very anionic molecules (-6) that still confirm to Lipinski’s rule of five for
orally available drugs. Figure 2 shows that these (-6) will be accumulated in cancer cells >1
trillion times more than in normal cells. In the Discussion section, methodologies that can
make use of very anionic molecules, significantly more negative than -6, are presented e.g.
boron neutron capture therapy. Figure 2 shows that if a lipophilic molecule has 10 negative
charges, it will be accumulated in cancer cells >>1 quintillion more times than normal cells.

1E22 ANIONIC

1E21 4
1E20 Model V1

1E19
1E18 -

1E17 4
e ANIONIC

1E15 4 Model V2
1E14 H
1E13 4
1E12 4
1E11 4
1E10 +
1E9 S
=y CATIONIC
1000000 - Model /2
100000
10000 <
1000 S
100 — CATIONIC

10 Mode! V71

1 I ! I ! I ! ! ! 1
1 2 3 4 5 6 7 8 9 10

Charge count

log1o(Ratio)

Figure 2, The differential in anion/cation accumulation, between cancer and normal cells
(Ratio), scales with charge number. x-axis presents charge number, y-axis presents logio of
Ratio: the differential in accumulation between cancer and normal cells.
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Exploring some model parameter space

Figure 3; A shows the Ratio of cation accumulation in the mitochondrial matrix of a cancer
cell, to that in a normal cell, as cancer ¥pm and Wim varies (Pom = 0 mV). B shows the Ratio
of anion accumulation in the mitochondrial IMS (or cytoplasm) of a cancer cell, to that in a
normal cell, as cancer Wpm and Wim varies (Yom = 0 mV). The normal cell ¥pm, Yom, ¥im
parameters are as detailed in Methods.

Peak cation accumulation in the matrix, over and above that of a normal cell, is when cancer
Wem and Wim are both hyperpolarised. Peak anion accumulation in the IMS (or cytoplasm),
over and above that of a normal cell, is when Wpwm is depolarised and Wim is hyperpolarised.
The latter aligns with the reality of cancer cells, which have a depolarised Wpm [4-10] and a
hyperpolarised Wim [11-23]. So, the model indicates that lipophilic anions, rather than
cations, are better as anti-cancer medicines. Note that the scale keys of the two panels are
different and that the anion case has much larger numbers.
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Figure 3, Exploring model parameter space. (A) The Ratio of cation accumulation in the
mitochondrial matrix of a cancer cell (vs. normal cell) as cancer Wpm and Wim varies (Yom =0
mV). (B) The Ratio of anion accumulation in the IMS/cytoplasm of a cancer cell (vs. normal
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cell) as cancer Wpm and Wim varies (Wom = 0 mV). Note that the scale keys of the two panels
are different.

Model V1 and ¥Yom

Figures 1, 2 and 3 considered normal and cancer cells to have equal Wowm (=0). Figure 4
shows that the lipophilic cation/anion uptake differential between normal and cancer cells
(Model V1) is modified if cancer cells have a different Wom value than normal cells. It shows
how the Ratio in accumulation, between normal and cancer cells, changes with Wpirr =
(cancer Wom) — (normal Wowm). Panels A and B relate to cations/anions, panels C and D relate
to di-cations/di-anions. Panels on the left present whole cell accumulation (cytoplasm + IMS
+ matrix), panels on the right present accumulation in a specific cellular compartment: in the
mitochondrial matrix for cations/di-cations and in the mitochondrial IMS for anions/di-
anions.

A negative Wpirr increases the DLC uptake differential (Ratio) between cancer and normal
cells at their mitochondrial matrix (B, D), which increases the Ratio for whole cell DLC
accumulation (e.g. Woirr = -50: Ratio = 7 for cations, 46 for dications; A, C). But a positive
Woirr decreases the DLC uptake differential between cancer and normal cells at their
mitochondrial matrix (B, D) and for the whole cell (e.g. Wpirr = +50: Ratio = 0.2 for cations,
0.02 for dications; A, C). So, in this latter case, normal cells actually uptake more DLC than
cancer cells.

Both a positive or negative Wpirr increases the lipophilic anion/di-anion accumulation by
cancer cells as compared to normal cells, when considering whole cell accumulation. A
negative Wpirr decreases the accumulation in the IMS (e.g. Woirr = -50, Ratio in IMS = 15 for
anions, 215 for di-anions; B, D) but it increases the accumulation in the cytoplasm, to confer
a massive net overall increase in whole cell accumulation (e.g. Yoirr = -50, Ratio in whole
cell = 696 for anions, 464,375 for di-anions; A, C). A positive Wpirr decreases the
accumulation in the cytoplasm, but increases the accumulation in the IMS (e.g. Wpirr = +50,
Ratio in IMS = 681 for anions, 464,159 for di-anions; B, D), to confer a massive net overall
increase in whole cell accumulation (e.g. Woirr = +50, Ratio in whole cell = 703 for anions,
464,421 for di-anions; A, C).

Please take note that the anionic approach is significantly strengthened, if Wpirr is either
positive or negative, and is extant if Ypirr = 0 (A, C). Whether the real Wpirr is positive or
negative will dictate whether we use lipophilic anion drugs to target molecules in the
cytoplasm or IMS. If Wpirr = 0, then targets in the IMS and cytoplasm are equally valid. At
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present, there is no evidence — but there is a theory that - Wom varies between normal and
cancer cells and that Wpirr is positive (refer Appendix). In this case, targets in the IMS are
better. Anionic protonophores (uncouplers) are an exceptionally good drug class to target to
the IMS of cancer cells.
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Figure 4, Model V1 output as Wowm is varied. x-axis for all panels is Wpirr (= cancer WYowm -
normal Wowm). (A) Cation/anion accumulation Ratio (cancer vs. normal) in the whole cell.
Inset graph shows where the cation plot intercepts the y-axis. (B) Cation accumulation Ratio
(cancer vs. normal) in mitochondrial matrix (purple plot); anion accumulation Ratio in
mitochondrial intermembrane space (IMS, red plot). Inset graph shows where both plots
intercept the y-axis. (C) Di-cation/di-anion accumulation Ratio (cancer vs. normal) in the
whole cell. Inset graph shows where the di-cation plot intercepts the y-axis. (D) Di-cation
accumulation Ratio (cancer vs. normal) in mitochondrial matrix; di-anion accumulation Ratio
in IMS. Inset graph shows where both plots intercept the y-axis.

Model V2 and Wom

Figure 5 follows the same format as Figure 4, but uses Model V2 as the cancer cell instead of
Model V1. The same trends are seen, although the numbers are different.
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A negative Wpirr increases the DLC uptake differential (Ratio) between cancer and normal
cells at their mitochondrial matrix (B, D), which increases the Ratio for whole cell DLC
accumulation (e.g. Woirr = -50: Ratio = 22 for cations, 464 for dications; A, C). But a positive
Woirr decreases the DLC uptake differential between cancer and normal cells at their
mitochondrial matrix (B, D) and for the whole cell (e.g. Woirr = +50: Ratio = 0.6 for cations,
0.2 for dications; A, C). So, in this latter case, normal cells actually uptake more DLC than
cancer cells.

Both a positive or negative Wpirr increases the lipophilic anion/di-anion accumulation by
cancer cells as compared to normal cells, when considering whole cell accumulation. A
negative Wpirr decreases the accumulation in the IMS (e.g. Yoirr = -50, Ratio in IMS = 10 for
anions, 100 for di-anions; B, D) but it increases the accumulation in the cytoplasm, to confer
a massive net overall increase in whole cell accumulation (e.g. Yoirr = -50, Ratio in whole
cell = 474 for anions, 215,544 for di-anions; A, C). A positive Wpirr decreases the
accumulation in the cytoplasm, but increases the accumulation in the IMS (e.g. Wpirr = +50,
Ratio in IMS = 464 for anions, 215,444 for di-anions; B, D), to confer a massive net overall
increase in whole cell accumulation (e.g. Woirr = +50, Ratio in whole cell = 476 for anions,
215,548 for di-anions; A, C).
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Figure 5, Model V2 output as Wowm is varied. x-axis for all panels is Wpirr (= cancer Wowm -
normal Wowm). (A) Cation/anion accumulation Ratio (cancer vs. normal) in the whole cell.
Inset graph shows where the cation plot intercepts the y-axis. (B) Cation accumulation Ratio
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(cancer vs. normal) in mitochondrial matrix (purple plot); anion accumulation Ratio in
mitochondrial intermembrane space (IMS, red plot). Inset graph shows where both plots
intercept the y-axis. (C) Di-cation/di-anion accumulation Ratio (cancer vs. normal) in the
whole cell. Inset graph shows where the di-cation plot intercepts the y-axis. (D) Di-cation
accumulation Ratio (cancer vs. normal) in mitochondrial matrix; di-anion accumulation Ratio
in IMS. Inset graph shows where both plots intercept the y-axis.

Whether Woirr is positive or negative (rather than 0) will dictate whether lipophilic
anions are deployed against targets in the cytoplasm or IMS

Figure 6 shows how anion/cation accumulation (of charge number 1-10) varies between
cancer/normal cells (via a Ratio comparison value) when Wpirr is changed, according to
Model V1 (A) and V2 (B). Both models show largely the same trends, but their magnitude is
greater with V1 in panel A. Anionic accumulation Ratio (red lines) is consistently greater
than cationic (green lines), no matter the charge number or Wpirr value. When Wpirr = +50,
the cationic accumulation in normal cells is actually greater than in cancer cells (Ratio =
negative). So, no therapeutic margin in this case! When Wpirr = 0, it is equal for Model V1:
S0 no therapeutic margin here either. However, cationic does fare better when Wpirr = -50, for
both V1 and V2, or when Wpirr = 0 (with Model V2 only). The Ratio is extremely substantial
for anionic at all data points. Note how there is equal anion accumulation Ratio when Wpirr =
-50 or +50. However, in the former case, the accumulation for the cytoplasm is given and in
the latter case, the IMS. So, whether Wpirr is -50 or +50, rather than 0, does not compromise
the anionic therapeutic case. In fact, it enhances it. But it will dictate whether it is used to
target molecules or processes in the cytoplasm or IMS. If Wpirr = 0, targets in the cytoplasm
or IMS are equally valid, and still extremely amenable, to lipophilic anion therapy. Note the
substantial values upon the y-axis; particularly for anionic cases.
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Figure 6, The differential in anion/cation accumulation, between cancer and normal cells
(Ratio), changes with charge number and ¥oirr; where Wpirr (= cancer Wowm - normal
Yowm). X-axis presents charge number, y-axis presents log:o of Ratio: the differential in
accumulation between cancer and normal cells. Different plots represent different Wpirr
values (as labelled) and/or a cationic/anionic distinction. Anionic plots are red, cationic plots
are blue. (A) Model V1 output. (B) Model V2 output.

Model assumption

The model assumes that the cell’s membrane potentials are fixed. This may well be the case.
However, as the anionic/cationic molecules assort, according to the membrane potentials,
they will exert forces that act against the maintenance of these potentials, which will make
the cell have to work harder to maintain them. For example, the accumulation of anions in the
mitochondrial intermembrane space, which is largely driven by W, is in turn a
depolarising/eroding force to Wim. So, the cell will have to take compensatory action to
maintain ¥im €.g. pumping more protons across the IM. The force exerted across the IM by
these lipophilic anions is given by the Nernst equation, with its intermembrane and matrix
concentrations as inputs. It returns a voltage that this anionic assortment, across the IM, is
exerting upon the membrane potential. Lipophilic anions exert a hyperpolarising force across
the PM and a depolarising force across the IM; more so for cancer than normal cells. Both
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these forces are detrimental to cancer cells. Depolarisation across the IM undermines the
proton motive force and moves the cell towards apoptosis — if cells can’t maintain a
hyperpolarised Wim, the voltage-dependent permeability transition pore opens and drives
programmed cell death [65]. Hyperpolarisation across the PM stops cancer cells from
proliferating: a depolarised Wewm is necessary for cancer cells (causative to cancer, not merely
correlative [4-5, 7]). So, if lipophilic anions can move these membrane potentials, this could
bring therapy. In a manner completely non-reliant upon any “lock and key” molecular
interaction, which cancer cells can mutate their way to resistance from. The forces exerted
don’t change with the charge number of the anion: because a larger charge number doesn’t
change the ratios of concentration across the membranes, which is the salient numeration, not
the absolute concentrations. Nor do they change with user-inputted, extracellular
concentration in the model for the same reason. The added potential driven by the lipophilic
anions at the PM and IM, for normal cells, is -70 mV and +280 mV respectively. For cancer
cells (Model V1), it is -190 mV and +400 mV respectively. So, once again, we see lipophilic
anions acting disproportionally against cancer cells.

Informatics

In the Supplementary Information there is a list of anionic compounds, from the Pubchem
database [66] (as of Dec 2015), that conform to Lipinski’s rule of 5 [58] (as specified by
Pubchem) and that have had some prior bioactivity established. | propose that the most
anionic - especially those that co-correspond with the most promising bioactivity - should be
tested first. Very anionic compounds that inhibit/disrupt some key mammalian, cellular
process should be prioritised. If the molecule is anionic enough, normal cells should be safe
within the therapeutic margin. Anionic protonophores (uncoupling drugs) are a particularly
exciting prospect and | deal with these specifically in a further, forthcoming paper. In the
Supplementary Information, | also list some further molecules, with established bioactivity,
that conform to some Lipinski’s rule variants e.g. where the mass cut-off is 600, rather than
500 Daltons, and the hydrophobicity measure (logP) is slanted towards more hydrophobic (1
to 7). Of course, these lists of molecules are not exhaustive. For example, there are many
anionic molecules in the Pubchem database that are yet to be tested for bioactivity, or a
relevant bioactivity, and many more molecules that are yet to be found and included in this
database. But it is useful as an initial prioritising guide for anti-cancer tests. My aim is that
molecules can be tested systematically, within a strong conceptual framework, rather than
randomly. | propose that anionic character permits an anti-cancer drug to target machinery
that both normal and cancer cells rely on and increases the efficacy of drugs targeting cancer
specific processes. My co-use of Lipinski’s rule of 5 can be modified, relaxed or dropped.

DISCUSSION

The model valuably reconciles a divergent DLC literature
16
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There is a mysterious dichotomy in the literature. DLCs have shown such promise in pre-
clinical studies (in vitro and mouse) [11-16, 20, 24-40] and yet no DLC has passed clinical
trials to date [41-43]. How can this be explained? Well, it has actually been known since the
1980s that DLCs won’t work for all cancers [31]. Furthermore, that the successes come with
cancer cells accumulating more of a DLC than normal cells and the failures relate to cancer
not accumulating/retaining the DLC more than normal cells [31]. Indeed, the DLCs employed
thus far don’t tend to target processes unique to cancers but are poisonous to normal cells also
[15] e.g. rhodamine 123 inhibits ATP synthase [36]. The DLC approach, to date, simply
relies upon a higher DLC accumulation in cancers. What is the basis to this selective
accumulation, and thence action?

My model valuably reconciles why DLCs work in some cases and not others. It shows why
some cancer types will accumulate a DLC more and be more susceptible than normal cells
(Model V2), and others won’t (Model V1). I propose that the positive DLC experimental
studies are upon Model V2 cancers, the negative clinical DLC studies upon Model V1
cancers. The model is an insightful abstraction, with its foundation in the fidelity of the
Nernst equation and parameterisation to experimental data. With this new insight, I hope that
the DLC approach to cancer therapy can be revisited.

Multidrug resistance

There is a pertinent factor not considered in the model, but discussed here. Different cancer
cell lines can differ in their expression of DLC efflux mechanisms e.g. the p-glycoprotein
efflux pump (p-gp, MDR1 gene product). This is a multidrug resistance protein that pumps
out positive lipophilic compounds e.g. rhodamine 123 [67]. Some have suggested that
differential p-gp expression is an additional reason why DLCs can kill some cancer cell lines,
at concentrations that don’t kill normal cells, and not others [68-69]. Incorporating this into
my model: if a cancer is Model V1 type it will be comparatively (vs. normal cell) DLC
resistant, whether it expresses p-gp or not. If a cancer is Model V2 type, but expresses p-gp, it
will be comparatively DLC resistant. If a cancer is Model V2 type, but doesn’t express p-gp
(or if this is pharmacologically inhibited or genetically knocked down), it will be
comparatively DLC susceptible. DLCs can be pumped out of cells by other multidrug efflux
proteins also e.g. rhodamine 123 is a substrate for MRP1 [67]. But this can be inhibited in
addition, as required. Numerous drugs inhibit p-gp and/or MRP1 [70-72]). So, DLC therapy
may be assisted, in some cases, by co-therapy with these inhibitors.

Interpreting specific DLC studies in the light of the biophysical model

Some DLC studies have compared human cancer cell lines with a normal African green
monkey kidney epithelial cell line, CV-1 [16]. Or with normal kidney epithelial cells from
17
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other non-human species [13, 20, 30]. So, the cancer cell lines tested don’t correspond in
origin to any of the normal tissues tested. This adds an unwanted variable: the cell type (and
species). It matters because different cell types can have different p-gp expression levels. For
example, CV-1 expresses p-gp whereas many of the cancer cell lines tested in these studies
do not e.g. MCF-7 doesn’t [73]. Active DLC efflux by p-gp in CV-1 cells, and no such efflux
in the cancer cell lines lacking p-gp, might cause the observed differential in DLC
accumulation and action. Wherein the DLC kills cancer cells and not normal CV-1 cells.
Indeed, if p-gp is inhibited by verapamil in CV-1 cells, they accumulate and become
susceptible to DLCs also [73]. In contention to this account, [40] report that their CV-1 cells
do not express p-gp (because of a susceptibility to adriamycin).

There are cases in the DLC literature where a cancer cell is compared to directly
correspondent normal cells. Mouse or rabbit bladder epithelial cells were transformed using a
carcinogen, and the transformed cells were compared with the original, untransformed cells
[12]. In this case, differential p-gp expression is less likely as the cancer cells probably inherit
and express the same p-gp level as the normal cells. In this controlled case (for cell type and
p-gp expression) the cancer cells do accumulate more rhodamine 123 than normal cells. So,
these cancer cells align with Model V2 rather than V1. However, one of these derivative
cancer cell lines doesn’t accumulate more DLC and I would align it instead with Model V1
(or alternatively it has acquired a greater p-gp expression). In another controlled study, no
preferential accumulation or toxicity of rhodamine 123 was found in breast cancer cells
compared to normal breast cells [73]. | would equate these cancer cells to Model V1.

[11] compares rhodamine 123 accumulation and retention in a mouse bladder epithelial
cancer cell line (MB 49) to normal mouse bladder epithelial cells. Ensuing differences in
colony formation are studied. It finds that rhodamine 123 impairs cancer cell colony
formation as compared to normal cells, probably as a function of their greater DLC
accumulation and retention. I suggest these cancer cells align with Model V2.

Rhodamine 123 accumulation in malignant and non-malignant breast epithelial cell lines was
compared. [38]. 100% of the non-malignant cell lines showed weak accumulation. ~71% of
malignant cell lines showed strong accumulation, ~21% of malignant cell lines showed weak
accumulation and ~7% of malignant cell lines had cellular heterogeneity: some cells
accumulated strongly, others weakly. The strong accumulators equate to Model V2, the weak
accumulators to some model intermediate between Models V1 and V2 (note that Models V1
and V2 are discrete, binary abstractions that actually represent a continuum of diversity
within bounds).
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The MIP101 cancer cell line is resistant to rhodamine 123, a DLC, and yet has a
hyperpolarised Wim like the CX-1 cancer cell line, which is susceptible to it [36]. A relevant
distinction is that MIP101 expresses p-gp and CX-1 doesn’t [74]. So, Ssome cancers express p-
gp and are resistant to DLC accumulation, retention and poisoning [36]. DLC resistant
cancers have been reported since the first papers on DLCs in the 1980s [12-13]. [75] found
~30% of human tumours to express p-gp (sample size: 182). Clinical case cancers could
inherit p-gp expression from their host tissues, as p-gp expression is found in many normal
cells [75-76]. In cases where they don’t, they may still acquire it. A single cancer cell may
acquire its expression by mutation, and then be selected for by drug exposure [77].

The disappointment of DLCs in clinical trials to date

MKT-077 is a DLC that selectively killed cancer cells in vitro and in xenograft mouse
models [27-28, 34, 40]. However, it failed clinical trials [41-42]. | suggest that in trialling,
MKT-077 found itself confronted by Model V1 cancers (that may or may not have expressed
p-gp) or Model V2 cancers with p-gp expression. And was found wanting. In this case, the
cancer cells don’t accumulate any more of the DLC than key normal cells and so there is no
therapeutic margin. Indeed, normal cells are affected at doses required to Kill cancer cells e.g.
kidney cells. MKT-077 failed two independent phase 1 trials because it caused renal toxicity
[41-42]. MKT-077 also caused renal toxicity in toxicological evaluations in animals [42] and
accumulated most in the kidney cortex [78]. But it caused liver, rather than kidney, problems
in a different animal toxicology evaluation [28]. The DLCs, dequalinium and rhodamine 123,
also showed a lot of promise in vitro and in vivo (nude mice & rats) [24, 30, 31-32].
However, in phase 1 trials rhodamine 123 couldn’t kill cancer cells, to the stringency of
statistical significance, at the maximally tolerated dose [43]. Although it did not cause
nephrotoxicity and renal magnesium wasting like MKT-077. Its point of failure was different.
This is despite rhodamine 123 being accumulated extensively by rat kidney cells, ex vivo, in
an isolated kidney [79]. Dequalinium damaged the kidneys (and liver) of mice in
toxicological evaluations that explored maximal dosages permissible [80]. In an Appendix to
this paper | discuss in some detail why I think MKT-077 causes kidney damage.

The future of DLC therapy

F16 [14], AA1 [25] and gallic acid derivatives [29] are other DLCs that have showed in vitro
and in vivo promise with cancer cell lines. However, they haven’t been pursued in clinical
trials to date, to my knowledge. | suggest that this is because the DLC approach to cancer,
that once showed such promise, is now in crisis. The failure of MKT-077 and rhodamine 123
in clinical trials has bought doubt. I don’t know why. It has been known since the 1980s that
DLCs won’t work for all cancers [31]. And that these failing cases are related to the cancer
cell lines not selectively accumulating/retaining the DLC more than normal cells. I think it
was maybe thought that greater DLC accumulation/retention was a widespread feature of
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cancerous epithelial cells, as these were shown most amenable to DLC treatment in
preclinical trials e.g. [31]. So, if a patient had a cancer epithelial in origin, then they were
chosen as fit to incorporate into the trial (in [41] all patients had cancer of epithelial origin,
for [42] it’s unclear). This was an assumption though, which | suggest is misplaced. | propose
that DLC susceptibility doesn’t scale in such a neat, tidy assortment. And that in any future
DLC clinical trials, patients should be selected on the basis of tumour biopsies. Investigated
in vitro to see if their cancer can selectively accumulate/retain the DLC. With the emergent
trend for “personalised medicine”, this may be more conceivable than it has been in the past.

Lipophilic anions rather than cations

The rationale for DLC therapy has been that cancer cells have a more hyperpolarised Wpm
and W [16, 20]. But I argue that cancer cells actually have a more depolarised Wpm [4-10]
and a more hyperpolarised Wim [11-23]. | show that leveraging differentials in ¥ between
cancer and normal cells, with charged lipophilic molecules, is still a valid therapeutic tact.
And that this can be with cations, in certain cancer cases, as aforementioned. But that ideally
this should be with anions rather than cations. Targeting molecular species and processes in
the cytoplasm, and/or mitochondrial intermembrane space, rather than the mitochondrial
matriX. | propose the use of delocalised lipophilic anions (DLAS); DLASs rather than DLCs.
My model predicts that DLASs can have a universal utility, against all cancers, where DLCs
have a delimited utility.

For cancer cells: their stereotypical depolarisation in Wpwm, and hyperpolarisation in W,
decreases and increases DLC accumulation respectively. These cancel and render little or no
DLC accumulation differential from normal cells. However, for DLA accumulation, these
Wem and Wim changes are additive rather than subtractive. This compounding causes a
substantial differential in DLA concentration from normal cells; a significant therapeutic
margin.

The immense magnitude of this differential accumulation suggests that even molecular
species that both cancer and normal cells rely on can be targeted. On the basis that much
more of the drug will accumulate in cancer than normal cells. So, cancer cells will be killed at
doses that don’t kill normal cells. There is a rich zoo of cytoplasmic/IMS molecules;
thousands of different molecular species. The model predicts that they are all good targets for
anti-cancer medicines, if the drug is a lipophilic anion. This is the opening of a new front in
the war against cancer.

Multidrug pumps
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Active efflux could be a conceivable route to resistance against lipophilic anion drugs.
Indeed, a problem with DLC therapy can be that DLCs are recognised and pumped out by
ABC multidrug transporters e.g. p-gp [67]. While p-gp favours efflux of lipophilic cations,
the nine members of the MRP family favour efflux of lipophilic anions [81]. Although this
charge distinction isn’t complete e.g. MRP1 effluxes DLCs also e.g. rhodamine 123 [67].
Breast cancer resistance protein (BCRP) effluxes both positive and negative molecules [82].
However, a distinction must be made between the use of lipophilic anions rather than cations.
My model shows that the driving force for anions into cancer cells, as compared to normal
cells, is massive. It can be on the scale of hundreds, thousands, millions, billions, trillions etc.
By contrast, for cations it is slight to non-existent. So, cancer cells would have to acquire a
massive anion efflux capability, over and above that of normal cells, to outweigh the massive
driving forces for lipophilic anion entry, which they are subjected to well in excess of normal
cells. Furthermore, lipophilic anion extrusion comes at a cost. It requires ATP hydrolysis and
large lipophilic anion influxes, and subsequent effluxes, could cause a cellular ATP crisis in
cancer cells. This could bring therapy in and of itself. It could actually kill cancer cells that
use multidrug resistance (MRP) pumps and select for cancer cells without such pumps; the
inverse of typical chemotherapies. So, pre-treatment with lipophilic anions could kill cancer
cells with multidrug resistance pumps (of MRP class) and leave a remainder without such
pumps, but these are then susceptible to a chemotherapeutic that if used alone, without this
pre-treatment, would merely be pumped out of the cell and rendered impotent. So, we are
confronting the problem of multidrug resistant cancer, which is typically a death sentence.
Alternatively to pre-treatment, lipophilic anion therapy could be used in co-treatment with
chemotherapy to flood the efflux system, undermining its extrusion of the chemotherapeutic,
and bring an ATP crisis that potentiates the kill action of the chemotherapy. Lipophilic anion
entry requires ATP to counteract, and extrude the anion, but at the same time this entry
undermines ATP generation. The accumulation of the lipophilic anion in the IMS is a
depolarising force to Wim, which acts to reduce the proton motive force. So, concurrent with
expending ATP (for their extrusion), lipophilic anions act to undermine ATP generation also.
This is true of any lipophilic anion; but even more so if the molecule is a
protonophore/uncoupler. In this case, their compromise of ATP generation may render them
efflux resistant, given that their extrusion hinges upon ATP. This is all done without requiring
any “lock and key” interaction, which is easy for cancer cells to mutate out of and attain
resistance. Furthermore, anions can be pumped out in a complex with glutathione (GSH)
[83]. So, in this case, for every anion molecule pumped out, a glutathione molecule is lost.
Glutathione is integral to the ROS mitigation system. This mitigation system is absolutely
fundamental to cancer cells: much of their danger comes from their immortality, which in
turn comes from their lesser ROS generation and greater ROS mitigation (elaborated on
later). So, lipophilic anions will attack a pillar of this immortality and thence undermine
cancer cell pathology. Many chemotherapies and radiotherapies kill cancer cells by ROS
generation and lipophilic anion co-treatment will potentiate their effects. This is valuable as
these methods are typically unspecific for cancer, and generate ROS across normal and
cancer cells. But when combined with lipophilic anion therapy, which is very selective for
cancer cells, greater specificity can be attained. Lipophilic anion therapy will reduce the ROS
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levels required to kill cancer cells, which will thus reduce the collateral ROS
generation/damage in normal cells. Glutathione is typically more abundant in cancer cells,
such is its importance to them [84], and lipophilic anions may sabotage at this point of
reliance.

A depolarised ¥rm and hyperpolarised Wim are integral to the metabolic program
employed by cancer cells

Aerobic respiration is Oz dependent and uses glycolysis, the Krebs cycle and oxidative
phosphorylation (OXPHQOS) to produce ATP [85-87]. Aerobic glycolysis is the sole use of
glycolysis to produce ATP, even in the presence of O [21-22, 88-107].

Cancer cells have a depolarised Wpm (~-10 mV) and a hyperpolarised ¥im (~-200 mV)
compared to normal cells (¥pm = ~-70 mV, ¥im = ~-140 mV) [4-10, 11-23]. A route to
resistance from lipophilic anions would be for the cancer cell to re-align its Wpm and ¥im
values to that of a normal cell. So reduce its drug accumulation to the level of a normal cell,
and remove the therapeutic margin. However, | propose that these altered Wpm and Wim
values are integral to, and a hallmark of, the metabolic program of cancer. Indeed, | propose
that cancer cell metabolism is similar to that of embryonic stem (ES) cells. And that the
pathology of cancer is that cells, as a result of mutations, switch into this physiological
metabolic program, but at an inappropriate time which confers pathology. Indeed, they share
genetic expression fingerprints [108-109] and ES cells have a hyperpolarised ¥im [110] and
depolarised Wem also [7-10]. They both employ aerobic glycolysis some or all of the time
[21-22, 88-107, 111], are immortal (divide forever without limit) [112-113] (as a function of
using aerobic glycolysis [114]), respond to ROS damage by apoptosis rather than repair [22,
115] and can proliferate rapidly.

Normal cells are mortal

Normal adult cells cannot divide forever [85-87]. They utilise OXPHOS, which increases
their ATP yield from glucose, but that also produces reactive oxygen species (ROS). These
ROS cause DNA damage (ageing) [116]. Eventually, this damage accumulates to the point
that the information fidelity of the cell is damaged so much that it cannot replicate itself
further. Normal adult cells are programmed to limit their number of replications (“telomere
clock”, Hayflick limit, 50-70 divisions [85-86]) so that they have a certain number of
divisions by design, rather than reaching a later limit because of damage. So, a normal adult
cell cannot divide forever, without limit. But a cancer cell can because — | would argue - it
utilises a different metabolism. Cancer cells shunt OXPHQOS, and use aerobic glycolysis,
some or all of the time [21-22, 88-107]. As I’ve suggested previously [102], at the very least
during S phase: when DNA is unwound from protective chromatin, exposed and vulnerable
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as it is being replicated. Especially because when negative DNA and positive histones
separate their charges are less screened and neutralised. The non-sequestered positive charges
can assort to attract more superoxide (O2+—) where it is more likely to interact with, and
damage, negative DNA. Especially, when the positive histones — perhaps with Oz¢— in
electrostatically attracted proximity — return to re-complex with DNA.

Aerobic glycolysis, a hallmark of cancer, conveys immortality, a further hallmark of
cancer

| argue that cancer cells reduce ROS at source and sink by using aerobic glycolysis, some or
all of the time, which conveys them immortality. Firstly, OXPHOS is shunted, by shunting
NADH production [102], which reduces ROS generation. Secondly, ROS mitigation is
upregulated by increasing NADPH production. So, as compared to normal cells, cancer cells
decrease [NADH] and increase [NADPH]. Higher NADPH in cancer cells has been observed
by spectroscopy [117]. Higher NADH has been reported also [118] but I think the authors
misinterpret their data and are actually observing higher NADPH (the spectroscopy used in
this latter study can’t distinguish between NADH and NADPH). The elevated glycolysis of
cancer cells protects from oxidative damage [114]. High glycolytic rate permits a high flux
into the pentose phosphate pathway (PPP), which branches from glycolysis. It produces
NADPH from NADP™, which is needed for glutathione (GSH)-dependent anti-oxidant
mechanisms. To protect, GSH needs to be in its reduced form and NADPH puts it into this
reduced form (as it is converted to NADP*). GSH is needed by glutathione peroxidase (GP),
which converts hydrogen peroxide (a ROS) into water. Upstream, superoxide dismutase
(SOD) converts superoxide (O2+—, a ROS) into hydrogen peroxide. Increased GP activity will
pull through greater SOD activity.

With these lower ROS levels, at key proliferation stages, cancer cells can limit their DNA
damage, maintain information fidelity and divide forever without limit. So, aerobic glycolysis
conveys immortality which conveys the danger of cancer. For a cancer to be truly dangerous
it needs to be immortal (divide without limit) or at least by able to divide enough times to kill
the host (a lot! >> Hayflick limit). | propose that benign cancers are those that don’t tap into
aerobic glycolysis sufficiently, aren’t retracted along the proliferation/differentiation
continuum sufficiently, and eventually accrue sufficient damage that they can’t divide any
longer. The really dangerous cancers are those that retract further back along the
proliferation/differentiation continuum, to the metabolic program of ES cells, and employ
aerobic glycolysis enough, as a proportion of their energy mix, to attain immortality. Indeed,
there is a correlation between markers of aerobic glycolysis and a poor clinical prognosis; as |
shall now discuss.
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| suggest that a depolarised Wpm and hyperpolarised Wim are markers of using aerobic
glycolysis, and so | would argue a marker for the aggressiveness and danger of the cancer.
Experimentally, when cancer cells are switched out of aerobic glycolysis, into aerobic
respiration, their v is returned to that of normal cells [21-22]. The more invasive and
dangerous the cancer, the more hyperpolarised its W is observed to be [17-19]. In a prior
paper, | used biophysical modelling to show how and why aerobic glycolysis produces a
more hyperpolarised Wiv [23]. Here I explain why it produces a depolarised Wem also.
Normal cells sit in neutral tissues [119-120], cancer cells reside in acidic tumours [119]. This
acidity is a marker of aerobic glycolysis, which excretes H* and lactate [121] through the
monocarboxylate symporter (MCT) (a promising cancer drug target). A higher aerobic
glycolysis rate produces a lower extracellular pH. The more aggressive and dangerous a
cancer is, the more acidic its tumour [122]. Cancer cells must maintain their cytoplasm at
neutral pH like normal cells [47-48, 119-120]. | propose that cancer cells have a depolarised
Wpwm to offset their greater extracellular acidity and reduce the proton motive force (pmf)
directed into the cell, in order to assist their intracellular pH homeostasis. Indeed, if a cancer
cell ¥pm (~-10 mV) is hyperpolarised to a value more typical to a normal cell (e.g. ~-70 mV),
its inward directed pmf is more than doubled (refer Appendix for calculation). So, in this way
a depolarised Wpwm is an aerobic glycolysis marker. Indeed, a depolarised Wewm is a cancer
marker [4-5], with probable future applications to cancer diagnosis. Wpm depolarisation is
required for cancer (causative rather than merely correlative [4-5, 7) and a hyperpolarisation
of Wem reduces tumour formation in vivo [5]. This finding has a therapeutic scope. Indeed,
cellular entry of lipophilic anions is likely to be a hyperpolarising force to Wpm! Crucially, the
Wpm depolarisation of cancer cells alters gene expression to drive proliferation [5, 7-10]. The
intermediary between Wpm and gene expression has been experimentally established. It can be
Ca?* cellular entry and Ca?* intracellular signalling, butyrate entry through a Na*-butyrate
transporter (butyrate is an HDACL inhibitor, changing chromatin acetylation) and voltage-
dependent phosphatases [7]. This list is non-exhaustive.

The predicted selective accumulation of lipophilic anions by cancer cells, because of a
depolarised Wpm and hyperpolarised Wim, has probable applications to cancer imaging,
diagnosis and therapy. Crucially, with this approach, the more dangerous the cancer, the more
it is highlighted (imaging) and targeted (therapy).

Voltage-sensitive dyes in cancer imaging

Voltage-sensitive dyes are used widely in neuroscience and cardiology for membrane
potential imaging [123]. Given the aforementioned membrane potential disparities, voltage-
sensitive dyes could be used, in principle, to distinguish a cancer cell from a normal cell. This
might be reasonably trivial in vitro. In the clinical setting, this effect could be used to “light
up” cancer cells during a surgery or to identify a suspicious body of cells at a body surface

e.g. the skin. However, applicability is constrained by the limited tissue penetrance of the
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excitation/emission wavelengths for the suite of dyes that we presently have. Most work in
the visual spectrum and, exceptionally, in the near infra-red [124]. Efforts should be made to
develop voltage-sensitive dyes that can absorb and emit at more penetrating wavelengths.
Given that cancer cells reside in acidic tumours, rather than neutral tissues [119], pH sensitive
fluorescent indicators and probes may find roles in cancer diagnosis also. It is worth
mentioning here that membrane potentials emit electromagnetic radiation themselves
(“biophotons™) [125]. The Wpm and Wim of cancer cells will emit at a different wavelength
than normal cells, as a function of their different voltages, which could be leveraged in cancer
diagnosis. However, these emissions are typically in the visible range. So, possibly viable for
surface detection but not deep in the body interior. Although, dyes might be used as
intermediaries — to absorb in this spectrum — and then to emit at a more penetrating
wavelength. As Wem and Wim exert electromagnetic effects, they will in turn be modulated by
electromagnetic effects, which is a potential margin for future cancer therapies.

Neutron capture therapy

Lipinski's rule of five [58] is a trade-off to capture drugs that are hydrophilic enough to be
stable and active in aqueous solution (indeed their site of action is probably in this phase e.g.
in the cytoplasm or at receptors in the extracellular space) but that are also hydrophobic
enough to pass through cellular membranes and so be orally bioavailable. Application of
Lipinski’s rule of five tends to limit how many negative charges a molecule can have. The
most negative molecule that | have found in the pubchem database [66], that still fits the rule
of five, has a -6 charge e.g. [59]. So, this puts a possible upper bound on the degree of cancer
targeting (at least as far as present molecules in the database). However, there are some
molecules in cancer therapy that don’t need to adopt a certain, specific structure in an
aqueous phase to function. They just need to be present in cancer cells more than normal
cells. In this case, Lipinski’s rule of five doesn’t need to be so stringently applied and
molecules can be more hydrophobic, which means they can be bigger (more carbon atoms
tends to greater hydrophobicity [126]), which means they can have more negative charges.
An example is boron neutron capture therapy [127]. Here the boron-10 isotope atoms do not
need to be in some specific molecular configuration to bring treatment: they just need to be
present; in cancer and not normal cells. So, | propose that the more negative the boron
containing molecule, the better. Very large, very lipophilic, very negative molecules can be
created which will yield immense levels of cancer targeting. Similar rational can be applied
to gadolinium neutron capture therapy also [128]. As an example, consider a lipophilic
molecule with 20 negative charges: my model predicts that cancer cells will accumulate it
10*°times more than normal cells (>> 1 quindecillion). As negative charges are added to a
molecule it will be increasingly reluctant to enter the negative interior of a cell, but this can
be offset by modifying the molecule to make it more lipophilic - perhaps by making it bigger
(more carbon atoms) — which will increase its propensity to enter cells i.e. the increased
anionic character can be offset by increased lipophilic character. But this offset point will be
very different for normal and cancer cells, because normal cells are much more negative
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inside. So, molecules can be made that are incredibly admissible to cancer cells in
comparison to normal cells.

Lipophilic anions in cancer imaging and diagnosis

Lipophilic anion molecules can be used for cancer selective targeting of contrast
atoms/isotopes. In order to show up tumours disproportionally in X-ray, computed
tomography (CT), magnetic resonance imaging (MRI), ultrasounds, positron emission
tomography (PET) and nuclear scans. For example, in mammograms that screen for breast
cancer. For X-rays these lipophilic anions can be iodine, gold or barium containing
compounds; for MRI: gadolinium, manganese or iron oxide containing compounds; for PET:
carbon-11, nitrogen-13, oxygen-15, fluorine-18, gallium-68, zirconium-89 or rubidium-82
containing compounds. I predict that these lipophilic “contrast” anion molecules can help
identify cancer earlier, decrease false-positives/false-negatives and improve clinical
outcomes. Indeed, a major problem in the clinical setting can be “over-diagnosis”, which is
often the treatment of a benign cancer that will never progress to malignancy [129]. For
example: by unnecessary mastectomy (breast removal). This can happen because
mammograms, and X-rays more generally, cannot distinguish between benign and dangerous
cancers. Indeed, there is even little conceptual understanding of what is different between
them. In this Discussion, | have offered a much-needed explanation and predict a
quantitative, tractable distinction between them. That dangerous cancers have a more
depolarised Wpm and hyperpolarised Wim, as a function of greater aerobic glycolysis use
(indeed, greater blood lactate will be another marker). This means that they will accumulate
lipophilic anions at much greater amounts, which can be leveraged in their diagnosis. This
solution addresses one of the “Grand Challenges” identified by Cancer Research UK (with
£20 million of funding available): how to distinguish benign from malignant cancer via
screening mediums [129]. | envisage that my methodology will make national screening
programs viable for many cancers that can’t be screened reliably with present methods e.g.
lung and prostate cancer. This will catch more cancers earlier, saving lives. In this situation,
the contrast molecule doesn’t have to be in any particular structure or orientation in an
aqueous medium and so isn’t to be constrained by Lipinski’s rule of five. The contrast
atoms/isotopes just need to be present, in any orientation to one another, in cancer cells and
not normal cells. So, very large, very lipophilic, very anionic, highly cancer selective
contrasting molecules can be used. This can give large signal to noise ratios.

Tethering of lipophilic anions

A drug or molecule that isn’t lipophilic, or anionic, can be tethered to a molecule that is,
which can confer upon it these properties and yield selective targeting to cancer cells (similar
rational has been used previously, but with DLCs [130]). So, this strategy can be used to
improve the drug complement that we already have for cancer. And to reignite some
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candidate drugs that may have fallen short in some regards. It can also be used to deliver
photosensitizer molecules selectively to cancer cells, for photodynamic cancer therapy [131],
or fluorescent molecules for cancer imaging e.g. for real time imaging of cancer during
surgery. Tethering molecule candidates include the lipophilic tetraphenylborate anion (TPB)
or a dipicrylamine anion (DPA) [87]. Relevantly, 8-hydroxypyrene-1,3,6-trisulfonate is an
anionic (-3), lipophilic fluorophore [132].

Nanomedicines

Thus far we have discussed how charged lipophilic molecules (cations or anions) can be
selectively targeted to cancer cells. Well, the different Wpm and Wim values of cancer cells
may be used to disproportionally target non-lipophilic molecules to cancer cells also. When
they are enclosed in a liposome (or micelle) delivery system [133] that has an associated
charge, either because some or all of the molecular or ion constituents have a charge, or
molecules or ions of charge are embedded in the membrane of the liposome or because a
transmembrane potential is attributed to the liposome; or to smaller, constituent liposomes
contained within. In parallel to the situation with lipophilic molecules, | think negatively
charged liposome systems will convey much better cancer targeting than positively charged.
The liposome payload can be a nutrient, metabolite, drug, molecule, antibody, DNA, plasmid,
RNA, siRNA, shRNA etc. Crucially, this liposome method may deliver macromolecules at a
higher concentration to cancer cells than normal cells. This relates to another of the six
“Grand Challenges” identified by Cancer Research UK: to “Deliver biologically active
macromolecules to any and all cells in the body” [129]. Adhering to the call, | envisage my
system will deliver to all cells of the body. However, I don’t apologise if it, as I anticipate,
delivers extremely disproportionally to cancer cells. The power of this postulated
nanomedicine is how generic it is: any given macromolecule can be disproportionally
delivered to cancer cells; a new therapeutic paradigm.

The importance of theory

There are 10% possible “drug-like” molecules (smaller than 500 Daltons) [134]. A cure for
cancer is likely to be among them. “Brute forcing” this space to look for anti-cancer activity
is not feasible. Even if we had been testing a different compound every second since the
universe began, we would still have only tested a minor fraction of this search space.
Furthermore, there are immense constraints on how many candidate drugs we can test per
unit time. Many chemicals kill cancer cells in vitro but the challenge is to find drugs that can
kill cancer cells without harming the diversity of normal cells in a living organism. Pre-
clinical drug trials, in xenograft or singenic mouse models [135], take time, require very
specialist labour and are expensive. And these are just a prerequisite to the further protraction
and ginormous expense of clinical trials. Drug development costs are now in the billions of
US dollars and these studies take many years [136]. More disturbingly, the drugs — even if
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found - don’t work well enough: cancer deaths are rising, not falling [1]. Hence, we need
exceptional new theory to guide which compounds to test. Theoreticians iteratively driving
and interpreting experiments. This paper delivers new drug candidates, within a whole new
cancer drug class (lipophilic anions), that have an extremely reasoned chance of success.
Indeed, the arguments emerge from an experimentally constrained, quantitative framework.
Theory has been and is immensely pivotal in physics (i.e. theoretical physics) and its
importance is increasingly being realised in biology, in neuroscience especially (e.g. [137-
138]), but relatively slowly in cancer biology due to institutional resistance (journals,
funding, reviewers etc.). In this paper, and others (pre-published [23, 102] and forthcoming),
| have interpreted experiments to produce a new conceptually distinct, explanatory,
quantitative, experimentally tractable theory of cancer, which delivers new therapeutic
approaches i.e. new, named, chemically-identified drug candidates.

Caution

The model predicts astronomical therapeutic margins; especially in Figures 2 and 6:
thousands, millions, billions, trillions etc. But this is what the Nernst equation, arguably The
cornerstone of membrane biophysics, predicts with the experimentally derived parameters
given to it. If this lipophilic anion approach to cancer fails it will be extremely interesting. It
will force the reassessment of the Nernst equation, a fundamental tenant, and/or prompt a
review, and perhaps further study, of the experimental values of Wpm and Wim. This is the
distinction between a rational approach, rather than the too-often random approach, to finding
new drugs. With rationality: failure can be informative, instructive and guide future direction.
Its value then is far beyond just the removal of a molecule out of the immensely, impossibly
long list of molecules to trial. Nature and fortuity have gifted us in the past but this low-
hanging fruit increasingly looks expended. The rate of drug discovery is slowing, not
increasing [139], despite increased R & D spending (Eroom’s law [140]; inverse of Moore’s
law).

| am cautiously optimistic that a margin for success may have been hit upon in this work.
Even if the Nernst equation loses tenability, the numbers are so large that it only has to
fractionally hold to deliver a significant therapeutic margin. Again, if the experimentally
recorded Wpm and Wm differentials are slightly inaccurate, the accumulation numbers are so
large that even if reduced by a substantial fraction: there is still an extant therapeutic margin.

Conclusion

The present vogue in cancer research, and funding, is to study the different DNA mutations
leading to cancer [141]. This study delivers complexity, obfuscation and division because
there are many different genetic routes to cancer. Most have interpreted this to mean that
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there are many different types of cancer. However, | propose that this is incorrect. There is
but one end point. The situation is analogous to different neurons, of exactly the same type,
employing different ion conductance solutions to reach the same firing pattern, which has
been experimentally observed and computationally explored [142]. | suggest that it is better
to attack cancer where it arrives, not how it gets there. There are many routes (complexity)
but to a single destination (simplicity). As discussed, metastatic cancer must use a metabolic
program distinct from normal adult cells, at least some of the time. This is its point of
difference and weakness. The more dangerous the cancer, the greater it’s use of this
alternative mode and thence the greater its weakness. The spread of cancer hinges upon its
slower ageing/immortality. This is a function of lower ROS generation and greater ROS
mitigation. To deny it this, is to beat it. This characteristic must be shared by all metastatic
cancers (the relevant, dangerous, perpetuating fraction of it) and is a significant distinction
from normal cells. It conveys a cancer-specific Achilles heel. For one thing, as this paper
shows, this distinctive program confers cancer cells with a greater accumulation of lipophilic
anions than normal cells. This can be leveraged for therapy; and therapy universal to all
metastatic cancers.
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APPENDIX
Al. Cancer cells may have a depolarised Wowm value as compared to normal cells

Victor V. Lemeshko and others have proposed a theory. That Yom = -15 mV in normal cells
[54] and Wom = +50 to +60 mV in cancer cells [56-57]. In normal cells, VDAC is open. In
cancer cells, VDAC is closed. This closure facilitates aerobic glycolysis in cancer cells.
Although, in these cancer cells, a small proportion of their VDAC are opened, in association
with the Gibbs free energy of a kinase reaction by hexokinase/glucokinase/creatine kinase
[56-57]. And in one version of the model, their binding relates to postulated contact sites
between the OM and IM, which bridge the IMS, where an open VDAC in the OM connects
with an adenine nucleotide exchanger (ANT) in the IM. More data is needed to assess the
voracity of these ideas. The exact Wowm value in the Lemeshko cancer cell model [56-57]
scales with glucose concentration, tubulin-like effectors and Wim value. When ¥im =-160 mV,
Yom = ~+55 mV. In this model, the more hyperpolarised ¥m, the more depolarised Yowm; SO |
extrapolate this shown relationship to suggest that even more hyperpolarised values of ¥,
as is typical of some cancer cells (e.g. Wim =~-210 mV in Neu4145 cancer cells [21]), will
scale with even more depolarised values of Wowm in cancer cells; further removed from the
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Wowm of normal cells [54]. So, the differential in Wom between normal and cancer cells is large
and could become larger still; if the model holds for this wider range. Indeed, this
consideration would be an important test of Dr. Lemeshko’s model [56-57]. However, |
adhere to his work and, indeed err to underestimate it by not considering any Wowm differential
between cancer and normal cells to be greater than 50 mV (in either direction). Indeed, the
standard version of my model has no Wowm differential. My model is independent from, and
doesn’t build or rely upon, the Lemeshko model [56-57]. My model is primarily built around
Wem and Wim values, which are very experimentally tractable and constrained by data: not
Wowm, which isn’t and is not (to date). But the findings of the Lemeshko model can synergise
with the findings of my model when they are incorporated as model parameters (Wom values).

A2. Why does MKT-077 cause kidney damage?

Kidney cells express p-gp. In addition, they express the renal organic cation carrier, which
also effluxes cations [79]. Despite this, rhodamine 123 accumulates extensively ex vivo in the
isolated, perfused rat kidney. 270-360 times the perfusate concentration in kidney tubular
cells [79]. Tubular cells uptake the drug passively from the perfusate, driven by their
negative-inside plasma membrane potential (-80 mV [79]), and deposit some of it back,
actively, to the perfusate. On their opposite face, they deposit it actively into the lumen; to the
urine. As the DLC passages across the tubular cell, from the perfusate to urine, it is “actively
sequestered” in the tubular cell [79]. This is likely a strategy to maintain a concentration
gradient for the DLC into the tubular cell from the perfusate. Inside the tubular cell, the DLC
is actively transported into endosomal vesicles in exchange for intravesicular protons [143].
A steep proton gradient is maintained between the vesicle's interior and the cytoplasm by a
vesicular proton-ATPase. So, the DLC is not actively imported into the cell directly, but it is
indirectly. These kidney cells are distinct from other normal cells in actively importing
DLCs. This is perhaps why kidney cells are the first normal cells to be affected by MKT-077.
MKT-077 kills cells by causing a general disruption of the mitochondrial inner membrane,
undermining the complexes of the respiratory chain within it [34]. MKT-077 conferred
membrane disruption may also disrupt these vesicles, and corrupt the activity of their V-
ATPase, which will undermine the sequestering of MKT-077 within these kidney cells.
Hence MKT-077 can escape from its sequestered shackle and inhibit the respiratory chain.
Mortalin is a heat shock protein (Hsp70 family member) that binds and sequesters the p53
transcriptional activator in the cytoplasm. MKT-077 may also harm some normal kidney cells
because MKT-077 can prevent this binding and permit an active p53 in the nucleus [33].
Active p53 might switch a cell from aerobic glycolysis to aerobic respiration [144-146]. So,
MKT-077 may switch some normal kidney cells out of aerobic glycolysis, which may
compromise their hypothesised use of lactate for the urine concentrating mechanism [147].
MKT-077 can’t cross the blood-brain barrier (BBB) [148] and | suggest that it may find
future clinical use if it is directly applied to the brain, behind the BBB (e.g. through
craniotomy, perhaps after a brain surgery to remove a tumour), where it is insulated from the
kidney.
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A3. Cancer cells have a more depolarised Wewm, perhaps as an adaptation to their
greater extracellular acidity: a calculation

Normal cells sit in neutral tissues [119-120]. Cancer cells reside in acidic tumours [119] and
have a depolarised Wpwm relative to normal cells [4-5]. | suggest this is to reduce the proton
motive force (pmf) pointing into their cytoplasm, which they must keep neutral like normal
cells [47-48, 119-120]. The pmf (Ap) across the plasma membrane has a membrane potential

(Aw) and pH component (ApH) [87]. At temperature = 300 K:

Ay =y, — Vout
ApH = pHin - pHout (Al)
Normal and cancer intracellular pH = 7.2 [47-48, 119-120], extracellular pH to cancer cell =

6.5 [119], extracellular pH to normal cell = 7.4 [119-120], cancer Wpm = -10 mV [4], normal
Yom =-70 mV [4]:

Normal cell: Ap = 70—(59*(7.4—7.2)): 58mV (Aw points inside and ApH points outside)
Cancer cell: Ap=10+(59*(7.2-6.5))=51ImV (A and ApH both point inside)

So Ap at the plasma membrane is similar for normal and cancer cells. However, if cancer Wpm

becomes hyperpolarised to -70 mV, the same as normal cells, Ap more than doubles:
Ap=70+(59*(7.2-6.5))=111mV

This calculation may help to explain why cancer cells have a depolarised Wpm relative to
normal cells.

A4. R code

bulk =1
valence =60  # set for a cation; set to -60 for an anion

# Cancer (Model V1)
CPM =-10
COM=0

CIM =-200

# Normal
PM =-70
OM=0

IM =-140

# NORMAL
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cytoplasm = bulk*10"(-( ( ( (PM-(OM+IM)) )/valence ) ) )
intermembrane = bulk*10°( -( ( ( (PM+OM)-IM )/valence ) ) )
matrix = bulk*10"(-( ( ( (PM+OM+IM) )/valence ) ) )

# CANCER

C_cytoplasm = bulk*10"( -( ( ( (CPM-(COM+CIM)) )/valence ) ) )
C_intermembrane = bulk*10"( -( ( ( (CPM+COM)-CIM )/valence ) ) )
C_matrix = bulk*10"(-( ( ( (CPM+COM+CIM) )/valence ) ) )

# compare
C_cytoplasm/cytoplasm
C_intermembrane/intermembrane
C_matrix/matrix
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