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Abstract

Mutant p53 rescue by small molecules is a promising therapeutic strategy. In this structure-activity 

relationships study, we examined a series of adamantyl isothiocyanates (Ad-ITCs) to discover 

novel agents as therapeutics by targeting mutant p53. We demonstrated that the alkyl chain 

connecting adamantane and ITC is a crucial determinant for Ad-ITC inhibitory potency. Ad-ITC 

6 with the longest chain between ITC and adamantane displayed the maximum growth inhibition 

in p53R280K, p53R273H, or p53R306Stop mutant cells. Ad-ITC 6 acted in a mutant p53-dependent 

manner. It rescued p53R280K and p53R273H mutants, thereby, resulting in upregulating canonical 

wild-type (WT) p53 targets and phosphorylating ATM. Ad-ISeC 14 with selenium showed a 

significantly enhanced inhibitory potency, without affecting its ability to rescue mutant p53. 

Ad-ITCs selectively depleted mutant p53, but not the WT, and this activity correlates with their 

inhibitory potencies. These data suggest Ad-ITCs may serve as novel promising leads for the 

p53-targeted drug development.
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Introduction

Adamantane, a polycyclic cage compound with high symmetry, was originally discovered 

to display potent antiviral activities. Drugs incorporating adamantane (amantadine, 

rimantadine, tromantadine, memantine) used for the treatment of viral diseases (Influenza 

A, herpes) and neurological disorders (Parkinson, Alzheimer) were the first to be introduced 

to clinics. Adamantane derivatives are used in medicinal chemistry and drug development 

because of their lipophilic nature that allows modifying various pharmacophores to enhance 

drug lipophilicity and metabolic stability, thereby improving their pharmacokinetics1-4. 

Adamantane also leads to the better understanding of underlying molecular mechanisms, 

for example the interactions of aminoadamantane anti-Influenza A agents with the M2 ion 

channel5.

Adamantane derivatives have been studied as promising anti-cancer agents. The cisplatin 

analog LA-12 that contains the hydrophobic 1-adamantylamine showed cytotoxicity against 

cisplatin resistant cancers6-8. Increased activity of this compound can be attributed to its 

enhanced ability to penetrate cell membrane9. Thus, adamantane scaffolds enhance the 

metabolic stability, pharmacokinetics, and membrane transfer of the modified drugs10-12. 

Studies of how adamantane scaffolds affect the anti-cancer activities of dietary-related 

natural compounds, such as isothiocyanates (ITCs), however, are scarce.

ITCs, compounds derived from cruciferous vegetables, inhibit tumorigenesis in animal 

models13,14. Epidemiological studies also support their role in protection against human 

cancers15. Phenethyl isothiocyanate (PEITC), an arylalkyl ITC abundant in watercress, has 

been investigated under clinical phase 1 and phase 2 trials (http://www.clinicaltrials.gov/ct2/

results?term=PEITC). Several activities have been proposed for PEITC, including 

modulation of phase I and phase II enzymes, oxidative stress, binding to target proteins, 

cell cycle arrest, and apoptosis13-20. We reported that PEITC selectively depletes p53 mutant 

protein, but not the wild-type (WT), in human cancer cells21. These observations led to 

our recent discovery of a novel mechanism for PEITC in which it reactivates a structural 

mutant p53R175H, in vitro and in a breast xenograft mouse model, resulting in tumor growth 

inhibition22. We further demonstrated that PEITC inhibits the growth of prostate cancer cells 
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expressing p53 structural (p53R175H, p53P223L) and contact (p53R248W) mutants in vitro and 

in vivo via mutant p53 rescue23. These studies showed for the first time that the anti-cancer 

activity of PEITC is cancer type-independent, but mutant p53-dependent, suggesting its 

potential as a “basket trial” agent for cancers harboring mutant p53.

The structure-activity-relationships (SARs) of arylalkyl ITCs to deplete mutant p53 and 

to induce apoptosis21 were previously studied in human cancer cells. These studies 

revealed that increased lipophilicity by incorporating aromatic rings is one of the key 

structural features important for their increased potency21. Here, we describe a study in 

which the effects of combining an ITC group with a highly lipophilic and metabolically 

inert cycloalkane adamantane, adamantyl-ITCs (Ad-ITCs), on its anti-cancer activities are 

investigated. We evaluated the activities of Ad-ITCs as potential novel cancer therapeutics 

by targeting mutant p53 in triple negative breast cancer (TNBC) cells and its SARs. TNBC 

are an aggressive subset of breast cancer that are not amenable to endocrine therapy due to 

the lack of estrogen receptor (ER) /progesterone receptor (PR) and human epidermal growth 

factor receptor 2 (HER2) and they often show resistance to current chemotherapeutic agents. 

TNBC displays a highest frequency of p53 gene mutation (~80%) among the different 

subtypes of breast cancers24,25. In fact, p53 is the most frequently mutated gene in TNBC, 

suggesting its crucial role in this disease26. Despite this, therapeutic options targeting mutant 

p53 in TNBC patients are lacking.

Results

Effects of Ad-ITCs on p53R280K MDA-MB-231 cells proliferation

We examined a series of ITCs containing an adamantyl moiety, Ad-ITCs 1-12 (Figures 1 and 

S1-4), that were synthesized as described previously27, except compounds 6 and 8 that were 

synthesized in this study. Ad-ITCs 1 and 2 are structures with a ─N═C═S in nodal and 

bridge positions of adamantane. Ad-ITCs 3, 5, and 6 have an aliphatic bridge of 1-3 carbon 

atoms and Ad-ITC 7 have an aromatic bridge between ─N═C═S and adamantane. These 

compounds should determine how the bridge length connecting adamantane and ITC and 

the substituents on it influences their activities. Ad-ITCs 4 and 10 have branched aliphatic 

chains between ─N═C═S and adamantane. They should reveal how steric hindrance 

affects the activities. Ad-ITCs 8, 9, and 12 containing oxygen atom in the alkyl chain 

allow to evaluate the effects of the electron withdrawing by the oxygen atom near ITC 

group. Finally, Ad-ITC 11 with two methyl groups on the adamantane is expected to further 

enhance lipophilicity resulting in even better absorption by tissues, such as blood-brain 

barrier.

Ad-ITCs 1-11 were synthesized from the corresponding amines by a two-step reaction 

(Figure S1A,B)27. The amines were first reacted with CS2 in ethanol in presence of 

Et3N. The formation of Et3N salt of corresponding carbamodithioic acid occurs at room 

temperature (RT) within 30 minutes. Next, BoC2O and a catalytic amount of DMAP were 

added at 0°C. The desulfurization led to formation of compounds 1-11. Ad-ITC 12 was 

synthesized by treating adamantyl acetic acid chloride with sodium thiocyanate (Fig. S1C).
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To study whether ─N═C═S group is essential for its activity, Ad-compound 13 was 

used28. Ad-compound 13 is a 2-thioxoimidazolidin-4-one derivative prepared from Ad-ITC 

5 (Figure S1D). It retains the structure of Ad-ITC 5 except that the ITC group is replaced 

by a thiooxoimidazole ring. Octanol/Water partition coefficients were also measured for 

compounds 1-13 (Table S1). Log P for Ad-ITC 1-12 were within the range of 3.73-6.77. 

Except for the two most lipophilic compounds, Ad-ITC 7 (log P 6.34) and Ad-ITC 10 (log 

P 6.77) and the least lipophilic Ad-ITC 12 (log P 3.73), the lipophilicity of Ad-ITCs was 

relatively consistent (log P 5.0 ± 0.5). These values satisfy the Lipinski’s rule of five29. Such 

lipophilicity is favorable for the transport of molecules through the cell membrane and for 

protein binding as observed previously for adamantane containing drugs30,31.

To determine the biological activity and the structural features important for the activity, 

we divided Ad-ITCs into four categories: (1) Ad-ITCs with different alkyl chain 

length connecting the adamantane to ITC (1, 2, 3, 5, 6), (2) Ad-ITCs with electron 

releasing substituents, electron withdrawing substituents, branched chains, double bonds, or 

heteroatoms in the alkyl chain (4, 8, 9, 10, 12), (3) the Ad-ITC with a benzene ring between 

adamantane and ITC (7), and (4) Ad-ITC 11 with electron releasing alkyl substituents on 

adamantane. The proliferation of p53R280K MDA-MB-231 TNBC cells treated with various 

concentrations of Ad-ITCs 1-12 or Ad-compound 13 for 24 h or 72 h was compared with 

dimethyl sulfoxide (DMSO)-treated cells (as a control). Of all the 13 compounds tested, 

only 3, 5, 6, and 7 displayed dose-dependent activity (Figure 2A).

Ad-ITC 6 with the three carbon alkyl chain connecting the ITC to adamantane showed 

the greatest inhibition against MDA-MB-231 cell proliferation (IC50 between 12-24 μM) 

followed by Ad-ITCs 5 and 3 (two and one carbon alkyl chain, respectively) (IC50 between 

24-48 μM) after 24 h (Figure 2A). After 72 h, both Ad-ITCs 5 and 6 displayed IC50 between 

12-24 μM, whereas, for Ad-ITC 3 ~50% inhibition of cell proliferation remained between 

24-48 μM (Figure S5A). Consistent with this finding, the Ad-ITCs containing a bulky 

adamantane adjacent to ITC (1, 2, and 11) that are likely to cause steric hindrance, therefore, 

blocking their binding to the target proteins, failed to show any significant inhibition of cell 

proliferation (Figures 2A and S5A). Ad-ITC 7 showed enhanced potency when compared 

with Ad-ITCs 1 and 2 (Figures 2A and S5A), however, this compound was significantly 

less potent than Ad-ITCs 3, 5, and 6. The lower potency of Ad-ITC 7 could be due to an 

aromatic ring adjacent to the ─N═C═S leading to low mobility and the inability to adjust 

to the active site.

The Ad-ITCs 4 and 10 with branched alkyl chains did not show any significant inhibition of 

MDA-MB-231 cells proliferation (Figures 2A and S5A). These data could reflect a weaker 

binding to the target protein due to steric hindrance created by the alkyl substitution adjacent 

to the ITC. Ad-ITC 12 with a double bond failed to inhibit the cell proliferation (Figures 

2A and S5A). Similarly, Ad-ITCs 8 and 9 with an oxygen atom replacing gamma-carbon 

were not active in vitro (Figures 2A and S5A), suggesting that the addition of heteroatom 

could lead to the loss of activity. Importantly, Ad-compound 13 that lacked ITC group 

did not inhibit the proliferation of MDA-MB-231 cells, suggesting that the ITC group is 

essential for the biological activity of Ad-ITCs (Figures 2A and S5A). We also examined 
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the effects of pure adamantane on MDA-MB-231 cell proliferation. Our results showed that 

adamantane did not inhibit MDA-MB-231 cells proliferation (Figures S6), thus confirming 

that ─N═C═S functional group is required for the activity of Ad-ITCs. Previously, we 

have shown that PEITC inhibits the growth of cancer cells expressing mutant p5322,23. 

As a positive control we also examined the effects of PEITC on the proliferation of MDA-

MB-231 cells (Figures S6). Collectively, these results demonstrated that the potency of 

Ad-ITC to inhibit MDA-MB-231 cell proliferation enhances with increasing the length of 

aliphatic alkyl chain connecting ITC to adamantane and decreases with the introduction of 

substituents, possibly due to steric hindrance at the α-position to the ITC.

Effects of Ad-ITCs on proliferation of p53R273H MDA-MB-468 and WT p53 MCF-7 cells

To validate that increase in the length of aliphatic alkyl chain connecting adamantane to ITC 

enhances the potency of Ad-ITCs to inhibit cell proliferation, we evaluated the effects of 

Ad-ITCs 3, 5, and 6 on a different p53 mutant TNBC cell line MDA-MB-468 (p53R273H). 

Consistent with our findings with MDA-MB-231 cells, Ad-ITC 6 showed the greatest 

inhibition of p53R273H MDA-MB-468 cells proliferation at 24 h and 72 h (IC50 between 

12-24 μM) (Figures 2B and S5B). As expected, Ad-compound 13 (Figures 2B and S5B) 

and adamantane (Figure S6) did not inhibit MDA-MB-468 cells proliferation. As a positive 

control, we also examined the effects of PEITC on the proliferation of MDA-MB-468 cells 

(Figure S6). Thus, the length of aliphatic alkyl chain is a crucial determinant of Ad-ITC 

potential to inhibit cell proliferation. These results agree with our previous observations that 

the potency of aromatic ITC enhanced with increase in alkyl chain length21,32.

We evaluated the effects of Ad-ITCs 3, 5, and 6 on proliferation of WT p53 MCF-7 

cells. MCF-7 cells were remarkably less sensitive to Ad-ITCs 3 and 6 when compared 

to p53R280K MDA-MB-231 and p53R273H MDA-MB-468 cells (Figures 2C and S5C). 

Consistent with this, MCF-7 cells were also considerably less sensitive to PEITC that was 

used as a positive control in these experiments (Figure S6). Ad-ITC 5 and Ad-compound 13 
(Figures 2C and S5C) and adamantane (Figure S6) did not inhibit MCF-7 cell proliferation. 

These results demonstrated that p53R280K MDA-MB-231 and p53R273H MDA-MB-468 are 

significantly more sensitive to Ad-ITCs 3 and 6 than the WT p53 MCF-7 cells.

Colony formation assays to determine the effects of Ad-ITCs on proliferation of p53R280K 

MDA-MB-231 and WT p53 MCF-7 cells

We performed colony formation assay (CFA) with selected compounds with differential 

abilities to inhibit cell proliferation, 1 (mild inhibition), 6 (maximum inhibition), and 13 (as 

a negative control). Similar differences in the sensitivities of p53R280K MDA-MB-231 and 

WT p53 MCF-7 cells to Ad-ITC 6 were observed in CFA (Figure S7). These data reinforce 

the findings that mutant p53 cells are more sensitive to growth inhibition by Ad-ITC 6 
compared to the WT p53 cells.

Ad-ITCs induce apoptosis in mutant p53 TNBC cells

The inhibitory effects of Ad-ITCs 3, 5, and 6 on cell proliferation suggested that these 

compounds might also possess apoptotic potential. The p53R280K MDA-MB-231 and 

p53R273H MDA-MB-468 cells treated with 6 μM or 12 μM of Ad-ITCs 3, 5, or 6 showed 
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a significant (~2.0-5.1-fold) increase in the Annexin V stained cells as compared to the 

DMSO-treated cells (Figure 3A,B and S8A). Ad-ITC 1 and Ad-compound 13 (6 μM or 

12 μM), used as negative controls, did not induce significant increase in apoptosis of 

MDA-MB-231 and MDA-MB-468 cells (Figure 3A,B). WT p53 MCF-7 cells treated with 

Ad-ITCs 1, 3, 5, 6 or Ad-compound 13 did not display any significant increase in Annexin-

V-stained cells (Figure 3C and S8A). As a positive control, we also examined the effects of 

PEITC on induction of apoptosis in p53R280K MDA-MB-231, p53R273H MDA-MB-468, and 

WT p53 MCF-7 cells (Figure S9A and B).

Cleavage of poly(ADP-ribose) polymerase-1 (PARP1) by caspase 3 is considered to be the 

hallmark of apoptosis33. Therefore, to further confirm the apoptotic potential of Ad-ITCs, 

we examined the effects of most potent compound Ad-ITC 6 on caspase 3 and PARP1 

levels in p53R280K MDA-MB-231, p53R273H MDA-MB-468, and WT p53 MCF-7 cells. 

Western blot analysis showed a significant decrease in the levels of uncleaved caspase 3 

and PARP1 in p53R280K MDA-MB-231 and p53R273H MDA-MB-468 cells treated with 6 

μM or 1 μM of Ad-ITC 6 (Figure S8B). We also detected a concomitant increase in the 

levels of cleaved-PARP1 in these cells (Figure S8B). Consistent with the Annexin V results 

(Figures 3C), we did not detect any significant decrease in the levels of uncleaved PARP1 

or accumulation of cleaved-PARP1 fragments in WT p53 MCF-7 cells (Figure S8B). MCF-7 

cells are deficient in caspase 334. Therefore, we did not detect any caspase 3 expression in 

WT p53 MCF-7 cells (Figure S8B). PEITC treated p53R280K MDA-MB-231 and p53R273H 

MDA-MB-468 cells, used as a positive control, also displayed a significant decrease in 

the levels of uncleaved caspase 3 and accumulation of cleaved-PARP1 fragments (Figure 

S9C). However, we observed a significant decrease in the levels of uncleaved PARP1 and 

accumulation of cleaved-PARP1 in PEITC treated caspase 3-deficient MCF-7 cells (Figure 

S9C). These results are consistent with the previous reports33,34, that suggest a possible 

involvement of other caspases in the cleavage of PARP1 in the absence of caspase 3. These 

results further support that mutant p53 cells were more sensitive to Ad-ITCs with specific 

structural features.

Effects of Ad-ITCs on the expression of p53 protein

Since aromatic ITCs can selectively deplete mutant p53 protein21, we examined the effects 

of Ad-ITCs 3, 5 and 6 on p53 expression in mutant p53 cells. Treatment with Ad-ITCs 

(6 μM or 12 μM) for 24 h led to a differential decrease in the expression of mutant p53 

in MDA-MB-231 and MDA-MB-468 cells (Figure 3D). As expected, no depletion was 

observed with Ad-ITC 1 in both the cell lines (Figure 3D). These results demonstrated that 

the ability of Ad-ITCs to reduce mutant p53 expression seems to correlate with their growth 

inhibitory potencies. Concurrently, the alkyl chain length seems to influence their potency in 

reducing the expression of mutant p53. Furthermore, ITC group is essential for this activity 

as Ad-compound 13 failed to affect mutant p53 expression. On the contrary, Ad-ITCs 1, 3, 

5, 6 and Ad-compound 13 did not decrease WT p53 expression in MCF-7 cells (Figure 3D). 

As a positive control, we also examined the effects of PEITC on p53 expression levels in 

MDA-MB-231, MDA-MB-468, and MCF-7 cells (Figure S9C). We observed a significant 

decrease in the expression of p53R280K and p53R273H mutants in PEITC (6 μM or 12 μM) 

treated MDA-MB-231 and MDA-MB-468 cells, respectively. Consistent with our previous 
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study21, we also detected an increase in p53 levels in MCF-7 cells (Figure S9C). These 

results suggest that mutant p53 is an important target for these novel Ad-ITCs.

Ad-ITC 6 rescues p53 mutants and activates Ataxia-Telangiectasia Mutated (ATM)

Since Ad-ITC 6 induced apoptosis in mutant p53 cells, we reasoned it may do so by 

restoring WT functions. Therefore, we determined its effects on the canonical p53 targets 

in these cells. Treatment with 6 μM Ad-ITC 6 enhanced the expression of the canonical 

p53 targets p21 and NOXA in both MDA-MB-231 and MDA-MB-468 cells (Figure 4A). 

These results suggested that Ad-ITC 6 restores transactivation functions to p53R280K and 

p53R273H mutants in MDA-MB-231 and MDA-MB-468 cells, respectively. Ad-ITC 6 also 

upregulated expression of p21 and NOXA in WT p53 MCF-7 cells (Figure 4A). The WT 

p53 is regulated by MDM2 by an autoregulatory feedback loop35. Consistent with this idea, 

6 μM Ad-ITC 6 enhanced the expression of MDM2 in both p53R273H MDA-MB-468 and 

WT p53 MCF-7 cells (Figure S10A). These results demonstrated that Ad-ITC 6 can not only 

rescue mutant p53, but also activates WT p53.

To determine whether depletion of mutant p53 in cells occurs at the transcriptional or post-

transcriptional level, we compared the mRNA levels of p53 in DMSO and Ad-ITC 6 treated 

MDA-MB-231 and MDA-MB-468 cells. As a control, we also evaluated mRNA levels of 

p53 in WT p53 MCF-7 cells. As shown in Figure S10B, 4 h after Ad-ITC 6 treatment, 

the mutant p53 mRNA levels remained unchanged in MDA-MB-231 and MDA-MB-468 

cells. Therefore, Ad-ITC 6 depleted mutant p53 without causing changes in the p53 mRNA 

expression levels. These results strongly suggest that Ad-ITC 6 depletes mutant p53 at the 

post-transcriptional level. These findings are consistent with our previous studies where we 

have shown that PEITC depletes mutant p53 at post-transcriptional level21. We also detected 

an increase in the p53 mRNA level in MCF-7 cells (Figure S10B); however, we did not 

observe any significant increase in the WT p53 protein (Figure 3D).

WT p53 plays a crucial role in cell cycle progression and genome stability maintenance by 

inducing DNA damage response (DDR) pathway. We examined if the reactivated p53R280K 

and p53R273H mutants could modulate cell cycle progression. p53R280K MDA-MB-231 and 

p53R273H MDA-MB-468 cells treated with Ad-ITC 6 (6 μM) displayed a significant delay 

in G1 phase compared to DMSO-treated cells at 24 h (48.2% and 53.23% vs. 42.9% and 

30.6%, respectively) (Figure 4B). WT p53 MCF-7 cells treated with Ad-ITC 6 (6 μM) 

display a small increase in G2/M phase compared with DMSO-treated cells (24.3% vs 

21.3%) (Figure 4B). These results confirmed that Ad-ITC 6 restores “WT-like” functions to 

p53R280K and p53R273H mutants in TNBC cells.

We examined if the delay in cell cycle progression was due to activation of DDR pathway. 

As a gain of function (GOF) activity mutant p53 inhibits activation of ATM by impairing 

its recruitment to the site of DNA damage and induces genetic instability36. Previously, we 

showed that PEITC induced rescue of mutant p53 abolished this GOF activity22,23. Here, we 

showed that treatment with 6 μM Ad-ITC 6 resulted in phosphorylation of ATM at S1981 in 

MDA-MB-231 and MDA-MB-468 cells (Figure 4C), suggesting that restoration of WT p53 

functions to p53R280K and p53R273H mutants abolishes their ability to inhibit the activation 

Burmistrov et al. Page 7

J Med Chem. Author manuscript; available in PMC 2023 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of ATM. Consistent with the WT p53 expression level (Figure 3D) and cell cycle data 

(Figure 4B), pATM-S1981 was absent in WT p53 MCF-7 cells (Figure 4C). Taken together, 

these results suggest that Ad-ITC 6 rescues p53R280K or p53R273H and reactivates DDR.

Ad-ITC 6 inhibits cell proliferation via mutant p53

To determine if the anti-proliferative effects of Ad-ITC 6 were mediated through mutant 

p53, we examined its effects on the proliferation of p53 null MDA-MB-436 cells. MDA-

MB-436 cells treated with Ad-ITC 6 showed significantly reduced sensitivity at 24 h and 72 

h (Figure 5A,B) compared to the p53R280K MDA-MB-231 or p53R273H MDA-MB-468 cells 

(Figures 2A,B and S5A,B). To further confirm the mutant p53 mediated inhibition of cell 

proliferation, we compared Ad-ITC 6 effects on MDA-MB-468 cells that were transfected 

either with p53 siRNA or non-specific (NS) siRNA. The p53 knockdown MDA-MB-468 

cells showed markedly reduced sensitivity to Ad-ITC 6, whereas NS siRNA MDA-MB-468 

cells remained highly sensitive (Figure S11). These results showed that Ad-ITC 6 induced 

inhibition of cell proliferation is, at least partially, dependent on mutant p53.

We also examined the anti-proliferative effects of Ad-ITC 6 on a TNBC cell line HCC1937 

that express a truncated p53R306Stop mutant. HCC1937 cells displayed a remarkable 

sensitivity to Ad-ITC 6 (IC50 = 12 μM) (Figure 5A,B). These results strongly demonstrated 

the functional involvement of the mutational status of p53 in cell response to Ad-ITC 6.

Ad-ISeC 14 displayed enhance potency compared to Ad-ITCs

Since ─N═C═S group is essential for the activity of Ad-ITCs, we determined if 

replacing the sulfur (S) in the ITC with selenium (Se) will influence its activities. 

The Se atom was selected as it exhibits cancer chemopreventive activities and is an 

integral part of many mammalian selenoproteins that may influence various pathways of 

cancer development37,38. We used an analog of Ad-ITC 5 where S in the ITC has been 

substituted with a Se, 1-isoselenocyanato-2-(adamantan-1-yl)ethane (Ad-ISeC 14) (Figure 

S12A and B)30. Octanol/Water partition coefficients was measured for Ad-ISeC 14 (Table 

S1). Most of the known methods of Ad-ISeC synthesis use potassium selenocyanate that 

spontaneously convert to potassium cyanate even at 4°C. Isocyanates have high reactivity, 

water sensibility and toxicity. We adapted a relatively easy and safe method for the synthesis 

of isoselenocyanates, including 1-isoselenocyanatoadamantane39.

Ad-ISeC 14 (Figure 6A) displayed the maximum potency to inhibit proliferation of 

p53R280K MDA-MB-231 or p53R273H MDA-MB-468 cells at 24 h and 72 h (IC50 between 

6 μM and 12 μM, respectively) (Figures 6B and S12C) when compared to all S containing 

Ad-ITCs, including Ad-ITC 5 (Figures 2A,B and S5A,B). These results demonstrated that 

the substitution of S with Se in Ad-ITC 5 enhanced its potency, presumably because of 

its electron-withdrawing property rendering it more electrophilic. Such substitution also 

enhances water solubility (LogP of Ad-ISeC 14 is 4.05 which is 0.71 points lower than of 

Ad-ITC 5). Ad-ISeC 14 also inhibited MCF7 cell proliferation, however, these cells were 

considerably less sensitive than mutant p53 cells (Figures 6B and S12C). Similar differences 

in the sensitivities of MDA-MB-231 and MCF-7 cells to Ad-ISeC 14 were also observed in 
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CFA (Figure S12D). These results demonstrated that the p53 mutation status in TNBC cells 

plays an important role in sensitizing cells to Ad-ISeC 14.

Treatment with Ad-ISeC 14 (6 μM or 12 μM) enhanced the apoptotic potential of MDA-

MB-231 and MDA-MB-468 cells but not in MCF-7 cells (Figure 6C and S13A). In fact, 

Ad-ISeC 14 (6 μM or 12 μM) induced a significantly greater (>2-fold) level of apoptosis in 

p53R273H MDA-MB-468 cells when compared to Ad-ITC 5 (6 μM or 12 μM) (Figure 3B). 

To further confirm the apoptotic potential of Ad-ISeC 14, we demonstrated a decrease in the 

levels of uncleaved caspase 3 and PARP-1 and an increase in the levels of cleaved-PARP1 

fragment in Ad-ISeC 14 treated MDA-MB-231 and MDA-MB-468 cells (Figure S13B). 

We did not detect any significant change in the levels of uncleaved PARP1, uncleaved 

caspase 3, or accumulation of cleaved-PARP1 in MCF7 cells (Figure S13B). MDA-MB-231 

and MDA-MB-468 cells treated with Ad-ISeC 14 (6 μM or 12 μM) showed a significant 

reduction in mutant p53 expression when compared to the DMSO control (Figure 6D). 

Ad-ISeC 14 (6 μM or 12 μM) induced a significantly greater decrease in the p53R280K and 

p53R273H expression levels in MDA-MB-231 and MDA-MB-468 cells, respectively, when 

compared to Ad-ITC 5 (6 μM or 12 μM) (Figure 3C). Together, like its sulfur counterpart, 

these results showed a correlation between the growth inhibitory potency and the ability to 

destabilize mutant p53 in TNBC cells, suggesting that Se does not influence Ad-ISeC 14 
interactions with the target proteins. Contrary to mutant p53, WT p53 expression appeared 

marginally elevated after treatment with 12 μM Ad-ISeC 14 (Figure 6D), suggesting that 

Ad-ISeC 14 might activate WT p53. Ad-ISeC 14 (6 μM) significantly enhanced the levels of 

p21 and NOXA in MDA-MB-231 and MDA-MB-468 cells (Figure 6E), demonstrating that 

it restored the transactivational functions to p53R280K and p53R273H mutants. A significant 

increase in the expression levels was also observed in the MCF-7 treated with 6 μM Ad-

ISeC 14 (Figure 6E), suggesting that Ad-ISeC 14 also activated WT p53. We also detected 

a statistically significant elevation of MDM2 in both p53R273H MDA-MB-468 and WT p53 

MCF-7 cells (Figure S14A). Taken together, these data strongly suggest that Ad-ISeC 14 can 

not only reactivates mutant p53, but also activate WT p53.

To determine whether Ad-ISeC 14 also depletes mutant p53 at post-transcriptional level, 

we examined the mRNA levels of p53 in DMSO and Ad-ISeC 14 treated MDA-MB-231 

and MDA-MB-468 cells. As shown in Figure S14B, the mutant p53 mRNA levels remained 

unchanged in MDA-MB-231 and MDA-MB-468 cells after Ad-ISeC 14 treatment. These 

results strongly suggest that Ad-ISeC 14 depletes mutant p53 at the post-transcriptional 

level. We also detected an increase in the p53 mRNA level in MCF-7 cells treated with 

Ad-ISeC 14 (Figure S14B). Consistent with this, we also detected an elevated levels of WT 

p53 in Ad-ISeC 14 treated MCF-7 cells (Figure 6D).

Effects of Ad-ITC 6 and Ad-ISeC 14 on proliferation of normal cells

To determine if Ad-ITC 6 and Ad-ISeC 14 have inhibitory effects on the proliferation 

of normal cells, we examined their effects on two different normal cell types, mammary 

epithelial cells (MCF10A) and colon cells (CCD841), expressing WT p53. Our results 

showed that IC50 for Ad-ITC 6 and Ad-ISeC 14 were significantly higher than the 

p53R280K MDA-MB-231 and p53R273H MDA-MB-468 tumor cells (Figure S15). These 
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results further support that Ad-ITCs may serve as novel promising leads for p53-targeted 

drug development.

Discussion and Conclusions

The p53 gene is most frequently mutated gene in human cancers. These mutations are 

predominantly missense (~74%) and are classified as either structural (e.g., R175H) or 

contact (e.g., R273H). Mutations in p53 impair WT activity; however, the mutants may 

also gain oncogenic functions40,41. Small molecules that can rescue mutant p53 have been 

identified and are now under clinical investigations25,42,43. However, studies to investigate 

the potential of small molecules towards targeting mutant p53 in TNBC are limited. In this 

study we showed that, depending on their structures, the novel Ad-ITCs 3, 5, 6 and Ad-ISeC 

14 exhibited potential anti-cancer activities against p53R280K and p53R273H mutant TNBC 

cells. These compounds also inhibited the proliferation of WT p53 MCF-7 cells; albeit 

the mutant p53 cells were more sensitive. Ad-ITC 6 and Ad-ISeC 14 induced apoptosis 

selectively in mutant p53 cells, and not in WT p53, as evidenced by Annexin V staining and 

western blot analysis of caspase 3 and PARP1 cleavage. Supporting mutant p53 as a target, 

Ad-ITC 6 and Ad-ISeC 14 selectively depleted mutant p53 protein, but not WT, in these 

cells.

The SARs revealed the importance of the alkyl chain length connecting adamantane and 

─N═C═S in Ad-ITCs anti-cancer activities. Elongation of the alkyl chain from 0 to 3 

carbons significantly enhance the antiproliferative potency of Ad-ITCs, following an order 

of Ad-ITC 6>5>3>1. Concurrently, the alkyl chain length markedly affects its mutant p53 

depleting activity. The greater potency for longer alkyl chain Ad-ITCs may reflect the 

diminished steric hindrance and an increase lipophilicity as evidenced by their logP values. 

Both structural features are favorable for interactions with the target proteins. Previously, 

we showed that enhanced inhibitory potential of aromatic ITCs with an increase in alkyl 

chain length and lipophilicity of the side chain moiety in vitro and in a mouse model of lung 

tumorigenesis21,32.

The lack of anti-proliferative activity for Ad-ITC 8, an analog of Ad-ITC 6, where carbon 

atom of the bridge closest to adamantane was substituted by oxygen atom, could be 

attributed to its lower lipophilicity as compared to Ad-ITC 6 (logP values 4.42 vs 5.17, 

respectively) and altered electron distribution characteristics. These hypotheses may be 

further examined by synthesizing Ad-ITCs containing different hydrogen bond acceptors 

and hydrogen bond donors such as F, Cl, OH, O-CH3 etc. in nodal and bridge positions of 

adamantyl along with a linker between adamantane and ITC.

A comparison of the IC50 of Ad-ITC 5 with PEITC demonstrates the differential effects 

of an aryl vs. an adamantyl group on the activities of ITCs. Because Ad-ITC 5 is more 

lipophilic than PEITC (logP values 4.76 vs 3.50, respectively), we expected lower IC50 for 

Ad-ITC 5 and its longer chain analogs than PEITC22,23. This suggests that other factors 

could also affect the potency of Ad-ITCs, including their size, shape, and the resulting 

rigidity. Thus, it is possible that a longer alkyl chain length in Ad-ITCs may lead to IC50 

comparable to or even better than that of the corresponding aromatic ITCs.
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Similar to ITCs, the chemopreventive effects of ISeC may be attributed to redox 

modulation and modification of protein thiols and ISeC can act synergistically with ITCs44. 

Furthermore, the substitution of S with Se in aromatic ITCs resulted in compounds with 

lower IC50s45. Interestingly, Ad-ISeC 14 displayed a significantly greater anti-proliferative 

activity compared to S containing analog Ad-ITC 5. In fact, the IC50 for Ad-ISeC 14 was 

similar to that of PEITC in p53 contact mutant cells22,23. Furthermore, Ad-ISeC 14 induced 

a significantly greater level of apoptosis in p53R273H MDA-MB-468 cells and a decrease 

in the levels of p53R280K and p53R273H mutants compared to Ad-ITC 5. Because same 

starting amine can be used for the synthesis of Ad-ITC 5 and Ad-ISeC 14, the preparation 

of ISeCs with longer bridge (up to (CH2)5) should be readily attainable46. The Se-containing 

compounds with general formula R-Se-R (selenides), R-SeH (selenols), and R-Se-Se-R 

(diselenides) may be synthesized.

Our results showed that Ad-ITC 6 and Ad-ISeC 14 causes mutant p53 depletion at the 

post-transcriptional level since the levels of mutant p53 mRNA remains unchanged in 

Ad-ITC 6 or Ad-ISeC 14 treated MDA-MB-231 and MDA-MB-468 cells. Ad-ITC 6 and 

Ad-ISeC 14 rescued p53R280K and p53R273H mutants. Ad-ITC 6 caused a G1 phase arrest 

and pATM-S1981. Consistent with this idea, the reactivation of DDR might be responsible 

for the activation of rescued p53 mutants and apoptosis. Previously, we showed that PEITC 

induced oxidative stress activates DDR in the presence of restored p53 mutant22,23. The 

activation of ATM in Ad-ITC 6-treated cells suggests that these compounds may also exert 

oxidative stress. The data on Ad-ITCs reinforce a mechanism involving the binding of 

Ad-ITC to the mutant p53 protein via ─N═C═S through hydrophobic interactions. We 

also detected an upregulation of canonical p53 targets in Ad-ITC 6-treated MCF-7 cells, 

but without a significant change in the cell cycle. Supporting this, we did not detect any 

phosphorylation of ATM. Collectively, these results suggests that the WT p53 cells may 

respond to Ad-ITCs via a different mechanism. Further studies are needed to understand the 

divergent mechanisms in WT p53 cells.

The p53 exon-6 truncating nonsense mutations occur at higher than expected frequencies 

and promote cancer cell proliferation, survival, and metastasis47. However, the studies 

exploring the potential of the truncated p53 mutants in targeted therapies are scarce. We 

showed that Ad-ITC 6 inhibited the proliferation of HCC1937 cells harboring a truncated 

p53R306Stop mutant. An in-depth mechanistic study of Ad-ITC 6 on cell lines harboring p53 

exon-6 truncating mutations is important to gain insights into the underlying mechanism. 

These studies may open up avenues to develop strategies to target cancers harboring these 

prevalent p53 truncating mutations, unlike p53 point mutants that are classified as DNA 

binding or structural mutants, an area that warrants comprehensive investigation.

The adamantyl moiety is relatively inert to metabolic transformation and highly stable 

in humans4,48,49, and compounds containing adamantane are likely to have a better 

pharmacokinetic profile in vivo. In support of this notion, previous pharmacokinetics 

studies of anti-viral drugs incorporating adamantane48,49, amantadine, and rimantadine, 

have demonstrated that these drugs are highly stable in humans with elimination half-life 

between 24-60 h and a significantly greater steady-state volumes of distribution in human 

plasma. Previously, we have shown in a phase I safety and pharmacokinetic clinical trial 
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(NCT00005883) of PEITC, an aromatic ring containing ITC, that the estimated half-life 

of PEITC is ~2.4 h and four daily doses of PEITC are required to maintain steady state 

plasma ITC levels throughout the 24 h50. These studies clearly indicate that an extensive 

investigation on adamantane derivatives of ITCs, including Ad-ITC 6, Ad-ISeC 14, and 

other adamantyl containing ITCs/ ISeCs, in vitro and in vivo, are needed urgently to unravel 

their mechanisms, pharmacokinetic profiles, and efficacies. Nevertheless, a new insight is 

afforded by our study that previously unappreciated adamantyl moiety can be added to ITCs 

that has potential to enhance the lipophilicity and efficacy of an existing anti-cancer agents, 

thus, laying a platform for the development of adamantyl compounds as novel p53 targeted 

therapeutic agents.

Experimental Section

Synthesis of Ad-ITCs 1-11.

Carbon disulfide (40-80 mmol) and triethylamine (4-8 mmol) were added to a mixture of 

corresponding adamantyl amine (4-8 mmol) and 6-12 mL of ethanol. The mixture was 

stirred for 30 min at RT and cooled to 0°C. Di-tert-butyl dicarbonate (BoC2O, 4-8 mmol) 

and 4-(dimethylamino)pyridine (DMAP, 0.01-0.02 g) were added, and the mixture was 

stirred for 1 h at RT. The solvent was distilled off, and the residue was purified either by 

crystallization from EtOH (for solid compounds) or by column chromatography (for liquid 

compounds). For details see below and Ref 27. Purity of synthesized compounds were 

determined via GC-MS (Agilent GC 5975/MSD 7820) and is >95%.

1-Isothiocyanatoadamantane (1).

The general method above was used with 1-aminoadamantane to afford white solid (1.06 g, 

92% yield), mp 167°C. MS (EI): m/z (%) = 193 (47) [M]+, 135 (100) [Ad]+. 1H NMR (400 

MHz, CDCl3): δ = 2.01-1.46 (m, 15H). 13C NMR (100 MHz, CDCl3): δ = 129.45 (s, 1C, 

NCS), 58.54 (s, 1C, quaternary C in Ad), 43.83 (s, 3C, Ad), 35.61 (s, 3C, Ad), 29.29 (s, 3C, 

Ad). Elemental analysis calculated for C11H15NS: C 68.35, H 7.82, N 7.25, S 16.58; found 

C 68.33, H 7.83, N 7.24, S 16.60.

2-Isothiocyanatoadamantane (2).

The general method above was used with 2-aminomethyladamantane to afford white solid 

(1.10 g, 86% yield), mp 140-141°C. MS (EI): m/z (%) = 193 (100) [M]+, 135 (100) [Ad]+. 
1H NMR (500 MHz, CDCl3): δ = 3.89 (s, CH-NCS), 2.12-1.64 (m, 14H). 13C NMR (125 

MHz, CDCl3): δ = 129.62 (s, 1C, NCS), 62.17 (s, 1C, CH-NCS), 38.98 (s, 1C, Ad), 36.15 

(s, 2C, Ad), 33.63 (s, 1C, Ad), 31.61 (s, 3C, Ad), 26.92 (s, 1C, Ad), 26.60 (s, 1C, Ad). 

Elemental analysis: calculated for C11H15NS: C 68.35, H 7.82, N 7.26, S 16.57; found C 

68.36, H 7.81, N 7.25, S 16.60.

1-Isothiocyanatomethyladamantane (3).

The general method above was used with 1-aminomethyladamantane to afford white solid 

(1.07 g, 85% yield), mp 67-68°C. MS (EI): m/z (%) = 207 (14) [M]+, 135 (100) [Ad]+. 1H 

NMR (400 MHz, DMSO-d6): δ = 3.29 (s, 2H, CH2), 1.95 (s, 3H, Ad), 1.61 (dd, J = 11.7 

Hz, J = 39.6 Hz, 6H, Ad), 1.47 (d, J = 2.5 Hz, 6H, Ad). 13C NMR (100 MHz, CDCl3): δ = 
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128.95 (s, 1C, NCS), 56.68 (s, 1C, CH2-NCS), 39.55 (s, 1C, Ad), 37.05 (s, 1C, Ad), 36.65 

(s, 3C, Ad), 34.86 (s, 1C, Ad), 28.22 (s, 1C, Ad), 28.04 (s, 3C, Ad). Elemental analysis: 

calculated for C12H17NS: C 69.52, H 8.26, N 6.76, S 15.46; found C 69.55, H 8.25, N 6.74, 

S 15.46.

1-Isothiocyanato-1-(adamantan-1-yl)ethane (4).

The general method above was used with 1-amino-1-(adamantan-1-yl)ethane to afford dark 

brown liquid crystallizing on storage (1.02 g, 82% yield). MS (EI): m/z (%) = 221 (12) 

[M]+, 163 (8) [Ad-CH(CH3)]+, 135 (100) [Ad]+. 1H NMR (500 MHz, CDCl3): δ = 3.35 (q, 

J = 6.5 Hz, 1 H, CH), 2.03 (s, 3 H), 1.74–1.46 (m, 12 H), 1.27 (d, J = 6.5 Hz, 3 H, CH3). 
13C NMR (125 MHz, CDCl3): δ = 128.50 (s, NCS), 63.68 (s, 1 C, CH), 38.22 (s, 3 C, Ad), 

36.90 (s, quaternary C in Ad), 36.72 (s, 3 C, Ad), 28.17 (s, 3 C, Ad), 15.13 (s, 1 C, CH3). 

Elemental analysis calculated for C13H19NS: C, 70.54; H, 8.65; N, 6.32; S, 14.49; found: C, 

70.51; H, 8.66; N, 6.31; S 14.46.

1-Isothiocyanato-2-(adamantan-1-yl)ethane (5).

The general method above was used with 1-amino-2-(adamantan-1-yl)ethane to afford 

yellow viscous liquid (1.06 g, 86% yield). MS (EI): m/z (%) = 221 (15) [M]+, 135 (100) 

[Ad]+. 1H NMR (500 MHz, CDCl3): δ = 3.51 (t, J = 7.5 Hz, 2 H, CH2-NCS), 1.96 (s, 3 H), 

1.67 (dd, J = 32.0, 12.0 Hz, 4 H), 1.54–1.49 (m, 10 H). 13C NMR (125 MHz, CDCl3): δ = 

128.99 (s, 1 C, NCS), 43.89 (s, 1 C, CH2-NCS), 41.88 (s, 3 C, Ad), 40.19 (s, 1 C, Ad-CH2), 

36.79 (s, 3 C, Ad), 28.38 (s, 3 C, Ad), 27.54 (s, 1 C, quaternary C in Ad). Elemental analysis 

calculated for C13H19NS: C, 70.54; H, 8.65; N, 6.32; S, 14.49; found: C, 70.50; H, 8.66; N, 

6.32; S, 14.46.

1-Isothiocyanato-3-(adamantan-1-yl)propane (6).

The general method above was used with 1-amino-3-(adamantan-1-yl)propane to afford 

brown oil (0.23 g, 82% yield). MS (EI): m/z (%) = 234 (51) [M]+, 202 (26) [M – S]+, 

175 (1) [M – HNCS]+, 135 (100) [Ad]+. 1H NMR (500 MHz, CDCl3): δ = 3.47 (t, J = 6.5 

Hz, 2 H, CH2-NCS), 1.96 (s, 3 H), 1.72-1.61 (m, 8 H), 1.47 (s, 6 H), 1.13 (t, J = 8.0 Hz, 

2 H, CH2-Ad). 13C NMR (125 MHz, CDCl3): δ = 129.50 (s, 1 C, NCS), 45.99 (s, 1 C, 

CH2-NCS), 42.31 (s, 3 C, Ad), 41.33 (s, 1 C, Ad-CH2), 37.09 (s, 3 C, Ad), 28.62 (s, 3 C, 

Ad), 28.43 (s, 1 C, Ad-CH2-CH2-CH2-NCS), 23.65 (s, 1 C, quaternary C in Ad). Elemental 

analysis calculated for C14H21NS: C, 71.44; H, 8.99; N, 5.95; S, 13.62; found: C, 71.45; H, 

9.01; N, 5.93; S, 13.61.

1-(4-Isothiocyanatophenyl)adamantane (7).

The general method above was used with 4-(adamantan-1-yl)aniline to afford light brown 

solid (1.02 g, 82% yield), mp 120-121°C. MS (EI): m/z (%) = 269 (100) [M]+, 212 (80) 

[Ad-C6H4]+, 135 (4) [Ad]+. 1H NMR (500 MHz, CDCl3): δ = 7.37 dd (4H, Harom, J = 8.5, 

36.8 Hz), 2.04 (3H, Ad), 1.82 s (6H, Ad), 1.72 s (6H, Ad). 13C NMR (125 MHz, CDCl3): 

δ = 150.95 (Carom), 133.50 (NCS), 126.26 (4C, Carom), 125.52 (Carom), 42.43 (3C, Ad), 

36.14 (4C, Ad), 28.34 (3C, Ad). Elemental analysis calculated for C17H19NS: C, 75.79; H, 

7.11; N, 5.20; S, 11.90; found: C, 75.77; H, 7.12; N, 5.25; S, 11.86.
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1-(2-Isothiocyanatoethoxy)adamantane (8).

The general method above was used with 1-(2-aminoethoxy)adamantane to afford orange 

viscous liquid (0.78 g, 86% yield). MS (EI): m/z (%) = 237 (7) [M]+, 151 (16) [Ad-O]+, 135 

(100) [Ad]+. Elemental analysis calculated for C13H19NOS: C, 65.78; H, 8.07; N, 5.90; S, 

13.51; found: C, 65.80; H, 8.04; N, 5.88; S, 13.55.

1-(2-Isothiocyanato-2-methylpropoxy)adamantane (9).

The general method above was used with 1-(adamantan-1-yloxy)-2-methylpropan-2-amine 

to afford orange viscous liquid (0.95 g, 80% yield). MS (EI): m/z (%) = 265 (10) [M]+, 

235 (75) [M – 2CH3]+, 135 (100) [Ad]+. Elemental analysis calculated for C15H23NOS: C, 

67.88; H, 8.73; N, 5.28; S, 12.08; found: C, 67.82; H, 8.72; N, 5.31; S, 12.11.

2-(1-Isothiocyanatopentan-2-yl)adamantane (10).

The general method above was used with 2-(adamantan-2-yl)pentan-1-amine to afford 

orange viscous liquid (1.06 g, 85% yield). MS (EI): m/z (%) = 263 (25) [M]+, 262 (100) [M 

– 1]+, 220 (60) [M – CS]+, 135 (85) [Ad]+. Elemental analysis calculated for C16H25NS: C, 

72.95; H, 9.57; N, 5.32; S, 12.17; found: C, 72.96; H, 9.55; N, 5.31; S, 12.19.

1-Isothiocyanato-3,5-dimethyladamantane (11).

The general method above was used with 1-amino-3,5-dimethyladamantane to afford light 

orange viscous liquid (1.07 g, 86% yield). MS (EI): m/z (%) = 221 (5) [M]+, 163 (100) 

[Ad]+. 1H NMR (500 MHz, CDCl3): δ = 2.17 (s, 1 H), 1.81 (s, 2 H), 1.62 (dd, J = 13.0, 12.0 

Hz, 4 H), 1.32 (dd, J = 16.0, 12.5 Hz, 4 H), 1.15 (s, 2 H), 0.87 (s, 6 H). 13C NMR (125 MHz, 

CDCl3): δ = 129.92 (s, 1 C, NCS), 59.75 (s, 1 C, C-NCS), 49.88 (s, 1 C, Ad), 49.61 (s, 2 C, 

Ad), 42.26 (s, 1 C, Ad), 41.89 (s, 2 C, Ad), 32.58 (s, 1 C, Ad), 29.90 (s, 2 C, Ad), 29.62 (s, 2 

C, 2CH3). Elemental analysis calculated for C13H19NS: C, 70.54; H, 8.65; N, 6.30; S, 14.50; 

found: C, 70.59; H, 8.67; N, 6.27; S, 14.46.

Preparation of 2-(Adamantan-1-yl)acetyl isothiocyanate (12).

Ammonium thiocyanate (1.8 g, 23.5 mmol) was added to the solution of (adamantant-1-

yl)acetic acid chloride (5 g, 23.5 mmol) in 50 mL of anhydrous acetone. After stirring 

for 1h at RT, ammonium chloride was filtered off and solvent was removed in vacuo. The 

residue was purified by crystallization from ethanol to afford yellow solid (5.24 g, 95%), mp 

38-40°C. MS (EI): m/z (%) = 235 (40) [M]+, 135 (100) [Ad]+. Elemental analysis calculated 

for C13H17NOS: C 66.35; H 7.28; N 5.95; S 13.62; found: C 66.37; H 7.30; N 5.91; S 13.60.

Preparation of 3-(2-(Adamantan-1-yl)ethyl)-2-thioxoimidazolidin-4-one (13).

To a solution of compound 5 (1.0 g, 4.52 mmol) in DMF (8 mL), glycine ethyl ester 

hydrochloride (0.63 g, 4.52 mmol) and Et3N (0.92 g, 9.04 mmol) were added. The mixture 

was stirred for 8h at RT. Solvent was removed in vacuo, and the crude product was 

crystallized from ethanol. Yield 0.94 g (75%), mp 180-181°C. For details, see Ref 28. MS 

(EI): m/z (%) = 278 (4) [M]+, 245 (100) [M – S]+, 143 (15%) [M – Ad], 135 (12) [Ad]+, 

117 (35) [M – AdCH2CH2]. 1H NMR (500 MHz, CDCl3): δ = 10.10 s (1H, NH), 4.09 s (2H, 

NH-CH2), 3.69-3.64 m (2H, N-CH2), 1.92 s (3H, Ad), 1.68-1.48 m (12H, Ad), 1.31-1.26 
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m (2H, Ad-CH2). 13C NMR (125 MHz, CDCl3): δ = 183.13 (1C, C=S), 172.36 (1C, C=O), 

76.55 (1C, NH-CH2-CH2), 41.45 (3C, Ad), 40.85 (1C, N-CH2), 36.41 (3C, Ad), 35.24 (1C, 

NH-CH2-CH2), 31.35 (1C, Ad quart.), 27.83 (3C, Ad). Elemental analysis calculated for 

C15H22N2OS: C 64.71; H 7.96; N 10.06; S 11.52; found: C 64.68; H 7.99; N 10.02; S 11.48.

Preparation of 1-Isoselenocyanato-2-(adamantan-1-yl)ethane (14).

CHCl3 (1.5 mL), Aliquat 336 (0.15 g), and 50% aqueous NaOH (4 mL) were added to the 

solution of 2.0 g (11.17 mmol) 2-(adamantan-1-yl)ethylamine in 20 mL of CH2Cl2. After 

refluxing for 4h, selenium (Se) (5.0 g, 63.3 mmol) was added. After refluxing for another 

4h, the mixture was cooled to RT and quenched with 30 mL of CH2Cl2 and 30mL of water. 

Excessive Se was filtered off, and organic layer was separated and dried with Na2SO4. 

After filtering the Na2SO4, solvent was removed in vacuo. The residue was purified by 

column chromatography (hexanes) to afford pale yellow solid (1.65 g, 55%), mp 78-79°C. 

For details, see Ref 28. MS (EI): m/z (%) = 269 (40) [M]+, 188 (20) [M – Se]+, 163 (70%) 

[Ad-CH2-CH2]+, 149 (3%) [Ad-CH2]+, 135 (100) [Ad]+. 1H NMR (500 MHz, CDCl3): δ = 

3.60 t (2H, J = 8.0 Hz, CH2-NCSe), 1.98 s (3H, Ad), 1.61-1.73 m (6H, Ad), 1.56 t (2H, J = 

8.0 Hz, Ad-CH2), 1.49 s (6H, Ad). Elemental analysis calculated for C13H19NSe : C 58.21; 

H 7.14; N 5.22; found: C 58.18; H 7.16; N 5.25.

Log P determination.

Each compound (10 μL of 10 mM solution in DMSO) was added to 0.5 mL of octanol and 

0.5 mL of sodium phosphate buffer (pH 7.4) in 2 mL vial, stirred for 18h, and centrifuged 

for 2h at 3600 rpm as described previously51. Agilent LC 1200 MS 6420 triple quadrupole, 

column Zorbax xdb-c18 (Length 50 mm, diameter 2.1 mm, solid phase size 3.5 μm) was 

used to determine concentration in each phase.

Cell lines.

MDA-MB-231, MDA-MB-468, MDA-MB-436, HCC1937, and WT p53 MCF-7 cells 

were obtained from Tissue Culture Source Resource, Georgetown University, Washington, 

DC. MDA-MB-231, MDA-MB-468, and MCF-7 cells were cultured in Roswell Park 

Memorial Institute (RPMI) 1640 medium with 10% fetal bovine serum (FBS), 1% 

penicillin/streptomycin, and 1% L-glutamine. MDA-MB-436 were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) medium with 10% FBS, 1% penicillin/streptomycin, and 

1% L-glutamine. HCC1937 cells were cultured in RPMI 1640 medium with 10% FBS, 1% 

penicillin/streptomycin, 1% L-glutamine, and 1% sodium pyruvate. All the cell lines were 

negative for mycoplasma.

Cell proliferation assays.

The effect of different Ad-ITCs, PEITC, or adamantane on MDA-MB-231 cell proliferation 

was determined by using the WST-1 assay (Roche) as described previously (22,23). Briefly, 

each Ad-ITC was diluted in DMSO so that 10 μl of diluted stock in a 1 ml aliquot of 

cells (40,000 cells /ml) yielded a desired concentration at 1% DMSO. MDA-MB-231 cell 

cultures containing Ad-ITC were plated onto a 96-well micro titer plate at 4,000 cells per 

well in duplicate. As a control, 4,000 cells per well were seeded in medium containing 1% 
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DMSO in duplicate. For background subtraction, wells lacking cells but containing medium 

were used. Plates were incubated at 37 °C for 24 h or 72 h, followed by the addition of 

WST-1 reagent for 2 h. OD450 was measured using a microplate reader (Bio-Rad). Percent 

cell proliferation was calculated as the ratio of OD450 values obtained for respective cells 

grown in the presence of Ad-ITC compared with the presence of DMSO. Similar assays 

were performed to determine the effect of different Ad-ITCs, PEITC, or adamantane on 

proliferation of other cell lines.

Colony formation Assays.

To measure colony survival, 500 MDA-MB-231 or MCF-7 cells per well were seeded 

in a six-well plate 24 h before treatment. Cells then were treated with the indicated 

concentrations of different Ad-ITCs, Ad-ISeC 14, or DMSO as a control for 24 h at 37 

°C. Following treatment, cells were incubated in a regular medium (RPMI, 10% FBS) at 

37 °C for 10 days. Colonies formed were fixed in methanol, stained with methylene blue 

(Sigma), and counted to determine percentage survival relative to the DMSO control.

Annexin V staining.

Annexin V staining was done in accordance with the manufacturer’s instructions 

(Biolegend). In brief, cells were treated with Ad-ITCs 1, 3, 5, 6, Ad-compound 13, or 

Ad-ISeC 14 or PEITC as indicated or DMSO as a control for 24 h. Cells were harvested by 

scraping, washed once with 1 x PBS, and resuspended in 0.5 ml Annexin V binding buffer. 

Cells were collected by centrifugation, 5 μl of the fluorochrome conjugated Annexin V was 

added in the residual buffer, and cells were incubated at RT in the dark for 15 min followed 

by the addition of 0.5 ml of Annexin V binding buffer and 5 μl of PI staining solution (0.1 

μg/ml). Cells were then analyzed by flow cytometry using a BD LSRFORTESSA instrument 

(BD Biosciences).

Lysate preparation and western blot analysis.

Cells were treated with Ad-ITCs 1, 3, 5, 6, Ad-compound 13, or Ad-ISeC 14 or PEITC 

as indicated or DMSO for 24 h. Cells were then harvested by centrifugation at 1600 × g 

for 10 min at 4 °C, washed once with PBS, resuspended in lysis buffer (20 mM Tris-Cl 

(pH 8.0), 137 mM sodium chloride, 10% glycerol, 1% NP-40, 2 mM EDTA) containing 

protease inhibitors cocktail (Roche Molecular Biochemicals), and were then incubated on 

ice for 30 min. The lysates were centrifuged at 18,500 × g for 10 min at 4 °C. Then 20 μg 

(MDA-MB-231 or MDA-MB-468) or 50 μg (MCF-7) of the lysates were loaded on 4-12% 

SDS-PAGE. Protein was transferred onto a PVDF membrane, and the blots were developed 

using the ECL Prime Western Blot Detection Kit according to the manufacturer’s protocol 

(Amersham). The antibodies for p53 (DO-1) and GAPDH were purchased from Santa Cruz 

Biotechnology and Novus Biologicals, respectively.

Cells were treated with DMSO or 6 μM Ad-ITC 6 for 24 h. For detecting phosphorylation 

of ATM, 250 μg of the cell lysate was loaded on 4-12% SDS-PAGE. The proteins were then 

transferred onto a PVDF membrane, and blot was probed with anti-pATM Ser1981 antibody 

(1:500) (Santa Cruz Biotechnology). For the secondary antibody, peroxidase-labeled anti-

mouse IgG (1:1000, GE Healthcare) was used. The blot was developed using the ECL 
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Prime Western Blot Detection Kit following the manufacturer’s protocol (Amersham). As a 

control, the blot was probed with anti- GAPDH antibody (1: 5000) (Novus Biologicals).

Cells were treated with DMSO or Ad-ITC 6, Ad-ISeC 14, or PEITC at the indicated 

concentrations for 24 h. For detecting uncleaved caspase 3, uncleaved PARP1, or cleaved 

PARP1, 100 μg of the cell lysate was loaded on 4-12% SDS-PAGE. The proteins were 

then transferred onto a PVDF membrane, and blot was probed with anti-PARP (1:1000, 

BioLegend) or anti-caspase 3 (1:1000, Cell Signaling) antibodies. For the secondary 

antibody, peroxidase-labeled anti-mouse IgG (1:1000, GE Healthcare) or anti-rabbit 

(1:1000, Santa Cruz) was used. The blot was developed using the ECL Prime Western 

Blot Detection Kit following the manufacturer’s protocol (Amersham). As a control, the blot 

was probed with anti- GAPDH antibody (1: 5000, Santa Cruz).

Real time polymerase chain reaction (qRT-PCR) assay.

Cells were treated with DMSO or 6 μM Ad-ITC 6 or Ad-ISeC 14 for 4 h. RNA was 

extracted using a Qiagen RNeasy Kit (Qiagen, Valencia, CA, USA), cDNA was synthesized 

by using High Capacity RNA to cDNA kit (Applied Biosystems, Invitrogen, Thermofisher 

Scientific), and the gene expression level was measured by qRT-PCR using TaqMan 

gene expression assays (Applied Biosystems, Invitrogen). The gene expression level was 

normalized with GAPDH, and the average is presented with standard deviation from 

triplicates of repeated experiments.

Flow-cytometric analysis.

Cells were treated with DMSO or 6 μM Ad-ITC 6 for 24 h. Cells were then prepared 

for flow cytometric analysis. Briefly, cells were washed with PBS free of Ca2+ and Mg2+, 

trypsinized for 5 min, and harvested by centrifugation at 190 x g for 3 min at 4 °C. Cells 

were washed once with PBS, and pellets were resuspended in 1 ml of 70% ethanol and 

stored at −20°C overnight. Cells were harvested by centrifugation at 420 x g for 10 min. The 

cell pellets were washed once with 1 ml cold PBS and resuspended in 1 ml freshly prepared 

PI staining solution (PBS with 0.1% Triton X-100, 0.05 μg/ml propidium iodide, 0.1 mg/ml 

RNase (Sigma)). The cell suspension was incubated at room temperature for 30 min the 

in dark followed by incubation for 30 min at 4 °C. The samples were run on a Becton 

Dickinson FACS sort, and the data was analyzed using Mod Fit program (Verity Software 

House).

siRNA transfection in cells.

The p53 siRNA was obtained from SMARTpool (Thermo Scientific/Dharmacon, Lafayette, 

CO, USA). The siRNA was transfected using Lipofectamine 2000 as described previously 

(22,23). Briefly, MDA-MB-468 cells were plated to 50-60% confluence in 10 cm dishes 24 

h before transfection. The siRNA (0.430 nmol) was mixed with 43 μl of Lipofectamine 2000 

in 1 ml of Opti-MEM (Invitrogen). The mixture was added to the cells that subsequently 

were incubated for 5 h. After 24 h, a second transfection was performed similarly. Seventy-

two hours after the initial transfection, cells were treated with Ad-ITC 6 or DMSO at the 

indicated concentrations, and cell proliferation was measured by using the WST-1 reagent 

(Sigma) as described previously.
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Statistical Analysis.

Statistical differences in canonical p53 targets were evaluated with a two-tailed Student’s t 
test. Differences were considered statistically significant at p values of ≤ 0.05. All statistical 

tests were two-sided.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

We thank Karen Creswell for Flow Cytometry at Georgetown University. We thank Tissue Culture Shared Resource 
(TCSR) at Georgetown University for the cell lines and the mycoplasma testing of these cell lines. Synthesis of 
isothiocyanates 1-12 is supported by grant of the Russian Science Foundation (project no. 19-73-10002), synthesis 
of isoselenocyanate 14 is supported by grant of the Russian Fund for Basic Research (project no. 20-03-00298). 
Mechanistic studies are supported by grant from National Cancer Institute of the National Institutes of Health (NIH) 
CA100853 and Lombardi Cancer Center Support Grant P30 CA51008.

Abbreviations used

Ad-ISeC 1-isoselenocyanato-2-(adamantan-1-yl)ethane

Ad-ITC adamantyl isothiocyanate

ATM Ataxia-Telangiectasia Mutated

CFA colony formation assay

DDR DNA damage response

DMEM Dulbecco’s Modified eagle Medium

DMSO Dimethyl Sulfoxide

ER estrogen receptor

FBS fetal bovine serum

GOF gain of function

HER2 human epidermal growth factor receptor 2

ITCs isothiocyanates

NS non-specific

PEITC phenethyl isothiocyanate

PR progesterone receptor

RPMI Roswell Park Memorial Institute

RT-PCR Real Time Polymerase Chain Reaction

S sulfur
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SARs structure-activity relationships

SD standard deviation

Se selenium

TNBC triple negative breast cancer

WT wild-type
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Figure 1. Structures of Ad-ITCs and Ad-compound 13.
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Figure 2. Effects of Ad-ITCs on the proliferation of breast cancer cell lines expressing mutant 
p53 or WT p53.
(A-C) The mutant p53 (p53R280K MDA-MB-231 and p53R273H MDA-MB-468) and WT 

p53 (MCF-7) cells, respectively, were treated with DMSO (as a control) or different Ad-

ITCs or Ad-compound 13 at the indicated concentrations for 24 h. Percent cell proliferation 

determined by WST-1 was calculated as the ratio of OD450 values obtained for cells grown 

in the presence of the respective Ad-ITC or Ad-compound 13 compared with that of DMSO. 

Experiments were performed in triplicate. Error bars represents standard deviations (SD).

Burmistrov et al. Page 24

J Med Chem. Author manuscript; available in PMC 2023 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Effects of Ad-ITCs on apoptosis induction and p53 levels in breast cancer cell lines with 
mutant p53 or WT p53.
(A-C) The mutant p53 (p53R280K MDA-MB-231 and p53R273H MDA-MB-468) and WT 

p53 (MCF-7) cells, respectively, were treated with DMSO (as a control) or different Ad-

ITCs or Ad-compound 13 at the indicated concentrations for 24 h. Apoptosis was measured 

by Annexin-V staining by flow cytometry using a BD LSRFORTESSA instrument. Percent 

of Annexin-V positive stained cells were calculated as the ratio of stained cells obtained for 

cells grown in the presence of the respective Ad-ITC or Ad-compound 13 compared with 

the presence of DMSO. (D) SARs for the depletion of mutant p53 levels by Ad-ITCs. The 

mutant p53 (p53R280K MDA-MB-231 and p53 R273H MDA-MB-468) and WT p53 (MCF-7) 

cells, respectively, were treated with DMSO (as a control) or 6 μM or 12 μM of different 

Ad-ITCs or Ad-compound 13 for 24 h. Cells were harvested and lysates were prepared. 

Twenty μg or 50 μg of the mutant p53 or WT p53 cell lysate fractions, respectively, were 

resolved by SDS-PAGE and probed with p53 DO-1 antibody. Blots were stripped and 

re-probed with anti-GAPDH as a loading control. Experiments were performed in triplicate. 

Error bars represents SD.
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Figure 4. Effects of Ad-ITC 6 on canonical p53 targets, cell cycle progression, and activation of 
ATM.
(A) qRT-PCR of p53 regulated downstream target genes p21 and NOXA in mutant p53 

(p53R280K MDA-MB-231, p53R273H MDA-MB-468) and WT p53 (MCF-7) cell treated 

with DMSO or 6 μM of Ad-ITC 6 for 4 h. (***p ≤ .0005 and *p ≤ 0.05). (B) Cells 

were treated with DMSO or 6 μM of Ad-ITC 6 for 24 h and analyzed by flow cytometry. 

(C) Cells were treated with DMSO or 6 μM of Ad-ITC 6 for 24 h. Blots were probed 

using anti-pATM S1981 antibody and reprobed with GAPDH antibody. Experiment were 

performed in triplicate. Error bars represents SD.
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Figure 5. Effects of Ad-ITC 6 on the proliferation of MDA-MB-436 (p53 null) and HCC1937 
(truncated mutant p53) cells.
Cells were treated with DMSO (as a control) or Ad-ITC 6 at the indicated concentrations for 

24 h (A) or 72 h (B). Percent cell proliferation determined by WST-1 was calculated as the 

ratio of OD450 values obtained for cells grown in the presence of the Ad-ITC 6 compared 

with the presence of DMSO. Experiments were performed in triplicate. Error bars represents 

SD.
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Figure 6. Ad-ISeC 14 showed an enhanced potency to inhibit the growth of TNBC with mutant 
p53.
(A) Structure of Ad-ISeC 14. (B) The mutant p53 (p53R280K MDA-MB-231 and p53R273H 

MDA-MB-468) and WT p53 (MCF-7) cells, respectively, were treated with DMSO or 

Ad-ISeC 14 for 24 h. Percent cell proliferation determined by WST-1 was calculated as 

the ratio of OD450 obtained for cells grown in the presence of Ad-ISeC 14 compared 

with the presence of DMSO. (C) The mutant p53 and WT p53 cells were treated with 

DMSO or Ad-ISeC 14 for 24 h. Apoptosis was measured by Annexin-V staining. Percent 

of Annexin-V positive stained cells were calculated as the ratio of stained cells obtained for 

cells grown in the presence of the Ad-ISeC 14 compared with the presence of DMSO. (D) 

The mutant p53 and WT p53 cells were treated with DMSO or Ad-ISeC 14 (6 μM or 12 μM) 

for 24 h and mutant p53 expression was analyzed. Twenty or 50 μg of the mutant or WT 

p53 cell lysate fractions, respectively, were resolved by SDS-PAGE and probed with p53 

DO-1 antibody. Blots were re-probed with anti-GAPDH as a loading control. (E) Effects of 

Ad-ISeC 14 on canonical p53 targets. qRT-PCR of p53 regulated downstream target genes 

p21 and NOXA in mutant p53 and WT p53 cell treated with DMSO or 6 μM Ad-ISeC 14 
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for 4 h. (***p ≤ .0005, **p ≤ .005 and *p ≤ 0.05). Experiments were performed in triplicate. 

Error bars represents SD.

Burmistrov et al. Page 29

J Med Chem. Author manuscript; available in PMC 2023 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Introduction
	Results
	Effects of Ad-ITCs on p53R280K MDA-MB-231 cells proliferation
	Effects of Ad-ITCs on proliferation of p53R273H MDA-MB-468 and WT p53 MCF-7 cells
	Colony formation assays to determine the effects of Ad-ITCs on proliferation of p53R280K MDA-MB-231 and WT p53 MCF-7 cells
	Ad-ITCs induce apoptosis in mutant p53 TNBC cells
	Effects of Ad-ITCs on the expression of p53 protein
	Ad-ITC 6 rescues p53 mutants and activates Ataxia-Telangiectasia Mutated (ATM)
	Ad-ITC 6 inhibits cell proliferation via mutant p53
	Ad-ISeC 14 displayed enhance potency compared to Ad-ITCs
	Effects of Ad-ITC 6 and Ad-ISeC 14 on proliferation of normal cells

	Discussion and Conclusions
	Experimental Section
	Synthesis of Ad-ITCs 1-11.
	1-Isothiocyanatoadamantane (1).
	2-Isothiocyanatoadamantane (2).
	1-Isothiocyanatomethyladamantane (3).
	1-Isothiocyanato-1-(adamantan-1-yl)ethane (4).
	1-Isothiocyanato-2-(adamantan-1-yl)ethane (5).
	1-Isothiocyanato-3-(adamantan-1-yl)propane (6).
	1-(4-Isothiocyanatophenyl)adamantane (7).
	1-(2-Isothiocyanatoethoxy)adamantane (8).
	1-(2-Isothiocyanato-2-methylpropoxy)adamantane (9).
	2-(1-Isothiocyanatopentan-2-yl)adamantane (10).
	1-Isothiocyanato-3,5-dimethyladamantane (11).
	Preparation of 2-(Adamantan-1-yl)acetyl isothiocyanate (12).
	Preparation of 3-(2-(Adamantan-1-yl)ethyl)-2-thioxoimidazolidin-4-one (13).
	Preparation of 1-Isoselenocyanato-2-(adamantan-1-yl)ethane (14).
	Log P determination.
	Cell lines.
	Cell proliferation assays.
	Colony formation Assays.
	Annexin V staining.
	Lysate preparation and western blot analysis.
	Real time polymerase chain reaction (qRT-PCR) assay.
	Flow-cytometric analysis.
	siRNA transfection in cells.
	Statistical Analysis.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

