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Abstract:

A potent class of isoquinoline-based a-N-heterocyclic carboxaldehyde thiosemicarbazone (HCT)

compounds has been rediscovered; based upon this scaffold, three series of antiproliferative

agents were synthesized through iterative rounds of methylation and fluorination modifications,

with anticancer activities being potentiated by physiologically relevant levels of copper. The lead

compound, HCT-13, was highly potent against a panel of pancreatic, small cell lung carcinoma,

prostate cancer, and leukemia models, with ICgp values in the low-to-mid nanomolar range.

Density functional theory (DFT) calculations showed that fluorination at the 6-position of HCT-13

was beneficial for ligand-copper complex formation, stability, and ease of metal-center reduction.

Through a chemical genomics screen, we identify DNA damage response/replication stress

response (DDR/RSR) pathways, specifically those mediated by Ataxia-Telangiectasia and Rad3-

related protein kinase (ATR), as potential compensatory mechanism(s) of action following HCT-

13 treatment. We further show that the cytotoxicity of HCT-13 is copper-dependent, that it

promotes mitochondrial electron transport chain (mtETC) dysfunction, induces production of

reactive oxygen species (ROS), and selectively depletes guanosine nucleotide pools. Lastly, we

identify metabolic hallmarks for therapeutic target stratification and demonstrate the /n vivo

efficacy of HCT-13 against aggressive models of acute leukemias in mice.
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Introduction

The diverse therapeutic potential of a-N-heterocyclic carboxaldehyde thiosemicarbazones

(HCTs) has been investigated since the 1940s, with tuberculostatic activity being first observed

/n vivoas early as 1946." This class of compounds was subsequently shown to possess antitumor

and antimicrobial activities, prompting decades of research and development.?’ In particular,

isoquinoline-based HCTs such as 2-(isoquinolin-1-ylmethylene)hydrazine-1-carbothioamide (IQ-

1, HCT-1)3 were the subject of early interest due to evidence of preclinical anti-tumor efficacy

(Figure 1).5 While the mechanisms of action of HCTs are multi-modal and have not yet been fully

defined® 15, their biological activities generally stem from the ability to chelate transition metals

through their heterocyclic nitrogen, Schiff base nitrogen, and thiosemicarbazone sulfur. The

resulting HCT-metal complexes undergo redox cycles and generate cytotoxic reactive oxygen

species (ROS) through Fenton and/or Haber-Weiss processes.'® HCTs are particularly adept at

binding copper'’, which can be either beneficial or detrimental to the compound’s biological

activity. For instance, physiological concentrations of copper in human plasma (11-18 uM)'&1°

interfere with the ribonucleotide reductase-inhibitory activity of 3-aminopyridine-2-carboxaldehyde

thiosemicarbazone (3-AP)'”, while the cytotoxicities of Dp44mT202" and NSC-3197262%2 are
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potentiated by copper. Binding of this transition metal is intriguing from an anticancer therapy

standpoint, as cancers rely upon higher intracellular levels of copper, relative to healthy cells, to

promote angiogenesis, tumor growth, and metastasis.?>?* Indeed, several therapeutic strategies

have employed small molecules to disrupt copper homeostasis in cancers, either through

chelation-mediated copper sequestration, or by increasing intracellular copper to cytotoxic levels

through ionophoric modalities.??2

The cytotoxic effects of HCTs coupled with their ability to bind copper make them a

compelling scaffold from which to develop copper-mediated therapeutics. Our group has identified

isoquinoline-based HCTs as a viable scaffold for this purpose, as previously reported analogs

demonstrated both /n vifro and in vivo efficacy and the chemical space and mechanism(s) of

action remain insufficiently explored. Confounding factors have included lack of cancer tissue-

specificity, difficulty stratifying susceptible cancer subtypes, poorly defined mechanisms of action,

and potency and toxicity issues arising in part from aberrant metal chelation.'? Herein, the design

and synthesis of a series of novel isoquinoline-based HCTs is reported, with identification of a

promising lead compound — HCT-13 - preceding mechanistic and pre-clinical studies. The lead

compound potently inhibited proliferation of a panel of cancer models at nanomolar

concentrations in the presence of physiologically relevant levels of copper, while non-cancerous
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cells were significantly less affected. A mechanism of action was delineated, with HCT-13 being

found to induce mitochondrial electron transport chain (mtETC) dysfunction and production of

reactive oxygen species (ROS), deplete guanosine nucleotide pools, and engage DNA damage

response/replication stress response pathways. The activity of HCT-13 was potentiated by co-

administration of the glycolysis inhibitor 2-deoxy-D-glucose (2-DG), indicating that cancers which

rely more heavily upon oxidative phosphorylation, such as certain leukemias, will be more

susceptible to HCT-13 therapy. Lastly, we demonstrate the /n vivo efficacy of a copper:HCT-13

(Cu[HCT-13]) complex in murine models of aggressive acute leukemias.

Results

Synthesis of isoquinoline-based HCT compounds

Among the previously reported isoquinoline HCTs, the 5-, 7-, and 8-fluoro analogs of HCT-

1 were of particular interest to our group. These compounds varied in terms of potency and

toxicity®, demonstrating that the effects of fluorination were dependent upon the position of

isoquinoline substitution. The benefits that fluorination endows upon small-molecule drugs are

well documented, and are also reflected in the marketplace, as approximately 20% of all

pharmaceuticals are fluorinated.?628 Importantly, fluorination is associated with increased
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lipophilicity and may modulate redox activity upon metal complexation by virtue of its high

electronegativity, a property which we wished to explore given our desire to leverage the copper-

chelating potential of the scaffold.?® With this in mind, we were curious as to how the previously

unreported 4- and 6-fluoro analogs of HCT-1 would perform in antiproliferative assays against

cancer models, both with and without copper supplementation. Additionally, we were intrigued as

to whether fluorination at these positions would complement 4’ amine alkylation, as Kowol et al.

discovered that 4’ amine alkylation potentiated the cytotoxicity of 3-AP analogs.3®

Scheme 1. Synthesis of HCT compounds 1-15 from simple isoquinolines#
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3(a) allyl chloroformate, MeMgBr, THF; (b) Pd(PPhs),, morpholine; DDQ, CH,Cl,; (c) SeO,, 1,4-dioxane, 60 °C;

(d) appropriate thiosemicarbazide, HCI, EtOH, reflux or microwave 50 °C; (e) KNO3, H,SOy; (f) Fe, HCI, MeOH,

reflux; (g) Boc,O, DMAP, TEA, THF; (h) Boc,O, DMAP, TEA, THF; NaHCO3;, MeOH, reflux or K,CO3;, MeOH,

reflux; (i) NaH, THF; Mel. #HCTs 1-3, 6-8, and 11-13 synthesized through Route A; HCTs 5 and 10 synthesized
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through Route B; HCTs 4, 9, 14, and 15 synthesized through Route C. See Experimental Section for full synthetic

details.

A total of 11 novel isoquinoline-based HCTs were synthesized, as well as four previously

reported compounds (HCT-1, HCT-4, HCT-5, HCT-6) for comparison purposes. Our synthetic

approach began with methylation of the appropriate isoquinoline 1 to generate 2 (Scheme 1).

Depending upon the desired 5-position substituent, 2 was then subjected to either Route A (5-

hydrido), Route B (5-amino), or Route C (5-methylamino). Syntheses of HCTs 1-3, HCTs 6-8, and

HCTs 11-13 were carried out by Route A, wherein the methyl substituent of 2 was oxidized using

selenium dioxide (SeO,) to furnish the carboxaldehyde 3. Condensation with the appropriate

thiosemicarbazide under acidic conditions yielded the desired HCT. HCT-5 and HCT-10 were

synthesized via Route B, which began with nitration of 2 followed by an iron-mediated reduction

to the amine, which was subsequently Boc-protected and oxidized to produce carboxaldehyde 4.

This intermediate was then simultaneously Boc-deprotected and condensed with the appropriate

thiosemicarbazide under acidic conditions to furnish the target HCT. Syntheses of HCT-4, HCT-

9, HCT-14, and HCT-15 via Route C proceeded from 2 with installation of a nitro group,

subsequent conversion to the mono-Boc-methylamine, and SeO,-mediated oxidation to furnish
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5. Concurrent Boc-deprotection and thiosemicarbazide condensation were again achieved under

acidic conditions to provide the desired HCT compound. While characterizing the HCTs, we

occasionally observed the presence of a minor Z-isomeric product, particularly for HCTs 11-15,

which was inseparable by HPLC from the E-isomer. When encountered, the isomeric mixtures

were used for /n vifro investigations, as previous studies have reported no significant difference

in potency for these geometric isomers.3!

Fluorination and dimethylation display synergistic effects further potentiated by copper (/)

supplementation

ICgo values against MIAPACAZ2 cells were first determined using conventional cell culture

conditions (Figure 1, compound-only 1Cq values reported in parentheses). Compounds were

separated into three series — 4’ primary amines, 4’ secondary amines, and 4’ tertiary amines —to

reflect the relative degrees of 4’ amine methylation. We first synthesized a series of non-

methylated 4’ primary amine compounds, with known compounds HCT-1, HCT-4, and HCT-5

included to gauge whether fluorination of the isoquinoline proved beneficial for biological

activity.3233 Within the 4’ primary amine series, fluorination at the isoquinoline 4-position (HCT-2)

did not show an increase in potency relative to unsubstituted analog HCT-1. However, fluorination
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at the 6-position (HCT-3) showed a 3-fold increase, demonstrating that the fluorine position

impacts the activity of these compounds.

In the 4’ secondary amine series, we observed a synergistic effect when combining

isoquinoline fluorination with 4’ amine methylation. The 4-fluorine substituted HCT-7 and the 6-

fluorine substituted HCT-8 were each significantly more potent than their corresponding non-

fluorinated analog HCT-6, as well as more potent than their 4’ primary amine counterparts (HCT-2

and HCT-3, respectively). The trend of isoquinoline substitution and 4’ secondary amine

combining to enhance the potency of the drug held well for the 5-methylamino substituted HCT-

9 and 5-amino substituted HCT-10 analogs. Together, these results suggested that combining

isoquinoline substitution, particularly 4- or 6-fluorination, with 4° amine methylation produced

greater-than-additive antiproliferative effects when compared with either modification alone.

The effects of fluorine substitution became significantly more pronounced for the

dimethylated 4’-tertiary amine compounds HCT-12 and HCT-13, whose ICgy, values were in the

nM range and were roughly 110- and 270-fold more potent, respectively, when compared to their

non-fluorinated analog HCT-11. Fluorination at the 6-position (HCT-13) was found to be superior

to fluorination at the 4-position (HCT-12), a trend which also held for the fluorine-substituted 5-

methylamino compounds HCT-14 and HCT-15.
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4’ primary amines
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F

HCT-1 (1Q-1) HCT-2 HCT-3 HCT-4 HCT-5
221£0.12uM 2.06 £ 0.08 pM 2.04 +0.34 pM 533+ 1.57 UM 711 £0.1 M
(18.1 + 1.8 uM) (24.6 + 3.5 M) (5.44 £ 0.42 pM) (11.5+ 0.6 uM) (40.5 £ 6.9 uM)

4’ secondary amines

E
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HCT-6 HCT-7 HCT-8 HCT-9 HCT-10
0.331 £ 0.002 pM 0.114 £ 0.007 pM 0.233 + 0.054 pM 0.607 + 0.004 pM 7.08 £ 0.63 uM
(18.7 + 2.4 uM) (2.08 + 0.32 uM) (4.08 £0.21 uM) (4.24 + 1.68 uM) (11.2 £3.0 pM)

4’ tertiary amines

E
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Z
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S PAN JL = ZN_ J-L N NMe, N NMe, H NMe;
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HCT-11 HCT-12 HCT-13 HCT-14 HCT-15
737 +0.8nM 26,6+ 3.2 nM 216102 nM 38.4+1.4nM 423+138nM
(29.6 + 7.4 uM) (274 + 6 nM) (111 £ 3 nM) (272 + 30 nM) (327 39 nM)

Figure 1 | Cu(ll) supplementation increases the potency of a subset of HCT compounds. MIAPACAZ2 cells were

treated with HCT compound with 20 uM CuCl, supplementation or with HCT compound alone (compound-only

ICgo value shown in parentheses) for 72 h. Cell viability was then measured with CellTiter-Glo and ICq, values

determined. Lead compound HCT-13 is highlighted.

HCT compounds are known to be copper chelators343, and a recent publication by

Stockwell and coworkers demonstrated that the activity of a known 4’ tertiary amine HCT (NSC-

319726) was significantly potentiated by the addition of copper.?? To test whether our compounds

were similarly potentiated, we determined ICyy values against MIAPACA2 cells in media

10
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supplemented with physiologically relevant levels of copper (Figure 1, Supplementary Figure S1a).

While the activity of HCT-5 was attenuated, all other compounds displayed significant increases

in potency under copper-supplemented conditions, with +Cu ICgyy values improving as the degree

of 4’ amine methylation increased. Fluorine substitution led to greater potency when compared

with corresponding non-fluorinated analogs, and compounds bearing 4’ tertiary amines were the

most active, achieving +Cu ICq values as low as 21.6 nM (HCT-13). Our results demonstrated

that physiologically relevant levels of copper potentiated the activity of isoquinoline HCTs, and

that 4 amine methylation worked cooperatively with fluorine substitution. Due to its potency and

straightforward synthesis, we chose HCT-13 as our lead compound for in-depth mechanism of

action studies.

Computational analysis shows fluorination increases the stability of copper:HCT complex

To elucidate potential contributing factors to HCT-13’s potency, density functional theory

(DFT) calculations were performed and the relative energies of formation and Cu(ll) reduction

were determined for selected ligand-Cu(ll) complexes (Table 1). All calculations were performed

with Gaussian 16%7 using the B3LYP functional and the 6-31G(d) basis set. A correlation between

ICy value and energy of complex formation was found, with the latter consisting of ligand

deprotonation and copper binding energies. HCT-5, which possesses an electron-donating

11
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substituent at the isoquinoline 6-position and was the least potent compound tested, bonded most

weakly to Cu(ll). Conversely, HCT-12 and HCT-13, which bear electron-withdrawing fluorine

substituents at the 4- and 6-positions, respectively, bonded more strongly. HCT-11, which

possessed no isoquinoline substituents, had an energy of coordination to Cu(ll) that was 4.0

kcal/mol lower than that of HCT-5. These studies revealed that the ease of deprotonation in the

thiosemicarbazone chain most strongly contributed to the trends observed in the energies of

complex formation, where ligands with electron-withdrawing substituents had lower energies of

deprotonation. It was also found that the reduction of Cu(ll) to Cu(l) was most exergonic in the

Cu:HCT-13 complex, implying that this compound is most readily capable of participating in redox

processes.
i (Hz?)z (HZ(I))2
H
SN OUNT TNMe, -H* | SN—Cu'—s reduction | = N_(':UI_)S\
= N > A LN~ > A N 2
Z + Cu(H,0), N~ “NMe, N~ " NMe,
F F F

12
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Compound Rel. Deprotonation  Rel. Binding Energy Rel. Complexation Rel. Energy of
Energy (kcal/mol) (kcal/mol) Energy (kcal/mol) Reduction (kcal/mol)
HCT-5 0 0 0 -0.9
HCT-11 -4.6 0.6 -4 0
HCT-12 -9.6 43 -5.5 -1.5
HCT-13 -10.5 4.4 -6.1 -1.5

Table 1 | DFT calculations of relative deprotonation, binding, and complexation energies of selected

Cu(ll):HCT-13 complexes and Cu(ll) to Cu(l) reduction energies.

HCT-13 induces copper-dependent toxicity and is highly potent against a panel of cancer

models

To begin investigating the mechanism of action of HCT-13, its ionophoric capabilities were

evaluated using inductively coupled plasma mass spectrometry (ICP-MS). Intracellular levels of

copper increased when cells were treated with HCT-13 in Cu(ll)-supplemented media, but not

with HCT-13 or Cu(ll) supplementation alone (Figure 2a). To measure the effect of copper upon

the lead compound’s antiproliferative activity, the viability of MIAPACA2 cells was assessed

following treatment with HCT-13 in Cu(ll)-supplemented media with and without bathocuproine

13
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disulfonate (BCPS), a membrane-impermeable copper chelator. The addition of BCPS completely

abrogated the cytotoxicity of HCT-13, suggesting that the growth inhibitory effect of our lead

compound is dependent upon copper availability (Figure 2b). We next determined the effects of

supplementation with selected metals, namely iron and zinc, upon the antiproliferative activity of

HCT-13 and found its potency was highest in the presence of Cu(ll), diminished but still active in

the presence of Fe(ll), and largely inactive in the presence of Zn(ll) (Figure 2c, 20 uM

supplementation). Collectively, these data suggest that HCT-13 is a Cu(ll) ionophore which

increases intracellular copper concentration and whose cytotoxicity is copper-dependent.

a b c
125, o~ HCT-13+Cu(ll)

o & = 1500 NS 00| B00%88 o HCT-13+Fe(ll)
g% |0 ) . - wmm Cull) < o026 -0 HCT-13+2Zn(l)
29 41 g & 100 cufllyBcPs & 10
g =z O = O 50 <
9= 2 - ° 50 ES
2 § g 25 koo

£ e

Figure 2 | Copper is required for HCT-13 activity. (a) Intracellular concentrations of copper measured by
inductively coupled plasma mass spectrometry (ICP-MS) in MIAPACA2 PDAC cells treated with HCT-13
(25nM) for 24h = Cu(ll) (20 uM); V: Vehicle. (b) Viability of MIAPACAZ2 cells treated with HCT-13 (25nM) +
Cu(ll) (20 uM) for 24h * bathocuproine disulfonate (BCPS, 300 uM) measured by Trypan Blue exclusion; V:
Vehicle, NS: No supplement. (c) Proliferation rate of MIAPACA2 PDAC cells measured by CellTiterGlo
following HCT-13 treatment for 72h + Cu(ll), Fe(ll) or Zn(ll) (20 uM). (mean = SD, n = 2, one-way ANOVA

corrected for multiple comparisons by Bonferroni adjustment, * P <0.05; ** P < 0.01; *** P < 0.001).

14
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To determine whether HCT-13 displayed heterogeneous effects against different cell types,

it was screened against a panel containing aggressive cancer models and a non-cancerous cell

line. Pancreatic ductal adenocarcinoma (PDAC), small cell lung carcinoma (SCLC), and prostate

cancer (PC) models were evaluated as these cancers rely upon elevated copper levels to sustain

growth, and serum copper levels are elevated (>20 yM) in individuals with these types of

tumors.2438-43 Aggressive leukemia models were also evaluated, as these may be more directly

targeted relative to solid tumors and treatments for hematological malignancies such as acute

myeloid leukemia (AML) remain an unmet need.** PDAC, SCLC, and PC cancer models were

cultured in media supplemented with physiologically relevant levels of copper (20 uM CuCl,) and

treated with HCT-13, while the leukemia models were treated with pre-formed copper:HCT-13

(Cu[HCT-13]) complexes, as free copper is known to be toxic towards these cells (antiproliferative

activity of Cu[HCT-13] was consistent with that of HCT-13 + Cu(ll)) (Supplementary Figure S1b).

In this assay, HCT-13 was shown to be a highly potent cancer cell growth inhibitor, with ICs

values ranging from 1 nM to 200 nM (Figure 3). Importantly, the non-cancerous human epithelial

cell line HPDE was markedly more resistant to treatment than the cancer models evaluated, while

the cancer models displayed differential susceptibility. Together, these results indicate that HCT-

15
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13 possesses a high degree of cancer-specific cytotoxicity, while its differential effects against

the cancer models suggest its mechanism(s) of action is dependent upon specific cancer-

subtypes/characteristics.

1000 z
800
250 less sensitive
—=a PDAC
% 200+ = PC
8s == SCLC
+ & :
o g 150 T+ = Leukemia
l(-—') = HPDE (non-transformed epithelial cells)
=
100+
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50 77 q
M“ IT"ITF"V Sl T
e e e T S ) m\ﬁ-\!%ﬁﬁ'?f‘ﬁr'—?\lllllll
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Figure 3 | Activity of HCT-13 in a panel of cancer cell lines and non-transformed cells. IC5, values in a panel of
human and mouse prostate cancer (PC), small cell lung carcinoma (SCLC), pancreatic ductal adenocarcinoma
(PDAC), leukemia, and non-transformed epithelial models treated with HCT-13 + Cu(ll) (20 uM) for 72 h

measured by CellTiterGlo.

Chemical genomics screen identifies DNA damage response and replication stress response as

potential mechanisms of action

16
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To begin identifying the mechanisms of action of HCT-13, we performed an unbiased

pharmacological inhibition screen using a chemical genomics platform consisting of 430 kinase

inhibitors. MIAPACA2 cells were treated with the 430-member library, covering a 7-point

concentration range spanning between 6.5 nM and 5 pM, with and without 25 nM HCT-13 in

presence of 20 uM CuCl,. After 72 h, ATP content was measured using CellTiter-Glo (Figure 4a,

Supplementary Figure S2a). A composite synergy score was calculated for each combination,

defined as the sum of the Bliss Additivity Score (% proliferation inhibition observed - %

proliferation inhibition expected). A positive synergy score indicates greater-than-additive

interaction, and a negative score indicates less-than-additive interaction i.e. antagonism.

17
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Figure 4 | A chemical genomics screen identifies the replication stress response pathway as an actionable co-

dependency of HCT-13-treated cells. (a) Experimental design of a synthetic lethality screen using a library of

protein kinase inhibitors against HCT-13-treated cells in the presence of Cu(ll) (20 uM). (b) Radar plot of screen

results. (c) z-score values for kinase inhibitors within the DNA damage response/replication stress response

(DDR/RSR) pathway module. (d) Annexin V/PI staining in MIAPACAZ2 cells to validate the synergistic interaction

of HCT-13 (25nM) + Cu(ll) (20 uM) with ATRi (250nM VE-822) treated for 72 h. (e) Representative immunoblot

of DDR pathway and cell death biomarkers in MIAPACA2 PDAC cells treated with HCT-13 (10 nM) + Cu(ll) (20

pM) ; V: vehicle. (f) Nucleotide pool measurements by LC-MS/MS-MRM in MIAPACA-2 cells treated with 25 nM

HCT-13+Cu(ll) for 48 h (mean + SD, n = 3, comparison made between glucose-labeled pools using two-way

18
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ANOVA corrected for multiple comparisons by Bonferroni adjustment, * P <0.05; ** P < 0.01, *** P <0.001); V:

Vehicle.

The ten highest scoring compounds were kinase inhibitors contained in the DNA damage

response/replication stress response (DDR/RSR) module, with the ataxia telangiectasia mutated

serine/threonine kinase (ATM)/checkpoint kinase 2 (CHK2) and Rad3-related serine/threonine

kinase (ATR)/CHK1 pathways featuring as the most prominent codependencies (Figure 4b, 4c¢).4>

47 All eight ATR and CHEK1 inhibitors included in the library scored positively in the screen,

implying that the DDR/RSR pathways are activated by HCT-13. The synergistic interaction of

HCT-13 with ATR inhibition was further validated by Annexin V/PI (apoptosis) and Trypan Blue

Viability Staining in PDAC (MIAPACA2, CFPAC-1) and PC (C4-2) cell lines (Figure 4d,

Supplementary Figure S2b, S2c). Furthermore, phosphorylation of CHEK1 and CHEK2 kinases

was consistently observed upon HCT-13 + Cu(ll) treatment, as well as the induction of DNA

damage marker pH2A.X and cleavage of the apoptotic marker caspase 3 (Figure 4e). These

observations are indicative of DDR/RSR pathway activation, which was hypothesized to arise

from nucleotide insufficiency and/or, given the ability of copper to generate ROS, from ROS-

mediated DNA damage.*8-%0
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To test this hypothesis, nucleotide levels were measured in treated and non-treated cells

using liquid chromatography-tandem mass spectrometry with multiple reaction monitoring (LC-

MS/MS-MRM) as previously described.%' Both dGTP and rGTP pools were decreased in HCT-

13-treated cells, while levels of the other nucleotides either increased or the change was

statistically insignificant (Figure 4f). These findings indicate that HCT-13 preferentially decreases

the dGTP and rGTP pools, which is potentially mediated by oxidative processes as guanine is the

most readily oxidized nucleobase.>? Together with the immunoblot results (Figure 4e), these data

suggest that dGTP pool insufficiency in HCT-13-treated cells triggers the activation of the intra-S

checkpoint, as measured by increased pChk1 levels, which in turn renders these cells dependent

upon the activity of the replication stress response pathway.

HCT-13 induces ROS production, displays mitochondrial-dependent toxicity and targefs

OXPHOS

Given that our dGTP and rGTP pool measurements pointed towards a guanosine-depleting

mechanism of action, we set out to determine whether our lead compound was giving rise to ROS.

We found that HCT-13 treatment induced ROS generation detectable by CM-H,DCFDA staining

in MIAPACA2 cells (Figure 5a).>* ROS generation was also observed in the mitochondria, as

measured by mitochondria-specific dye MitoSOX (Figure 5b).5 To further probe the ramifications
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of the HCT-13-generated ROS, we inquired as to whether oxidative phosphorylation (OXPHOS)

in MIAPACAZ2 cells was altered following treatment. A Seahorse Assay was performed to measure

the alteration in overall OXPHOS, and an electron flow assay was performed in isolated

mitochondria to assess which electron transport chain (ETC) complex is impacted (Figure 5c, 5d,

Supplementary Figure S3a, S3b).5+% These assays showed that cell respiratory capacity

decreased significantly upon HCT-13 treatment as measured by reduced oxygen consumption

rate (OCR), that OXPHOS capacity was impaired, and that ETC Complex 1 was most dramatically

affected.
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Figure 5 | HCT-13 + Cu(ll) induces oxidative stress and has selective mitochondrial toxicity. (a) Reactive oxygen

species (ROS) measurements using CM-H,DCFDA after HCT-13 (25 nM) = Cu(ll) (20 uM) treatment for 24 h;

mean fluorescence intensity (MFI); mean + SD, n = 2, Student t-test, ***P <0.001. (b) Mitochondrial ROS

detection using MitoSOX in MIAPACA2 PDAC cells treated with HCT-13 (25 nM) + Cu(ll) (20 pM) for 24 h. mean

1 SD, n = 2, Student t-test, ***P <0.001. (c) Oxygen consumption rate (OCR) of MIAPACA2 PDAC cells treated

with HCT-13 (25 nM) + Cu(ll) (20 pM) for 24 h. (d) OCR of isolated mitochondria measured with or without

HCT-13 (25 nM) + Cu(ll) (20 pM). (e) Viability of 143 BTK parental (wild type, WT) and p, cells after 48 h of the

indicated HCT-13 concentration + Cu(ll) (20 uM) treatment, assessed with Trypan Blue Staining; mean = SD, n

= 2, Student t-test, ***P <0.001; V: vehicle. (f) Cell viability by Trypan Blue Staining in MIAPACA2 PDAC cells

to interrogate the interaction of HCT-13 (25nM) + Cu(ll) (20 pM) with 2-DG (2mM) for 48 h; mean = SD, n = 2,

Student t-test, ***P < 0.001; V: Vehicle.

These findings suggested that HCT-13 inhibited mtETC activity but did not indicate whether

our lead compound’s cytotoxicity stemmed from effects independent of mitochondrial function.

Another HCT compound, Dp44mT, has been reported to induce ROS, though its cytotoxicity was

not attributed to the functionality of the mitochondria.>” To determine whether the cytotoxicity of

HCT-13 was ETC-dependent, we examined its effects upon 143 BTK po, a mitochondrial DNA

(mtDNA)-deficient osteosarcoma cell line. Both 143 BTK p, and parental (wild type, WT) cells
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were treated with HCT-13 + 20 uM Cu(ll) for 48 h, after which cell viability was determined (Figure

65e). Compared to WT, the p, cells were significantly less sensitive to the treatment, with a

concurrent decrease in levels of S-phase arrest (Supplementary Figure S3c, S3d). Together,

these results indicate that the cytotoxic effects of HCT-13 are mitochondria-dependent and

suggest that HCT-13 may preferentially target tumor cells which rely more heavily upon OXPHOS

than on glycolysis. To further explore this potentially stratifying metabolic hallmark, cells were

treated with HCT-13 with and without 2-deoxyglucose (2-DG), a molecule that competitively

inhibits glycolysis, thereby forcing cells to rely upon OXPHOS for energy production (Figure 5f).58

Co-administration of 2-DG significantly potentiated the activity of HCT-13, conceivably by forcing

the cancer cells to rely more heavily upon OXPHOS which was in turn impaired by HCT-13.

HCT-13 pre-complexed with copper is effective against aggressive B-ALL and AML models in

vivo

With a mechanism of action outlined and a potentially stratifying metabolic hallmark

identified, we next investigated the /n vivo efficacy and tolerability of HCT-13. Two leukemia

models were chosen — a primary murine BCR-ABL-expressing Ar£null pre-B (p1858CR-ABL Arf-)

ALL model (p185) and a human systemic acute myeloid leukemia (AML) model (MV4-11) — as

these leukemias possess aggressive phenotypes, have high intrinsic levels of OXPHOS, and
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there remains a persistent unmet need for effective therapeutic options, particularly in the case of

AML. Both p1855%-6'" and MV4-116263 cell lines were engineered to express luciferase to monitor

the systemic leukemic burden by bioluminescence imaging (BLI). To bypass the need for systemic

copper supplementation, a one-to-one complex of copper and HCT-13 (Cu[HCT-13]) was

prepared for /n vivo administration according to reported procedures for similar compounds® and

characterized by UV-HPLC and HR-MS (Supplementary Figure S4). The /n vifro antiproliferative

activity of Cu[HCT-13] was consistent with that of HCT-13 + Cu(ll) in all cell lines tested.
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Figure 6 | Cu[HCT-13] is effective in aggressive models of systemic B-ALL and AML. (a) Dose and schedule for the
efficacy study in p185 pre-B ALL bearing mice. (b and ¢) Bioluminescence images and quantification of whole body
radiance of mice treated with Cu[HCT-13] (n=5) or vehicle control (n=10). (d) Dose and schedule for the efficacy study in
MV4-11 AML bearing mice. (e and f) Bioluminescence images and quantification of whole body radiance of mice treated
with Cu[HCT-13] (n=5) or vehicle control (n=5). (mean + SD, n = 2, student’s paired t-test, * P <0.05; ** P <0.01; *** P

<0.001). q.d. once/day.
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Treatment in both p185 and MV4-11 murine models was initiated on day six post-inoculation

of cells, when all mice showed evidence of systemic disease. Mice in treatment groups of the pre-

B ALL and AML arms of the study were administered 1 mg/kg Cu[HCT-13] g.d. for 8 and 13 days,

respectively (Figure 6a, 7d). The treatment was well tolerated as indicated by body weight

measurements (Supplementary Figure S5). 14 days after treatment initiation in the pre-B ALL arm,

HCT-13-treated mice displayed significantly lower systemic disease burden than mice in the

control group (Figure 6b, 6¢). Similarly, treatment group mice in the MV4-11 portion of the study

had significantly lower disease burden on day 19 compared to the control group mice (Figure 6e,

6f).

Discussion

This study aimed to leverage the general ability of HCTs to bind copper and the anticancer

activity of isoquinoline-based HCTs towards developing novel copper-binding analogs with a

defined mechanism of action and /n vivo efficacy against cancer models. Two potential

modifications of the previously reported HCT-1 (1Q-1) scaffold drew particular interest during our

synthetic planning: fluorination of the isoquinoline ring, and sequential methylation of the 4’ amine.

With the goal of leveraging the copper chelating ability of the isoquinoline HCT scaffold against
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cancer cells, we sought to synthesize the novel 4- and 6-fluoro analogs of HCT-1 and investigate

what effects sequential 4’ amine methylation would have upon antiproliferative activity. Following

our synthetic campaign, analysis of the antiproliferative data revealed several trends. In conditions

without copper supplementation, fluorination at either the 4- or 6-position of the isoquinoline ring

led to an increase in potency for five out of six compounds, when compared with their

corresponding non-fluorinated analogs (Figure 1). In some cases, the change was dramatic — the

ICyo of HCT-13 was nearly 270-fold lower than its non-fluorinated analog HCT-11. Secondly, 4’

amine methylation in the absence of isoquinoline substitution or copper supplementation was

detrimental to activity, as demonstrated by the decrease in potencies for HCTs 6 and 11 when

compared with 4’ primary amine HCT-1. However, combining 4 amine methylation and

isoquinoline substitution in a single compound, as in HCTs 7-10, 12 and 13, produced greater-

than-additive antiproliferative effects when compared with either their 4’ primary amine or

unsubstituted isoquinoline analogs; HCT-13 again exemplified this trend. Interestingly, the

fluorinated compounds HCT-12 and HCT-13 were qualitatively more stable than non-substituted

HCT-11, the latter of which quickly began to decompose when solubilized in DMSO, whereas the

former were stable for months when stored as a DMSO solution at room temperature, as

monitored by '"H NMR. This serendipitous discovery factored heavily into our decision to continue
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generating fluorinated analogs. The underlying mechanisms responsible for the observed synergy

and stability remain under study by our group. Finally, the antiproliferative activities of all but one

of our isoquinoline HCTs were potentiated by supplementation with physiologically relevant levels

of copper, with HCT-5 being the exception. DFT calculations were employed to gain further insight

into the observed trends, revealing that presence of an electron withdrawing fluorine at the 4- and

particularly the 6-position led to lower barriers to ligand deprotonation and greater complex

stability. Additionally, the most exergonic reduction of Cu(ll) to Cu(l) was observed in the Cu:HCT-

13 complex, implying that this compound is most readily able to participate in redox processes.

The observed trends culminated with identification of our lead compound as HCT-13, which was

uncomplicated in its synthesis and highly potent.

The use of copper-chelating small molecules in anticancer therapy is an established strategy

which is executed either through sequestration of copper from tumor tissue, or through increasing

intracellular copper to cytotoxic levels.®> HCT-13 behaves as an ionophore and increases

intracellular levels of copper, a property that is essential for its cytotoxicity as sequestration of

copper via BCPS-chelation negated our lead compound’s growth inhibitory effects (Figure 2b).

The potency of HCT-13 is highlighted by its nanomolar IC5, values against a panel of PDAC,

SCLC, PC, and leukemia cancer models (Figure 3). Our chemical genomics screen pointed
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towards activation of DDR/RSR pathways following HCT-13 treatment. Upon further investigation,

it was found that HCT-13 reduced dGTP and rGTP pools in treated cells, an effect consistent with

oxidative damage. These results implicate a mechanism by which HCT-13 activates DDR/RSR

pathways following oxidative depletion of guanosine nucleotide pools (Figure 4f). Incorporation of

oxidized nucleotides into newly synthesized DNA leads to DNA damage, while their removal from

nucleotide pools may engender replication stress response due to insufficient nucleotide

availability. Further probing of this mechanism led to confirmation of ROS presence in HCT-13-

treated cells and the discovery of mitochondrial ROS and suppression of mitochondrial OXPHOS

(Figure 5a-d). Strikingly, the cytotoxicity of HCT-13 was greatly attenuated in cells lacking the

mitochondrial ETC (Figure 5e). Conversely, 2-DG-mediated suppression of glycolysis sensitized

MIAPACAZ cells to treatment (Figure 5f). Cumulatively, these data outline a mechanism in which

in the presence of copper, HCT-13 targets the mtETC and interferes with its function, generating

ROS which in turn deplete GTP nucleotide pools and damage DNA either through nucleotide

oxidation or through ROS-mediated ssDNA or dsDNA breaks.

The delineated mechanism of action illustrates a means for stratifying potential oncogenic

targets — cancers which are more dependent upon OXPHOS and/or which possess defects in

DDR are more likely to respond to HCT-13 therapy than those without. Leukemias are reported
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to rely heavily upon OXPHOS in order to meet their energetic demands®-72, and its inhibition has

been efficacious against preclinical models and is currently the subject of clinical investigation.”

Additionally, preleukemic syndromes and myeloid malignancies rely heavily upon error-prone

non-homologous end joining for the repair of double-strand breaks, a type of DNA damage

commonly caused by ROS.7476 Coupled with preexisting oxidative stress, this reliance can lead

to irreparable damage when challenged by treatment-induced ROS, a process which

preferentially affects these malignant cells.”” These characteristics informed our choice of pre-B

ALL and AML models for preclinical studies, as leukemias fulfill the identified criteria for potential

responders to HCT-13 treatment. Gratifyingly, /n vivo efficacy was realized, with a one-to-one

copper:HCT-13 complex (Cu[HCT-13]) being administered to avoid potential complications of

systemic copper supplementation. Leukemic burden in both preclinical models as measured by

BLI was significantly reduced in treatment group mice relative to control group mice, the latter of

which had all succumbed to disease by the day of measurement (Figure 6). In general, cancer

cells exhibit higher levels of ROS and higher baseline oxidative stress than healthy cells, which

may imbue our lead compound with selectivity towards cancerous tissue and explain the observed

resistance of non-cancerous HPDE cells (Figure 3).
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While the data supporting our proposed mechanism of action is compelling, we cannot rule

out additional mechanisms through which HCT-13 may be effecting its anticancer activity. A

recent report on the disulfiram metabolite diethyldithiocarbamate (DTC) details a mechanism by

which DTC chelates copper /nn vivo and preferentially accumulates in tumor tissue before binding

and aggregating NPL4, a protein which enables p97-mediated protein degradation.”® Given the

fact that NPL4 possesses two zinc finger domains which bind metal complexes, it is possible that

HCT-13 may derive some of its activity through mechanisms similar to the DTC-copper

complex.”®8 Additionally, the observed mechanisms of action suggest that HCT-13 may

synergize with radiotherapy, as therapeutic ionizing radiation increases ROS, thereby increasing

oxidative stress and DNA damage in the targeted area(s). Therefore, HCT-13 could also function

as a radiosensitizer by further increasing the load of ROS, oxidative stress, and DNA damage

when administered in combination with radiation therapy. Further studies regarding mechanisms

of action and potentials for combination therapy are ongoing in our group. Also of current interest

is the use of alternative delivery strategies for administration of pre-complexed Cu[HCT-13]. Pre-

complexation may prevent toxicity resulting from aberrant metal chelation following systemic

administration when compared with HCT-13 alone, and could promote preferential accumulation

in cancer tissue, as has been previously observed.”® Utilizing albumin-based formulations for
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delivery of this complex may bring further benefits for /n vivo therapy and is currently under

investigation.8' Collectively, we think that identifying viable combination therapies and optimizing

drug delivery will enhance the clinical efficacy of this already promising drug when combined with

our elucidation of HCT-13's mechanism(s) of action and identification of target-stratifying

hallmarks.

Conclusion

We have expanded upon a class of isoquinoline-based HCTs to produce a set of novel

antiproliferative compounds. We demonstrated the synergistic effects of combining 4’ amine

methylation with isoquinoline substitution and identified HCT-13 as a highly potent

antiproliferative agent which is active against a panel of PDAC, SCLC, PC, and leukemia cancer

models. We showed that presence of physiologically-relevant levels of Cu(ll) greatly potentiated

our lead compound’s activity, and subsequent investigation into HCT-13’s mechanism of action

revealed that it acts as a copper ionophore and requires copper to effect its cytotoxicity.

Furthermore, HCT-13 induces ROS production and mitochondrial dysfunction, decreases

guanosine nucleotide pools, engages DDR/RSR pathways and synergizes with ATR inhibition,

possesses mitochondrial-dependent cytotoxicity, and targets high-OXPHOS cells. Lastly, a one-
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to-one copper:HCT-13 (Cu[HCT-13]) complex was demonstrated to be efficacious in preclinical
models of aggressive leukemias. Taken together, the delineated mechanism of action of HCT-
13 and its demonstrated potency as a single agent therapeutic against aggressive tumor models

/in vitro and /n vivo signal its promise as a therapeutic agent and warrant further investigations.

Experimental Section

Chemistry

All chemicals, reagents and solvents were obtained from commercial sources and were
used without further purification. Unless otherwise noted, reactions were carried out in oven-dried
glassware under an atmosphere of argon using commercially available anhydrous solvents.
Tetrahydrofuran (THF) was distilled from sodium under an argon atmosphere. Dichloromethane
was distilled from calcium hydride. Solvents used for extractions and chromatography were not
anhydrous. Analytical TLC was carried out on precoated silica gel (Merck silica gel 60, F254) and
visualized with UV light. Column chromatography was performed with silica (Fisher, 230-400
mesh). '"H NMR, 3C NMR, and "°*F NMR spectra were measured in CDCI3 or DMSO-g; on Bruker
AV spectrometers at 400 or 500 MHz. Chemical shifts were reported in parts per million () relative

to residual solvent signals. The signals observed were described as follows: s (singlet), d (doublet),
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t (triplet), q (quartet), dd (doublet of doublets), dt (doublet of triplets), ddd (doublet of doublet of

doublets), tt (triplet of triplets), tdd (triplet of doublet of doublets), m (multiplet), br s (broad singlet).

Mass spectra were obtained on a Waters LCT Premier with ACQUITY UPLC mass spectrometer

under electrospray ionization (ESI) or Thermo Fisher Scientific Exactive Plus with direct analysis

in real time (DART) ionization. Purity of all compounds used in biological assays was determined

to be >95% pure on a Hewlett Packard 1090 HPLC system using an Aquasil C18 column (250

mm x 2 mm, 5 ym, Keystone Scientific) with an acetonitrile/water solvent system containing 0.1%

TFA with detection performed at 254 nm (minute/%acetonitrile: 0/0, 8/0, 35/95, 43/95, 45/0, 55/0).

All microwave-assisted reactions were carried out in a CEM Discover 908005 Microwave

synthesizer system.

All final compounds (HCT 1-15) were synthesized according to the following synthetic

procedure for HCT13, when incorporating the appropriate intermediates. The synthetic details

and characterization information for all intermediates are shown in the Supporting Information.

(E)-2-((6-Fluoroisoquinolin-1-yl)methylene)- NV, A-dimethylhydrazine-1-carbothioamide and (2)-2-

((6-Fluoroisoquinolin-1-yl)methylene)- N, A-dimethylhydrazine-1-carbothioamide (HCT13). To a

solution of S12 (8.6 mg, 0.0491 mmol) in EtOH (0.5 mL) was added 4,4-dimethyl-3-

thiosemicarbazide (5.9 mg, 0.0491 mmol) and HCI (49 uL, 0.294 mmol, 6 M in H,O). The

mixture was stirred and refluxed for 1.5 hours and then cooled to room temperature (22 °C). The

hydrochloride salt that formed was then neutralized with saturated aqueous NaHCO; solution

(0.5 mL). The precipitate of the desired compound was collected by filtration, the filter cake
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sequentially washed with water and EtOH, and then dried to yield the isoquinoline HCT13 as a
pale-yellow solid containing a mixture of £ and Zisomers (7.4 mg, 55%). '"H NMR (500 MHz,
DMSO-ak) 5 15.90 (s, 0.21H), 11.30 (s, 1H), 9.87 (dd, /= 9.5, 5.9 Hz, 1H), 8.91 (dd, /=9.4, 5.4
Hz, 0.21H), 8.66 (m, 1.21H), 8.59 (s, 0.21H), 8.55 (d, /= 5.6 Hz, 1H), 7.97 (d, /= 5.6 Hz,
0.21H), 7.91 (dd, J= 9.6, 2.7 Hz, 0.21H), 7.79-7.82 (m, 2H), 7.73 (td, /= 9.1, 2.7 Hz, 0.21H),
7.62 (ddd, /= 9.6, 8.6, 2.8 Hz, 1H), 3.40 (s, 1.26H), 3.33 (s, 6H). *C NMR (125 MHz, DMSO-
k) 5 180.78 (2C), 163.19 (d, "ver = 251.7 Hz), 162.66 (d, 'ser = 250.6 Hz), 151.99 (d, 5o r =
1.2 Hz), 150.63 (d, 5vt.r = 0.9 Hz), 147.57, 143.42, 141.42, 138.83 (d, *Jer = 15.5 Hz), 138.76
(d, *ser=10.7 Hz), 132.08 (d, v = 9.3 Hz), 131.62, 128.64 (d, *vt.r = 9.9 Hz), 124.14, 123.10,
122.12 (d, *der = 5.2 Hz), 121.56 (d, *der = 5.1 Hz), 119.54 (d, >Uer = 25.6 Hz), 119.14 (d, ser
=24.4 Hz), 111.48 (d, >Ue.r = 20.8 Hz), 110.90 (d, 2ut.F = 20.7 Hz), 42.04 (4C). "°F NMR (376
MHz, DMSO-a%) 5 -106.34, —107.95. DART-MS: m/z calcd. for C13H1sFNsS (M+H)* 277.09232,
found 277.0905

(E)-2-(isoquinolin-1-ylmethylene)hydrazine-1-carbothioamide (HCT1). '"H NMR (500 MHz,
DMSO-ds) 6 11.74 (s, 1H), 9.19 (d, /= 8.5 Hz, 1H), 8.60-8.54 (m, 2H) 8.49 (br s, 1H), 8.02 (d, J
= 8.1 Hz, 1H), 7.86 (d, /= 5.6 Hz, 1H), 7.84-7.78 (m, 2H), 7.75 (ddd, J= 8.3, 6.8, 1.4 Hz, 1H).
®C NMR (125 MHz, DMSO-ds) & 178.41, 150.78, 145.99, 142.13, 136.24, 130.47, 129.08,
127.22, 126.94, 125.58, 121.77. DART-MS: m/z calcd. for C11H1oN4S (M+H)" 231.06989, found
231.06938.

(E)-2-((4-Fluoroisoquinolin-1-yl)methylene)hydrazine-1-carbothioamide (HCT2). '"H NMR (500
MHz, DMSO-a) 6 11.70 (s, 1H), 9.28 (d, /= 8.5 Hz, 1H), 8.56 (d, /= 1.5 Hz, 1H), 8.53 (s, 1H),
8.48 (s, 1H), 8.13 (d, /= 8.2 Hz, 1H), 7.94 (ddd, /= 8.2, 7.0, 0.9 Hz, 1H), 7.85 (m, 2H). "°C
NMR (125 MHz, DMSO- a) & 178.84, 154.73 (d, "Jer = 262.2 Hz), 148.03 (d, *Ue.r = 5.2 Hz),
145.84, 131.75, 130.69, 128.10 (d, *der = 23.3 Hz), 127.75, 127.35 (d, *str = 3.0 Hz), 126.51 (d,
Jer=14.9 Hz), 119.79 (d, *Uecr = 4.6 Hz). "°F NMR (376 MHz, DMSO-ds) 5 -137.31. DART-MS:
my/z calcd. for C11HgFN4S (M+H)" 249.06047, found 249.05042.

(E)-2-((6-Fluoroisoquinolin-1-yl)methylene)hydrazine-1-carbothioamide (HCT3). '"H NMR (500

MHz, DMSO-a) 6 11.74 (s, 1H), 9.30 (dd, /= 9.4, 5.8 Hz, 1H), 8.55 (d, J= 5.6 Hz, 1H), 8.51 (s,
2H), 7.80-7.85 (m, 3H), 7.57 (td, /= 9.0, 2.8 Hz, 1H). *C NMR (125 MHz, DMSO-a5) 5 178.88,
162.70 (d, "ver = 250.4 Hz), 151.35, 146.33, 143.50, 138.62 (d, *Uer= 10.7 Hz), 131.52 (d, *er
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= 9.5 Hz), 123.24, 121.79 (d, *t.r= 5.0 Hz), 119.36 (d, >Jer = 24.5 Hz), 110.86 (d, 2.r = 20.7
Hz). "°F NMR (376 MHz, DMSO-ak) 5 — 107.79, extraneous peak found at —106.49. DART-MS:
my/z calcd. for C11H10FN4S (M+H)* 249.06047, found 249.05984.

(E)-2-((5-(Methylamino)isoquinolin-1-yl) methylene)hydrazine-1-carbothioamide (HCT4). '"H NMR
(500 MHz, DMSO- @) 8 12.32 (s, 1H), 9.07 (br s, 1H), 8.92 (s, 1H), 8.90 (s, 1H), 8.57 (d, /= 6.6
Hz, 1H), 8.52 (d, J= 6.7 Hz, 1H), 7.85 (t, /= 8.2 Hz, 1H), 7.56 (d, J= 8.3 Hz, 1H), 7.30 (br s,
1H), 7.01 (d, J= 8.0 Hz, 1H), 2.91 (s, 3H). *C NMR (125 MHz, DMSO-a5) & 179.40, 146.25,
146.00, 133.09, 130.09, 128.72, 126.75 (2C), 119.38, 111.17, 110.66, 30.39. DART-MS: m/z
calcd. for C12H14NsS (M+H)* 260.09644, found 260.09501.

(E)-2-((5-Aminoisoquinolin-1-yl)methylene)hydrazine-1-carbothioamide (HCT5). 'H NMR (500
MHz, DMSO-a) 6 11.66 (br s, 1H), 8.57 (s, 1H), 8.42 (d, J= 5.8 Hz, 1H), 8.31 (br s, 1H), 8.25
(d, J= 8.5 Hz, 1H), 7.98 (d, /= 5.8 Hz, 1H), 7.60 (br s, 1H), 7.42 (t, J= 8.1 Hz, 1H), 6.89 (d, J=
7.1 Hz, 1H), 6.02 (s, 2H). *C NMR (125 MHz, DMSO-a5) & 178.46, 150.36, 145.86, 144.62,
140.01, 129.74, 126.78. 125.83. 116.50, 113.12, 110.74. DART-MS: m/z calcd. for C11H11NsS
(M+H)" 246.08079, found 246.08020.

(E)-2-(isoquinolin-1-ylmethylene)-A-methylhydrazine-1-carbothioamide (HCT6). 'H NMR (500
MHz, DMSO-a) 6 11.78 (br s, 1H), 9.11 (br s, 1H), 8.61 (s, 1H), 8.56 (d, /= 5.6 Hz, 1H), 8.31
(br's, 1H), 8.02 (d, /= 8.1 Hz, 1H), 7.89-7.79 (m, 2H), 7.76 (t, /= 7.7 Hz, 1H), 3.07 (s, 3H). '°C
NMR (125 MHz, DMSO-a5) & 178.36, 151.06, 144.76, 142.15, 136.25, 130.42, 128.86, 127.21,
126.82, 125.64, 121.48, 31.34. DART-MS: m/z calcd. for C12H13N4S (M+H)* 245.08554, found
245.08505.

(E)-2-((4-Fluoroisoquinolin-1-yl) methylene)-A‘methylhydrazine-1-carbothioamide (HCT7). 'H
NMR (500 MHz, DMSO-ak) 5 11.76 (s, 1H), 9.19 (d, /= 8.6 Hz, 1H), 8.56 (d, /= 1.4 Hz, 1H),
8.56 (s, 1H), 8.34 (d, /= 4.4 Hz, 1H), 8.14 (d, /= 8.3 Hz, 1H), 7.94-7.97 (m, 1H), 7.85-7.89 (m,
1H), 3.06 (d, /= 4.6 Hz, 3H). *C NMR (125 MHz, DMSO-a) 5 178.84, 154.73 (d, " t.F = 262.2
Hz), 148.03 (d, 3ut.r = 5.2 Hz), 145.84, 131.75, 130.69, 128.10 (d, 2Jer = 23.3 Hz), 127.75,
127.35 (d, *ser = 3.0 Hz), 126.51 (d, 2ve-r= 14.9 Hz), 119.79 (d, *er = 4.6 Hz), 31.86. "F NMR
(376 MHz, DMSO-a5) 6 —137.53, extraneous peak found at —134.32. DART-MS: m/z calcd. for
C12H12FN4S (M+H)* 263.07612, found 263.07520.
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(E)-2-((6-Fluoroisoquinolin-1-yl) methylene)-A‘methylhydrazine-1-carbothioamide (HCT8). 'H
NMR (500 MHz, DMSO-a) 5 11.80 (s, 1H), 9.20 (dd, /= 9.4, 5.7 Hz, 1H), 8.55 (d, /= 5.6 Hz,
1H), 8.54 (s, 1H), 8.35 (d, /= 4.7 Hz, 1H), 7.83 (dd, /= 9.2, 3.9 Hz, 2H) 7.60 (td, /= 9.0, 2.7
Hz, 1H), 3.06 (d, /= 4.5 Hz, 3H). "*C NMR (125 MHz, DMSO-ak) 5 178.56, 162.71 (d, "Je.r =
250.4 Hz), 151.55, 145.22, 143.53, 138.62 (d, *Jcr = 10.6 Hz), 131.28 (d, *Uer= 9.5 Hz),
123.29, 121.67 (d, *ve-r = 5.1 Hz), 119.23 (d, *.r = 24.8 Hz), 110.89 (d, ®.r = 20.8 Hz), 31.85.
F NMR (376 MHz, DMSO-a5) 6 —106.55, extraneous peak found at —-107.74. DART-MS: m/z
calcd. for C12H12FN4S (M+H)* 263.07612, found 263.07538.

(E)-MMethyl-2-((5-(methylamino)isoquinolin-1-yl)methylene)hydrazine-1-carbothioamide and
(- M-Methyl-2-((5-(methylamino)isoquinolin-1-yl)methylene)hydrazine-1-carbothioamide
(HCT9). "H NMR (500 MHz, DMSO-ak) 8 14.74 (s, 0.15H), 12.22 (s, 1H), 9.39 (br s, 1H), 8.93
(9, J= 4.7 Hz, 0.15H), 8.78 (s, 1H), 8.54 (d, J= 5.9 Hz, 0.15H), 8.50 (d, /= 6.5 Hz, 1H), 8.38 (s,
1H), 8.17 (s, 0.15H), 8.12 (d, J= 5.9 Hz, 0.15H), 7.82 (d, /= 8.6 Hz, 0.15H), 7.76 (t, /= 8.1 Hz,
1H), 7.69 (s, 1H), 7.56 (t, /= 8.1 Hz, 0.15H), 7.08 (br s, 1H), 6.92 (d, /= 7.7 Hz, 1.15H), 6.72
(d, J= 7.8 Hz, 0.15H), 3.07 (d, /= 4.6 Hz, 3H), 3.02 (d, /= 4.6 Hz, 0.45 H), 2.88 (s, 3H), 2.86
(s, 0.45H). *C NMR (125 MHz, DMSO-ak) & 178.84, 178.38, 150.11, 147.37, 145.83 (2C),
145.56, 138.94, 132.45, 130.58, 129.19, 128.23, 128.22, 126.87 (2C), 126.80, 118.47, 117.04,
111.57, 110.13, 109.63, 106.57, 31.59, 31.42, 30.42 (2C). DART- MS: m/z calcd. for C13H16NsS
(M+H)" 274.11209, found 274.11104.

(E)-2-((5-Aminoisoquinolin-1-yl)methylene)-A*methylhydrazine-1-carbothioamide and (2)- 2-((5-
Aminoisoquinolin-1-yl)methylene)-A-methylhydrazine-1-carbothioamide (HCT10). 'H NMR (500
MHz, DMSO-at) & 14.80 (s, 0.08H), 11.66 (br s, 1H), 8.95 (d, /= 4.9 Hz, 0.08H), 8.62 (s, 1H),
8.52 (d, /=5.9 Hz, 0.8H), 8.42 (d, J= 5.8 Hz, 1H), 8.25 (d, /= 3.3 Hz, 1H), 8.18 (s, 0.08H),
8.11-8.15 (m, 1.08H), 7.99 (d, J= 5.9 Hz, 1H), 7.83 (d, /= 8.4 Hz, 0.08H), 7.48 (t, /= 7.9 Hz,
0.08H), 7.43 (t, /= 8.0 Hz, 1H), 6.97 (d, J= 7.6 Hz, 0.08H), 6.91 (dd, /= 7.6, 0.9 Hz, 1H), 6.21
(s, 0.16H), 6.04 (s, 2H), 3.05- 3.07 (m, 3.24H). ">°C NMR (125 MHz, DMSO-a) & 178.85,
178.52, 150.83, 150.19, 145.53, 145.20, 145.10, 140.49, 138.40, 130.28, 130.10, 129.16,
128.41, 127.36, 126.27, 126.16, 117.81, 116.96, 113.24, 111.66, 111.18, 110.61, 31.74, 31.59.
DART-MS: m/z calcd. for C12H14NsS (M+H)* 260.09644, found 260.09563.

(E£)-2-(Isoquinolin-1-ylmethylene)- N, A-dimethylhydrazine-1-carbothioamide and (2)-2-
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(Isoquinolin-1-ylmethylene)-N, A-dimethylhydrazine-1-carbothioamide (HCT11). 'H NMR (500
MHz, DMSO-a6) d 15.99 (s, 0.33H), 11.26 (br s, 1H), 9.77 (dd, /= 8.8, 5.1 Hz, 1H), 8.81 (d, J=
8.6 Hz, 0.33H), 8.70 (d, /= 1.7 Hz, 1H), 8.69 (d, J= 1.2 Hz, 0.33H), 8.63 (s, 0.33H), 8.55 (d, J=
5.5 Hz, 1H), 8.12 (d, /= 8.2 Hz, 0.33H), 8.01-7.96 (m, 1.33H), 7.92 (ddd, /= 8.1, 7.0, 1.1 Hz,
0.33H), 7.88-7.76 (m, 2.33H), 7.72 (ddd, /= 8.4, 6.8, 1.4 Hz, 1H), 3.43 (s, 1.98H), 3.35 (s, 6H).
*C NMR (125 MHz, DMSO-ak) 5 180.88, 180.81, 151.94, 150.58, 147.81, 142.50, 140.45,
136.86, 136.82, 131.80, 130.77, 129.48, 129.16, 128.21, 128.17 (2C), 127.68, 126.83, 125.87,
124.60, 122.53, 121.93, 42.08 (4C). DART-MS: m/z calcd. for C13sH1sN4S (M+H)* 259.10119,
found 259.10080.

(E)-2-((4-Fluoroisoquinolin-1-yl)methylene)-N, A-dimethylhydrazine-1-carbothioamide and (2)-2-
((4-Fluoroisoquinolin-1-yl)methylene)- N, A-dimethylhydrazine-1-carbothioamide (HCT12). 'H
NMR (500 MHz, DMSO-at) 5 15.52 (s, 0.15H), 11.28 (s, 1H), 9.87 (d, /= 8.7 Hz, 1H), 8.87 (d, J
= 9.0 Hz, 0.15H), 8.77 (d, J= 1.9 Hz, 0.15H), 8.69 (s, 1H), 8.57 (d, /= 1.6 Hz, 1.15H), 8.23 (d, J
= 8.2 Hz, 0.15H), 8.15 (d, /= 8.2 Hz, 1H), 8.02-8.05 (m, 0.15H), 7.92-7.97 (m, 1.15H), 7.86
(ddd, /= 8.3, 6.9, 1.3 Hz, 1H), 3.42 (s, 0.90H), 3.36 (s, 6H). '*C NMR (125 MHz, DMSO-a) &
180.79, 180.73, 154.60 (d, 'o.r = 261.7 Hz), 154.13 (d, 'so.r = 261.8 Hz), 148.75 (d, b= 5.1
Hz), 147.76 (d, *vt-F = 5.7 Hz), 147.05, 132.52, 131.59 (d, *Jer = 5.1 Hz), 131.10, 130.49,
130.30, 128.60 (d, *vt.r = 3.3 Hz), 128.41 (d, *“se.r = 1.0 Hz), 127.90 (d, *Ue.r = 23.3 Hz), 127.19
(d, *“Uer= 2.6 Hz), 126.88 (d, 2vtr = 14.8 Hz), 126.71 (d, 2der = 14.7 Hz), 126.35 (d, *der = 25.2
Hz),124.98, 120.23 (d, *vcr = 4.3 Hz), 119.79 (d, *ver = 4.7 Hz), 42.04 (4C). "F NMR (376 MHz,
DMSO-ak) 5 -134.93, —138.02. DART-MS: m/z calcd. for C13H14FN4S (M+H)*277.09177, found
277.09096.

(£)-2-((6-Fluoro-5-(methylamino)isoquinolin-1-yl)methylene)- N, Acdimethylhydrazine-1-
carbothioamide and (2)-2-((6-Fluoro-5-(methylamino)isoquinolin-1-yl)methylene)- N, A
dimethylhydrazine-1-carbothioamide (HCT14). '"H NMR (500 MHz, DMSO-ak) & 15.96 (s,
0.17H), 11.22 (Br s, 1H), 9.20 (s, 1H), 8.62-8.54 (m, 1.17H), 8.52 (s, 0.17H), 8.34 (d, /=5.5
Hz, 1H), 8.20 (d, /= 6.2 Hz, 0.17H), 8.07 (dd, J= 9.3, 4.2 Hz, 0.17H), 7.87 (br s, 1H), 7.56 (dd,
J=13.6, 9.2 Hz, 0.17H), 7.33 (dd, J=13.4, 9.5 Hz, 1H), 6.10 (br s, 0.17H), 5.69 (br s, 1H), 3.41
(s, 1.02H), 3.27 (s, 6H), 3.10 (t, /= 5.5 Hz, 0.51H), 3.05 (t, /= 5.2 Hz, 3H). A "®C NMR was not
obtained. "°F NMR (376 MHz, CDCls) & - 129.05, -129.53. DART-MS: m/z calcd. for C14H17FNsS
(M+H)" 306.11832, found 306.11719.
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(E)-2-((4-Fluoro-5-(methylamino)isoquinolin-1-yl)methylene)- N, A-dimethylhydrazine-1-
carbothioamide and (2£)-2-((4-Fluoro-5-(methylamino)isoquinolin-1-yl)methylene)-N,A-
dimethylhydrazine-1-carbothioamide (HCT15). "H NMR (500 MHz, DMSO-a5) 5 15.46 (s,
0.33H), 11.13 (br s, 1H), 8.91 (dd, J= 8.4, 2.9 Hz, 1H), 8.62 (s, 1H), 8.50 (d, /= 5.1 Hz, 0.33H),
8.39 (s, 0.33H), 8.32 (d, /= 4.8 Hz, 1H), 7.89 (dd, J= 8.5, 2.9 Hz, 0.33H), 7.65 (t, /= 8.2 Hz,
0.33H), 7.57 (t, /= 8.2 Hz, 1H), 6.82 (d, /= 8.0 Hz, 0.33H), 6.73 (d, /= 7.9 Hz, 1H), 6.55 (dd, J
=11.9, 5.2 Hz, 0.33H), 6.39 (dd, /= 12.4, 5.0 Hz, 1H), 3.37 (s, 1.98H), 3.31 (s, 6H), 2.86-2.84
(m, 3.99H). *C NMR (125 MHz, DMSO-as) 5 180.95, 180.72, 156.41 (d, J/= 260.4 Hz), 147.99
(d, *“ser= 4.3 Hz), 147.41, 147.16, 144.92, 144.61 (d, *der = 3.7 Hz), 131.90, 131.69, 130.83,
130.78, 129.29 (d, “Ue.F = 2.4 Hz), 127.41 (d, 2ver = 28.8 Hz), 125.43 (d, *der = 30.5 Hz), 115.98
(d, °se.r= 7.6 Hz), 113.89, 113.84, 110.26, 108.50, 107.78, 42.15 (4C), 30.95 (2C), one low-field
carbon were either not observed or is overlapping with another low-field carbon. '°F NMR (376
MHz, DMSO-ak) & -125.86, -129.02. DART- MS: m/z calcd. for C14H17FNsS (M+H)* 306.11832,
found 306.11716.

Cu[HCT13]. HR-MS (ESI+) data: m/z calculated for [C13H12CuFN,S]* = 338.0057; found
338.0038; m/z calculated for [C13H12,CUFN4S + MeCN]* = 379.0323; found 379.0297 (Thermo
LTQ-Orbitrap XL). Refer to Supplementary Information for HPLC trace and ESI data.

Cell culture and culture conditions

Pancreatic adenocarcinoma cell lines: PATU8988T, MIAPACAZ2, SU8686, PSN1, HPAC,

BXPC3, DANG, SUIT2, A13A, CAPAN2, T3M4, A2.1, HUPT4, XWR200, L36PL, YAPC,

PANCO0327, PANC1, PATU8902, HPAF11, ASPC1, PANC0813, PANC0203, HS766T, SW1990,

and CFPACH1; prostate cancer cell lines: 22Rv1, LNCaP, RM1 and C4-2; and small cell lung

carcinoma cell lines: NCI-H526, NCI-H146, and NCI-H1963 were obtained from American Type

Culture Collection (ATCC). 143 BTK WT and 143 BTK p,, BJ WT and BJ p,cells were gifts from
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Prof. Michael Teitell in UCLA. Murine Prostate cancer cell lines MyC CaP was a kind gift from

Prof. DLJ Thorek at WUSTL. Murine Pancreatic cancer cells KP4662 was kind gift from Prof.

Robert Vonderheide at UPenn. Immortalized human pancreatic ductal epithelial (HPDE) cells

were a kind gift from Dr. Ming-Sound Tsao at Ontario Cancer Institute (Invitrogen Cat#20). With

a few exceptions, cell lines were cultured in DMEM (Corning) or RPMI (Corning) containing 10%

fetal bovine serum (FBS, Omega Scientific) and were grown at 37 °C, 20% O, and 5% CO.. All

cultured cells were incubated in antibiotic free media and were regularly tested for mycoplasma

contamination using MycoAlert kit (Lonza) following the manufacturer’s instructions, except that

the reagents were diluted 1:4 from their recommended amount.

HCT-13 stock solution

HCT-13 was solubilized up to a concentration of 20 mg/mL in an aqueous solution of 40%

captisol with 1% DMSO with the aid of heating at 50 °C and sonication for 15 minutes.

Proliferation assay

Cells were plated in 384-well plates (500 cells/well for adherent cell lines in 30 ul volume).

Drugs were serially diluted to the desired concentrations and an equivalent volume of DMSO was

added to vehicle control. Following 72 h incubation, ATP content was measured using CellTiter-

Glo reagent according to manufacturer’s instructions (Promega, CellTiter-Glo Luminescent Cell
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Viability Assay), and analyzed by SpectraMax luminometer (Molecular Devices). 1Cs, and 1Cqo

values, concentrations required to inhibit proliferation by 50% and 90% respectively compared to

DMSO treated cells, were calculated using Prism 6.0 h (Graphpad Software). The 430-member

protein kinase inhibitor library used for the chemical genomics screen was purchased from

Selleckchem, Catalog No. L1200.

Western blot

Cells were lysed using RIPA buffer supplemented with protease (ThermoFisher, 78,430)

and phosphatase (ThermoFisher, 78,420) inhibitors, scraped, sonicated, and centrifuged

(20,000 x g at 4 °C). Protein concentrations in the supernatant were determined using the Micro

BCA Protein Assay kit (Thermo), and equal amounts of protein were resolved on pre-made Bis-

Tris polyacrylamide gels (Life Technologies). Primary antibodies: pAMPKr472 (Cell signaling,

#2535, 1:1000), HO-1 (Cell signaling, #5061S, 1:1000), pS345 CHEK1(Cell signaling, #2348L,

1:1000), pT68 CHEK2 (Cell signaling, #2197 S, 1:1000), pS139 H2A.X (Millipore, 05-636, 1:1000),

clvd. Casp3 (Cell signaling, #9662, 1:1000), and anti-actin (Cell Signaling Technology, 9470,

1:10,000). Primary antibodies were stored in 5% BSA (Sigma-Aldrich) and 0.1% NaN; in TBST

solution. Anti-rabbit IgG HRP-linked (Cell Signaling Technology, 7074, 1:2500) and anti-mouse

IgG HRP-linked (Cell Signaling Technology, 7076, 1:2500) were used as secondary antibodies.
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Chemiluminescent substrates (ThermoFisher Scientific, 34,077 and 34,095) and autoradiography

film (Denville) were used for detection.

Viability/Apoptosis assay

Viable cells were measured by Trypan blue staining using a Vi-Cell counter (Beckman

Coulter, CA, USA). Apoptosis and cell death were assayed using Annexin V-FITC and PI

according to manufacturer’s instructions (FITC Annexin V Apoptosis Detection Kit, BD Sciences,

#556570).

Cell cycle

Cell cycle was assessed using Propidium iodide staining at indicated timepoints. Cells were

pulsed with EdU 1h before collection at different time points. Cells were fixed 4%

paraformaldehyde, permeabilized with perm/wash reagent (Invitrogen), stained with Azide-AF647

(using click-chemistry, Invitrogen; Click-iT EdU Flow cytometry kit, #C10634) and FxCycle-Violet

(Invitrogen), and then analyzed by flow cytometry.

ROS Measurements

Cellular ROS measurement was assayed with CM-H,DCFDA staining after treatment

according to manufacturer’s instructions (Reactive Oxygen Species (ROS) Detection Reagents,

Invitrogen, #D399). The cells were then incubated with 5 yM of CM-H,DCFDA for 30 min, spun
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down at 450 x g for 4 mins, and the supernatant was replaced with fresh media containing lethal

compounds and/or Cu(ll). Then, the cells were incubated for 30 mins, spun down, and the

supernatant was replaced with PBS. The samples were analyzed using flow cytometry.

Mitochondrial ROS was measured using MitoSOX staining according to manufacturer’s

instructions (MitoSOX, Invitrogen, #M36008). Cells were treated with HCT-13, washed and

treated with MitoSOX. Cells were then incubated for 30 minutes at 37 °C. After incubation, media

is aspirated and cells are washed with PBS and analyzed by flow cytometry.

Mito Stress Test and Electron Flow Assay

All oxygen consumption rate (OCR) was measured using a XF24 Analyzer (Agilent) and

normalized per ug protein. For cellular OCR, cells were incubated in unbuffered DMEM containing

25 mM glucose, 1 mM pyruvate and 2 mM glutamine. OCR was measured before (total respiration)

and after the sequential injection of 1 uM oligomycin (complex V inhibitor), 0.75 yM FCCP

(uncoupler), and 1 uM of rotenone and myxothiazol (complex | and Il inhibitors, respectively), as

described previously.5* Mitochondrial respiration was calculated by subtracting the non-

mitochondrial respiration left after rotenone and myxothiazol injection. Oligomycin-sensitive

respiration represents ATP-linked respiration (coupled respiration).
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To measure electron transport chain complex activity from cells, cells were incubated in

MAS buffer with 10 mM pyruvate (complex | substrate), 2 mM malate, 4 yM FCCP, 4 mM ADP,

and 1 nM of XF Plasma Membrane Permeabilizer (PMP) reagent (Agilent). OCR was measured

before and after the sequential injection of 2 uM rotenone, 10 mM succinate (complex Il substrate),

4 uM antimycin A (complex Il inhibitor), and a mix of 10 mM ascorbate and 100 yM TMPD

(complex IV substrates), as described previously.®® Antimycin A-sensitive respiration represents

the complex Il respiration.

To measure OCR directly from mitochondria, mitochondria were isolated from fresh mouse

liver by dual centrifugation at 800g and 8000g and seeded by centrifugation.®® Mitochondria were

incubated with 1 mM pyruvate (complex ), 2 mM malate, 4 uM FCCP in MAS buffer, as well as

the “corresponding drugs” for 30 min at 37 °C. OCR was measured before and after the sequential

injections described in the previous paragraph.

Intracellular Cu(ll) measurement

Cells were plated in 6-well plates and cultured for one day. Vehicle of HCT-13 were added

to the cells the following day and incubated for 24 hours. The plates were then washed 2 times

with PBS containing 1 mM EDTA and 2 times with PBS alone. The concentration of Cu(ll) was
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measured using Inductive Coupled Plasma Mass Spectrometry (ICP-MS) using standard

procedure.

FACS analyses

All flow cytometry data were acquired on a five-laser LSRII cytometer (BD), and analyzed

using the FlowdJo software (Tree Star).

Isotopic labeling in cell culture

Cells were transferred into DMEM without glucose and supplemented with 10% dialyzed FBS

(Gibco) containing [U-13C6]glucose (Sigma-Aldrich, 389374) at 11 mM. The cells were

incubated for 48 h before sample collection and processing as previously described.%’

Animal studies:

Mice were housed under specific pathogen-free conditions and were treated in accordance with

UCLA Animal Research Committee protocol guidelines. All C57BL/6 female mice were

purchased from the UCLA Radiation Oncology breeding colony. All NCG female mice were

purchased from the Jackson Labs (JAX).

In vivo leukemia models and treatment regimens

All animal studies were approved by the UCLA Animal Research Committee (ARC). For

development of systemic murine B ALL model, C57BI/6 female mice were injected intravenously
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with 200,000 firefly luciferase expressing p185BCR-ABL Arf—-/- pre-B-ALL cells (kindly gifted by

Dr. Nidal Boulos and the CERN Foundation).5982 For development of the systemic human AML

model, NCG female mice (from Jackson Labs) were injected intravenously with 5x106 firefly

luciferase expressing MV4-11 cells.83 The leukemic burden was monitored using

bioluminescence imaging. All Cu[HCT-13] treatments were performed using a formulation

consisting of 40% Captisol and 1% DMSO. The treatments were performed by intra-peritoneal

(i.p.) injections using 100 uL volume daily.
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a-N-heterocyclic carboxaldehyde thiosemicarbazones, HCTs; 3-aminopyridine-2-

carboxaldehyde thiosemicarbazone, 3-AP; ribonucleotide reductase, RNR; reactive oxygen

species, ROS; pancreatic ductal adenocarcinoma, PDAC; small cell lung carcinoma, SCLC;

prostate cancer, PC; bathocuproine disulfonate, BCPS; mitochondrial electron transport chain,

MtETC; DNA damage response/replication stress response, DDR/RSR; Ataxia-Telangiectasia

Mutated (ATM) and Rad3-related protein kinase, ATR; deoxyguanosine triphosphate, dGTP;

oxidative phosphorylation, OXPHOS; 2-deoxy-D-glucose, 2-DG; bioluminescence imaging, BLI;

oxygen consumption rate, OCR.
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