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Oxaliplatin and [Pt(R,R-DACH)(panobinostat_,4)]
show nanomolar cytotoxicity towards diffuse
intrinsic pontine glioma (DIPG)¥
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We report the synthesis of two novel platinum(i) complexes which incorporate histone deacetylase
(HDAC) inhibitors: [Pt"(R,R-DACH)(Sub_,)] (1), [Pt"(R,R-DACH)(panobinostat_,y)] (2), where SubH = suber-
(E)-N-
hydroxy-3-[4-[[2-(2-methyl-1H-indol-3-yl)ethylamino]lmethyllphenyllprop-2-enamide. Complexes 1 and

oyl-bis-hydroxamic acid; DACH = (1R,2R)-(-)-1,2-diaminocyclohexane and panobinostat =
2 were characterised by H, *C, Pt NMR spectroscopy and ESI-MS. Whilst oxaliplatin demonstrated
considerable cytotoxicity in two patient-derived low-passage paediatric glioma DIPG cell lines (ICsq
values of 0.333 uM in SU-DIPG-1V, and 0.135 uM in SU-DIPG-XXI), complex 2 showed even greater cyto-
toxicities, with 1Cso values of 0.021 pM (SU-DIPG-IV), 0.067 pM (BIOMEDE 194) and 0.009 uyM
(SU-DIPG-XXI). Complex 2 also demonstrated superior aqueous solubility in comparison to panobinostat.

Received 23rd December 2019,
Accepted 26th March 2020

DOI: 10.1039/c9dt04862f

Complex 2 released free intact panobinostat under HPLC conditions, as determined by ESI-MS.
Incubation of solutions of oxaliplatin (H,O) and panobinostat (DMF) resulted in instantaneous reactivity
and precipitation of a panobinostat derivative which was not a platinum complex; the same reactivity was
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Introduction

Brain tumours are the most common cause of cancer-related
death for children and young people under 40." Diffuse
midline glioma, H3 K27M-mutant (previously known as
diffuse intrinsic pontine glioma (DIPG)) is highly aggressive,
with a poor clinical prognosis, such that it is the leading cause
of death from brain cancer in children.> Surgical removal is
not possible for DIPG, due to the brainstem location and
diffuse tumour nature. Radiotherapy can be mildly effective in
70% of cases - prolonging survival by up to 6 months, after
which period the tumour grows back, leading to death; the
5-year survival rate for DIPG is just 1%.>

A key challenge for the therapeutic treatment of DIPG is the
delivery of agents across the typically intact blood brain barrier
(BBB).> Combined therapies such as carboplatin and the
histone deacetylase (HDAC) inhibitor sodium valproate are
reportedly synergistic towards DIPG in cellulo® and direct deliv-
ery of these agents to the brainstem by convection-enhanced
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not observed between carboplatin and panobinostat.

delivery (CED) is used clinically.” DIPG cell lines® and xeno-
graft models®” also demonstrate sensitivity to the potent
broad-spectrum HDAC inhibitor panobinostat (Fig. 1),® and
panobinostat is being evaluated in several clinical trials for
DIPG (e.g. NCT02717455, NCT03632317 and NCT03566199).
CED delivery of panobinostat itself,’ a micellular formulation
of panobinostat,” and a PET-reporting **F-panobinostat deriva-
tive'® in vivo have also been reported. Panobinostat is only
sparingly soluble in aqueous media, and initiatives to increase
the solubility and cellular delivery are highly desirable. Co-
ordination of bioactive ligands to platinum drugs is an estab-
lished strategy, which can improve solubility, also having the
potential to result in a synergistic anti-cancer effect, since the
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Fig. 1 Structures of common histone deacetylase (HDAC) inhibitors in
widespread use.
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Fig.2 Pt HDAC inhibitor complexes. A: cis-[Pt"(NH3),(malSAHA )]
(where SAHA = suberoylanilide hydroxamic acid);?>2¢ B: PtV valproate
complex;?’72° C: PtV Sub complex; D: cis,trans,cis-[Pt(NHz),(OA)(PhB)
Cl,] where OA = octanoate and PhB = phenylbutyrate.*® E = dinuclear
Pt" multi-modal complex. HDAC inhibitors are labelled in blue, kinase
inhibitors (DCA) in red.®

platinum fragment and bioactive ligand typically exert anti-
cancer activity through different mechanisms.''™** Several
types of therapeutics have been coordinated to platinum com-
plexes, including kinase inhibitors'® anti-inflammatories,*®
and HDAC inhibitors (see Fig. 2). Several HDAC inhibitors (e.g.
SubH, panobinostat) contain a hydroxamic acid group which
chelates Zn>" in the active site of certain HDAC enzymes; any
HDAC delivery agent must therefore preserve the integrity of
the hydroxamic functional group.'”*®

For these hydroxamic acid HDAC inhibitors, the central
region of the molecule occupies the histone deacetylase
enzyme’s narrow channel, and the terminal group interacts
with residues on the enzyme surface. Histone deacetylase inhi-
bition can lead to increased global acetylation levels and relax-
ation of nuclear DNA, followed by modification of gene regu-
lation and protein recruitment. The precise mechanisms of
anti-cancer activity of a given HDAC inhibitor is both cancer-
specific and relatively complex."**°

Established platinum(u) anti-cancer complexes exert their
anti-cancer effect primarily by cross-linking DNA (e.g. cisplatin,
carboplatin)*! or through alternative mechanisms such as the
induction of ribosomal biogenesis stress (e.g. oxaliplatin).>?
Oxaliplatin has also been shown to induce multi-faceted bio-
logical effects in murine glioma cells at sub-apoptotic drug
concentrations.”® Once a platinum(i) compound is taken up
into a cancer cell, the chelating spectator ligands (cyclobutane-
1,1-dicarboxylate and oxalate, for carboplatin and oxaliplatin
respectively) dissociate. For oxaliplatin, it is the oxalate ligand,
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rather than the aquated Pt(u)-1R,2R-diamminocyclohexane
species which is implicated in the common treatment side-
effect; peripheral sensory neuropathy (nerve damage).>*

Both platinum-based drugs and hydroxamic acid-based
HDAC inhibitors are in widespread clinical use for chemo-
therapy. The hydroxamic acid HDAC inhibitor vorinostat has
previously been combined with cisplatin (NCT01045538,
NCT00867178, NCT00106626) or carboplatin®'** for a number
of indications in cellulo and in clinical trials.>® Synergies have
been reported when using vorinostat and oxaliplatin for hepa-
tocellular carcinoma in vitro and in vivo.** Several reports have
detailed the coordination and co-delivery of hydroxamic acids
with platinum() complexes,* for either their HDAC inhibitory
or NO releasing properties.>® Notably, the hydroxamic acid
suberoylanilide hydroxamic acid (SAHA) was derivatised with
malonate (malSAHA) at the terminal end, with (carboplatin-
like) platinum(n) coordination through the malonate group
rather than the hydroxamic acid (complex A, Fig. 2). Although
this enabled successful platinum(u) coordination, the resulting
complex exhibited no HDAC inhibitory activity in the cell line
tested.>>*® Our preliminary cytotoxicity data (Table 1) indi-
cated that oxaliplatin showed promising cytotoxicity - signifi-
cantly higher than carboplatin - towards DIPG cell lines. We
were therefore keen to evaluate the effect of combining both
oxaliplatin and structural derivatives of oxaliplatin with
additional therapeutics. Different strategies for incorporating
the hydroxamic acid HDAC inhibitors SubH and panobinostat
within the coordination sphere of platinum were investigated,
including the replacement of the oxalate ligand of oxaliplatin.
We characterised the resultant novel platinum complexes and
compared their biological activity to that of established che-
motherapeutics, and report our findings here.

Results and discussion
Synthesis and characterisation of novel platinum(u) complexes

Oxaliplatin was purchased from MedChemTronica and used as
received (purity data in ESI{); [Pt"(R,R-DACH)CL,]>” was syn-
thesised by literature methods (see ESIf). Treatment of [Pt"(R,
R-DACH)Cl,] with AgNO; in H,O abstracted the chloride
ligands, with AgCl removed by filtration. Following addition of
the hydroxamic acid (SubH or panobinostat), the solution was
stirred and then concentrated under reduced pressure. The
compounds [Pt"(R,R-DACH)(Sub.y)] [1] and [Pt"(R,R-DACH)
(panobinostat.,y)] [2] were isolated by mass-directed prep-
HPLC (MeCN + 0.1% NH,OH/H,O + 0.1% NH,OH, pH 9) and
lyophilised (Fig. 3). Complex 1 demonstrated good aqueous
solubility (maximum solubility 344 mg mL™", 672 mM), as
determined by ICP-MS. Complex 2 was sparingly soluble in
H,O (maximum solubility 0.047 mg mL™", 0.072 mM), but to a
greater extent than free panobinostat (maximum aqueous solu-
bility: 0.000834 mg mL™" (calculation - ALOGPS); 20 uM-
50 uM (experimentally reported). Complex 2 showed good solu-
bility in d-DMF (49 mg mL™", 74 mM). Complexes 1 and 2
were characterised by HRMS, NMR spectroscopy (‘H, '°C,
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Table 1 Cytotoxicity screening data (ICsg) for established and novel compounds in three different DIPG cell lines

Diffuse intrinsic pontine glioma (DIPG) cell line

SU-DIPG-TV BIOMEDE 194 SU-DIPG-XXI
Compound ICso (M) 95% CI (M) ICso (LM) 95% CI (M) ICso (M) 95% CI (LM)
Carboplatin 66.3 30-143 78.57 55-133 >5 —
Oxaliplatin 0.333 0.108-1.043 >5 — 0.135 0.101-0.179
SubH 210.7° 123.1-370.7 >5 — >5 —
Panobinostat 0.002 0.002-0.003 0.027 0.015-0.049 0.002 0.001-0.002
1:1 Oxaliplatin + Panobinostat 0.006 0.004-0.009 0.023 0.0153-0.034 0.003 0.002-0.004
1:1 Oxaliplatin + SubH 0.552 0.226.7-1.504 >5 — 0.250 0.177-0.354
Complex 1 >5 — >5 — >5 —
Complex 2 0.021 0.0114-0.039 0.067 0.046-0.095 0.009 0.007-0.013

All experiments were conducted with n > 3, except for (n = 1) and ? (n = 2). Three biological repeats were conducted for all experiments.

Fig. 3 Novel platinum(i) complexes: [Pt"(R,R-DACH)(Sub_)] (1), [Pt"(R,
R-DACH)(panobinostat.,y)] (2).

'%pt) and UV-vis spectroscopy. HRMS of [1 + HJ"
(C14HsN,O,4PtH: 512.1829 m/z found; 512.18211 m/z calcu-
lated (1.5 ppm error) (Fig. S1f) and HRMS of [2 + H]
(Cy7H35N50,PtH: 657.2522 m/z found; 657.2511 m/z calculated
(1.7 ppm error) (Fig. S21) were in good agreement with theore-
tical values.

'93pt NMR spectroscopic resonances were also observed in
the expected spectral region; with resonances for complex 1 at
—1973 ppm (D,0; —1947 ppm in d,-DMF) and complex 2 at
—1918 ppm (DMF-d;) (Fig. S307), in a similar region to the
resonance reported for oxaliplatin (-=1989 ppm, d,-DMF).*®
The structures of 1 and 2 were both assigned as far as possible
from 1D and 2D NMR spectra, and alternative coordination
modes were also considered (see ESIf). A change in chemical
shifts for the coordinated ligands compared to the free hydro-
xamic acids were observed by both 'H NMR and '*C NMR
spectroscopy, with 'H integral ratios also supporting ligand

This journal is © The Royal Society of Chemistry 2020

complexation. For both 1 and 2, platinum coordination of the
ligand induced inequivalence in the ">*C NMR spectral reso-
nances in the R,R-DACH ring, consistent with a reduction in
symmetry of the platinum(u) complex, in comparison to oxali-
platin. For complex 1; small resonances which may correlate to
DACH-NH, protons were observed in D,O at 5.87 ppm and
5.19 ppm (Fig. S111). Acquiring the 'H NMR spectra of 1 in
DMF-d, enabled unequivocal visualisation of the four
DACH-NH, proton environments, which were deshielded com-
pared to oxaliplatin: being observed at 6.38 ppm and 6.34 ppm
(Hj, Hy), and 5.62 ppm and 5.55 ppm (Hg, Hy), and 6.35 ppm
and 5.57 ppm in 1 (DMF-d,, Fig. S12}), in comparison to
6.15 ppm and 5.35 ppm in oxaliplatin (DMF-d,, Fig. S2%).
These resonances showed correlations to one another and to
the DACH H, and H,~ protons (COSY, Fig. S137). Resonances
at higher field (12.56 ppm, 10.68 ppm and 9.08 ppm) all
exchanged with the H,O resonance at 3.70 ppm. The reso-
nance at 12.56 ppm showed an HMBC correlation to CO-2
(171.6 ppm) and may correspond with solution protonation of
the platinum-coordinated hydroxamic acid group; the reso-
nance at 10.68 ppm shows an HMBC correlation to CO-1
(170.7 ppm) and is fairly similar to the hydroxamic acid OH
resonance in the free ligand at 10.32 ppm (ds-DMSO). The
inequivalence of Hy (2.34 ppm) and Hy, (2.07 ppm) is consist-
ent with one end of the SubH ligand binding to the platinum
centre to a greater extent than the other end of the ligand. For
complex 2; multiple functional groups are present in panobi-
nostat which could potentially coordinate to the platinum
centre including the hydroxamic acid, the alkene (n*-coordi-
nation), the aliphatic amine and the indole amine. Comparing
the '"H NMR spectrum of 2 to free panobinostat, there was a
notable change in resonances assigned to the vinyl protons,
which moved from 6.62 ppm to 6.91 ppm (Hy) and from
7.53 ppm to 7.45 ppm (Hy). This change could be indicative of
either the alkene or hydroxamic acid group coordinating to
platinum, however, no platinum satellites were detected in the
3C NMR spectrum for either Cy or Cr (anticipated coupling
ca. “Jpec = 153 Hz reported for [PtCl,(COD)]),** suggesting that
a strong interaction between the alkene and platinum is un-
likely, and therefore the deshielding is more likely to be due to
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coordination of at least part of the hydroxamic acid group.
Whilst the "H NMR spectral resonances of the indole ring were
relatively unchanged, systematic deshielding was also observed
for the resonances around the aliphatic amine of the panobi-
nostat ligand, possibly indicative of an interaction of this
amine with the platinum: Hg was shifted from 2.93 ppm to
3.39 ppm, Hj from 2.84 ppm to 3.22 ppm and Hy from
3.86 ppm to 4.50 ppm. The resonances at 6.52 ppm and
5.74 ppm which correspond to DACH amine protons showed
weak HMBC correlations to the DACH C, and C,r *C NMR
spectral resonances. In comparison to free panobinostat, two
new singlets were also observed for complex 2 at 13.26 ppm
and 9.43 ppm, as well as the resonance at 10.90 ppm (possibly
a hydroxamic acid OH group), similar to the coordination
behaviour observed for complex 1. These new resonances
could be NH groups, but are difficult to assign further, the
resonance at 9.43 ppm showed no HMBC correlations (the
HMBC experiment did not incorporate the 13.26 ppm reso-
nance). If this is the case, it could imply protonation/retention
of the hydroxamic acid OH group following platinum coordi-
nation (see Fig. S237).

Stability of complexes 1 and 2

The solution stability of complexes 1 (D,O) and 2 (DMF-d;)
was investigated by "H NMR spectroscopy and HPLC. "H NMR
spectroscopy demonstrated that complexes 1 and 2 were
unchanged in D,O and DMF-d; respectively for at least 3 d at
18 °C, with no free hydroxamic acid ligand observed. When
the complexes 1 and 2 were analysed by HPLC under either
neutral or basic conditions, free ligand (205.15 m/z for [SubH +
H]" and 350.20 m/z for [panobinostat + H]") was observed,
suggesting that the hydroxamic ligands are partially labile
under HPLC conditions. For both complexes, carboxylic acid
derivatives of the hydroxamic acid ligands (suggested to have
formed via nitrosocarbonyl intermediates*°) were also detected
in the HPLC trace (Fig. S34%); for complex 1, [“SubH — NH” +
H]" (F) was detected at 190.08 m/z (model 190.11 m/z, positive
ionisation mode). For complex 2, [“pano — NH” + H]" (G) was
detected at 335.16 m/z (model 333.18 m/z, positive ionisation
mode) and the corresponding species [“pano — NH,”]™ (H) was
detected at 333.12 m/z (model 333.16 m/z, negative ionisation
mode) at the same retention time. However, these carboxylate
derivatives were also observed during HPLC analysis of the
free ligands (SubH and panobinostat) alone.

Attempted oxidation of 1 and 2 to platinum(iv) complexes

The oxidation of complex 1 (20 mg in 5 ml H,O and 3 eq.
H,0,) at ambient temperature was monitored over a period of
24 h by HPLC; formation of [Pt"(R,R-DACH)(Sub)(OH),] (3)
(detected as [3 + H]') was confirmed by HRMS
(C14H30N,O4PtH: 546.1887 m/z found; 546.1886 m/z calculated,
0.18 ppm error) (Fig. S35t), but the reaction did not proceed to
completion, despite extended reaction times (48 h). Several
aggregation species and fragmentation products of 3 were also
observed, supporting the identification of the oxidised product
(Fig. S367). Complex 3 was isolated by mass-directed HPLC as
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a pale yellow solid, however, following solvent removal (lyophi-
lisation) 3 readily decomposed, forming a black Pt(0)
precipitate. Use of more forcing conditions (excess H,O,, reac-
tion temperatures of 45 °C, 55 °C or 75 ©°C) did not
improve conversion to 3, as judged by HPLC. Despite repeated
attempts to purify and analyse 3 (including isolation of the
product by precipitation with diethyl ether from the reaction
solution, as an alternative to HPLC purification), the complex
was not sufficiently stable to enable further meaningful
characterisation.

The attempted oxidation of 2 was also monitored by
HPLC: the starting complex 2 (detected as the [M + H]" ion at
657.25 m/z) was gradually consumed over a period of 4h
(50 °C, 30 eq. H,0,, DMF), but oxidised product [Pt"(R,R-
DACH)(panobinostat ,;;)(OH),] was not detected under any
conditions (anticipated at 691.26 m/z).

Compound interaction studies

We conducted brief investigations into the interactions
between panobinostat (often administered orally)*' and carbo-
platin or oxaliplatin (administered intravenously) in solution,
since it is typical for hydroxamic acid HDAC inhibitors (e.g.
SAHA) and platinum(u) complexes (e.g. carboplatin) to be
administered on the same day during clinical treatment
regimes.*'*?

Solutions containing oxaliplatin (2 mg in 0.5 mL H,0) and
panobinostat (2 mg in 0.5 mL DMF) were mixed. The vial
became warm and a white precipitate formed within 1 min of
mixing. This reactivity was not observed when the panobino-
stat solution (DMF) was mixed with H,O only (i.e. no oxalipla-
tin). The solution was filtered to remove the precipitate and
the filtrate analysed by HPLC at regular timepoints: complex 2
was only detected (as [2 + H]', 657.29 m/z, ty = 5.4 min) at a
very low concentration in the filtrate 24 h after mixing. The
experiment was repeated at a lower concentration (as above,
but with 0.75 mg compound/0.5 mL solvent) resulting in
minimal precipitate formation, such that the reaction could be
monitored directly by NMR spectroscopy. '*>Pt and 'H NMR
spectral monitoring showed only oxaliplatin and panobinostat,
with no change or evidence of 2 formation for at least 8 days.
At 8 days, HPLC analysis of the NMR sample showed presence
of 2 (in addition to panobinostat and oxaliplatin) but a simul-
taneous '"H NMR spectrum did not, suggesting that 2 is
formed only at low concentrations, below the "H NMR spectro-
scopic detection limit. To identify the precipitate, the experi-
ment was repeated at higher concentration (as above, but 5 mg
compound/0.5 mL solvent) and both solutions were syringe-fil-
tered before mixing. The off-white precipitate (6 mg) was iso-
lated by filtration and dried under vacuum before being re-sus-
pended in DMF-d,. 'H, '°Pt and >C NMR spectra showed a
panobinostat-like compound, with no '°°Pt resonances
observed over the anticipated '®°Pt spectral range (6
—1204 ppm to —2395 ppm), and crucially no R,R-DACH reso-
nances were detected in the "H NMR spectrum. Although at
higher chemical shifts (>4 ppm) the "H NMR spectra of pano-
binostat and the precipitate were identical, a slight shielding

This journal is © The Royal Society of Chemistry 2020
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of the aliphatic protons (M, K and J) around the aliphatic
amine was observed for the precipitate in comparison to free
panobinostat (Fig. S31}), possibly indicating a change in the
protonation state of the amine group. HPLC analysis of the
precipitate was consistent with this, showing predominantly
panobinostat (350.06 m/z) and the panobinostat fragmentation
product (G, Fig. S34,T at 335.05 m/z) with small contaminants
of oxaliplatin ([M + H]" at 398.94 m/z) and with no evidence of
complex 2. The filtrate did not produce further precipitate on
standing. HPLC and NMR spectral analysis of the commercial
oxaliplatin sample used confirmed a high level of purity (see
ESIt). Overall, this suggests that the white precipitate is a
panobinostat derivative, rather than a panobinostat-oxaliplatin
compound. The mixing was repeated with solutions of carbo-
platin (2 mg in 0.5 mL H,0) and panobinostat (2 mg in 0.5 mL
DMF); no precipitate formed, and HPLC analysis showed no
observable formation of a carboplatin adduct of panobinostat,
monitored over a period of 3 d.

Biological studies

Complexes 1 and 2 were evaluated in cellulo alongside established
complexes oxaliplatin, carboplatin, panobinostat and SubH, as
well as 1:1 mixtures of oxaliplatin with SubH and panobinostat
(Table 1 and Fig. S377). Cytotoxicity values for carboplatin®® and
panobinostat® have previously been reported in DIPG cell lines,
but we could find no reports evaluating either oxaliplatin or
SubH for DIPG. We used three well-characterised, patient-derived,
low passage DIPG cell lines with different mutational statuses in
the key driver mutations (H3K27M and ALK2). H,O (carboplatin)
or DMF (all other compounds) was used for solubilising com-
pounds for cell testing, the toxicity of DMF itself was shown to be
negligible at the concentrations used. Cisplatin, carboplatin and
oxaliplatin are known to be unstable in DMSO : buffer mixtures,
for this reason DMSO was avoided.’*** SubH showed no observa-
ble cytotoxicity towards the cell lines, and mixtures of SubH and
oxaliplatin were less cytotoxic than oxaliplatin alone.
Panobinostat was potently cytotoxic towards all three cell lines,
particularly SU-DIPG-1V; consistent with the value of ~0.1 pM
reported for a range of DIPG lines.®

Mixtures of panobinostat and oxaliplatin were slightly less
potent than panobinostat alone. Carboplatin showed no obser-
vable toxicity towards the DIPG cell lines at the concentrations
evaluated, consistent with reports of ICs, values >100 pM in
seven DIPG lines, including SU-DIPG-1V, which was evaluated
here.® 1t is noted however that other glioma cell lines are
known to demonstrate sensitivity to carboplatin (e.g. cell lines
DUB D003: IC5, 0.047 mg mL™"; SF8628 ICs, 0.026 mg mL ™
and SF7761 ICs5, 0.0048 mg mL™").*

Discussion

Synthesis, characterisation and stability of novel platinum
complexes

Since several hydroxamic acid-chelated platinum(u) complexes
have been previously reported,** equatorial hydroxamic acid

This journal is © The Royal Society of Chemistry 2020
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chelation was investigated, as an alternative route to complexa-
tion. Oxaliplatin was selected as the parent complex, due to
encouraging preliminary cytotoxicity data (Table 1). It was envi-
saged that the platinum(u) complex could act as a “carrier” of
the chelated hydroxamic acid - with the potential to improve
the solubility in the case of panobinostat — with the hydroxa-
mic acid being released from the platinum(u) complex in
cellulo in a similar manner to dissociation of the oxalate
ligand from oxaliplatin. The platinum(u) complexes of SubH
and panobinostat (1 and 2 respectively) were successfully syn-
thesised and characterised, with analytical data consistent
with the proposed structures. For previously reported platinum
(1) hydroxamic acid complexes, the hydroxamic acid ligand
was demonstrated to have rearranged to a hydroximic acid
through deprotonation of the nitrogen and delocalisation of
the carbonyl double bond in the coordinated complex (Fig. 4,
Complex F),*®> and we suggest that this is the most likely
coordination geometry in 1 and 2, although alternative
binding modes are presented in the ESIL.{ Since the integrity of
the released hydroxamic acid was also important for preser-
ving potential HDAC inhibitory activity, this was investigated
by HPLC.

Although a small amount of degraded hydroxamic acid (F
and G/H) was detected, this was roughly constant with the
intensities observed during HPLC analysis of solutions of the
free hydroxamic ligands themselves. The majority of the ligand
which was released from 1 and 2 was detected as the proto-
nated intact hydroxamic acid - either free SubH or panobino-
stat — rather than the degraded forms, suggesting that the
hydroxamic acid ligands are relatively labile from the complex
under HPLC conditions, and that release from 1 and 2 does
not result in any appreciable degradation of the hydroxamic
acid.

Attempted oxidation of 1 and 2 to platinum(iv) complexes

Platinum(iv) complexes typically demonstrate greater kinetic
inertness towards ligand substitution compared with platinum
() complexes, due to their octahedral, de configuration."" It
was envisaged that such a platinum(iv) complex could retain
coordination of the hydroxamic acid until the complex was
reduced to platinum(u) in cellulo.

Previous attempts to oxidise platinum(u) hydroxamate com-
plexes have met with mixed success; attempted oxidation of a
platinum(n) pyridinehydroxamate complex resulted in for-
mation of a platinum(iv) complex with axial chlorido, rather
than hydroxido ligands, and also resulted in destruction of the
hydroxamic acid group to form a carboxylic acid.*’

=z

0, R HOy R R'N O, R PhsP, 0. |
S oM L, 0 R NN
Y _ h/ —_— pt! ﬂ/e.g. Pt

NGO _N: complexation
HO N ~H HoN an?” oM thP/ NN

hydroxamic  hydroximic
acid acid

Fig. 4 Previously reported hydroxamic acid complexation modes for Pt
(1); complex I: [Pt(sha_)(PPhs),].%°
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Furthermore, hydroxamic acids have been reported to facilitate
reduction of platinum(iv) to platinum(i).*® However, we felt it
was of interest to briefly investigate the possibility of accessing
platinum(wv) derivatives of 1 and 2, since there was the possi-
bility that hydroxamic chelation could be stabilised due to the
hydroxamic acid favouring harder metal ions (Pt" vs. Pt"), and
the relative inertness of the de-configuration. Whilst ESI-MS
provided evidence that 1 had been successfully oxidised to 3,
this compound was unstable and a purified sample could not
be further analysed. No evidence of oxidation of complex 2 was
observed.

Biological investigations

As a mutant histone phenotype is observed in up to 80% of
DIPG cases, the use of HDAC inhibitors in combination with
other agents is a promising line of investigation for DIPG."
We determined that oxaliplatin, complex 2 and panobinostat
showed good activity towards SU-DIPG-IV (HIST1H3B and
ACVR1-R206H mutant) and SUDIPG-XXI (HIST1H3B and
ACVR1-G328W mutant) lines. This is encouraging, since oxali-
platin has not previously been identified as a potential treat-
ment for DIPG. There was however, no synergy observed for
treatment with both oxaliplatin and panobinostat in a 1:1
ratio, under the conditions tested. Furthermore, the cyto-
toxicity of complex 2 is 3-10 fold lower than that of panobino-
stat itself. This demonstrates that complexation has impacted
on the absolute cytotoxicity of panobinostat. However, this is
not neccesarily concerning, partly because cell culture is often
not the best indicator of the in vivo activity of a prodrug, and
also because it is too early to comment on the specificity of
activity of 2 towards DIPG in comparison to non-cancerous
cells. Determining if complexation can reduce the broad spec-
trum toxicity of panobinostat is planned in subsequent work.
All compounds, including the broad-spectrum HDAC inhibitor
panobinostat were more effective in the two cell lines with
driver mutations than the BIOMEDE 194 (wild type in both
driver mutations) cell line. Since oxaliplatin is likely to exert its
cytotoxic effect through a different mechanism of action to
panobinostat, this suggests a global increase in sensitivity in
the cells harbouring driver mutations, but further work is
needed to elucidate the precise reasons and mechansims of
cell death. In comparison to oxaliplatin, carboplatin showed
only modest cytotoxicity towards the DIPG cell lines under the
conditions reported here.®

Experimental

For Materials, Methods and Procedures see ESL.{

Conclusions

Two novel Pt" complexes 1 (SubH derivative) and 2 (panobino-
stat deriviative) have been synthesised and characterised.
Complex 1 could be oxidised to the platinum(iv) complex 3 but
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this was insufficiently stable for analysis beyond ESI-MS,
decomposing on isolation, and making further development
of 3 as an anti-cancer Pt(iv) prodrug unlikely. We were unable
to oxidise the panobinostat complex 2 to the corresponding
dihydroxido Pt(wv) species.

Complexes 1 and 2 were biologically evaluated in three low-
passage patient-derived DIPG cell lines, alongside both estab-
lished compounds and 1:1 mixtures of those compounds.
Oxaliplatin showed good activity towards the three DIPG cell
lines, whereas carboplatin showed modest cytotoxicity in these
lines. To our knowledge, oxaliplatin has not been previously
evaluated for DIPG, either in cellulo or in vivo. Complex 2
showed signficantly greater cytotoxicity than oxaliplatin
towards all three DIPG cell lines. We observed no obvious
synergies in cellulo for any of the mixtures of compounds. The
unexpected immediate reactivity observed on mixing oxalipla-
tin and panobinostat solutions in vitro formed a precipitate
which was determined to be largely panobinostat, with no
platinum complexation observed. The same reactivity was not
observed between panobinostat and carboplatin. Since 2 does
not include the oxalate ligand, the potential for side-effects of
peripheral neuropathy are anticipated to be reduced for 2, in
comparison to oxaliplatin. Although complex 2 was moderately
less cytotoxic than panobinostat towards all three DIPG cell
lines, it exhibited greater aqueous solubility than panobino-
stat, such that it could potentially be infused by CED at a
higher concentration, a key current limitation of panobinostat.
Panobinostat is also known to exhibit broad-spectrum toxicity,
including towards non-cancerous cells; it is therefore of inter-
est to determine the selectivity of 2, in comparison to panobi-
nostat. HPLC investigations suggested that panobinostat could
be released intact (as a hydroxamic acid) from complex 2, such
that it would be anticiptated to retain HDAC inhibitory activity
in cellulo. Further investigations into the detailed biological
effects of oxaliplatin and 2 - including HDAC inhibitory
activity for 2 - in a wider panel of patient-derived low-passage
DIPG cell lines and (non-cancerous) astrocytes are currently
underway.
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