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ABSTRACT 

 

THE ACTIVITY OF QH II 66 AND IT’S ANALOGS IN MEDULLOBLASTOMA, 

MELANOMA AND NON-SMALL CELL LUNG CANCER CELL LINES. 

 

 

 

by 

Taukir Ahmed 

The University of Wisconsin-Milwaukee, 2022 

Under the Supervision of Professor James M. Cook 

 

GABAARs (gamma-aminobutyric acid type A receptors) are transmembrane pentameric ligand-

gated chloride ion channels that respond to GABA, the central nervous system's principal 

inhibitory neurotransmitter (CNS). The benzodiazepines (BZDs) bind between the GABAAR 

α+γ2-subunits at their extracellular interface. The binding of ligands to distinct subunits of GABAA 

receptors, notably the α1-6β2/3γ2 ion channels, can have a wide range of effects on brain activities. 

The sedative, ataxic, amnesic, anticonvulsant, and addictive actions of GABAARs' α1-subtype 

selective ion channels should be avoided, except for the anticonvulsant and anxiolytic effects, 

while creating ligands for this BZ allosteric modulatory site. Many studies have linked the α2/3-

containing GABAARs to anxiolytic, anticonvulsant, and antinociceptive properties. Muscle 

relaxation may be mediated by interaction of α3 subtypes at higher doses. GABAARs that include 

the α5 subtype are known to play a role in cognition, learning, and memory. GABA activity 

disruption at α5 GABAAR subtypes plays a role in the pathophysiology of CNS illnesses such 
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schizophrenia, major depressive disorder (MDD), bipolar disorder, and some anxiety disorders 

such as OCD. 

Medulloblastoma is the most common pediatric brain tumor. There are four subgroups of 

medulloblastoma: WNT, SHH, Group 3 and Group 4. Group 3 has the highest morbidity rate, 

relapse and metastasis rate. The standard treatment of medulloblastoma includes surgical removal 

of the tumor followed by radiation and chemotherapy which cause unwanted side effects such 

hearing impairment, permanent damage to the endocrine system and neurocognitive functions and 

secondary tumors. Better treatments of medulloblastoma are needed. In group 3 medulloblastoma 

tumors they show a high expression of GABRA5 receptors, which is the α5 subunit of ligand gated 

ionotropic γ-aminobutyric acid type A receptors. In recent times, there is a lot of evidence 

published on the role of ion channel activity on brain cancer progression. Collaborating with Dr. 

Sengupta’s research group at Emory University it was shown that by using positive allosteric 

modulators of GABRA5 such as benzodiazepines like KRM-II-08 and QH-II-66 the cell viability 

of group 3 medulloblastoma can be impaired in vivo and in vitro with better specificity and potency 

than the standard of care treatments in the clinic. In this research several analogues of KRM-II-08 

were designed, synthesized, and assayed and the most potent analogue binds with native tumor 

receptors with EC50 and IC50 values of ~0.8 micromolar. As a result of this binding, there is a 2 x 

10⁹ ions.sec-1 chloride flux which morphologically evokes mitochondrial membrane 

depolarization, nuclei distention, and cellular blebbing. This is correlated with the localization of 

pro-apoptotic Bcl-2-associated death promoter (BAD) protein. Thus, this potent, non-toxic 

benzodiazepine may serve as an efficient anti-cancer drug for group 3 type medulloblastoma. This 

study was published in 2019. 
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Melanoma is the deadliest form of skin cancer. More than 100,000 people are expected to be 

diagnosed in the USA in 2021. Current treatment with radiotherapy and immune checkpoint 

inhibitors does not show significant improvement in patients. Therapy combined with QH-II-66, 

radiation, and an immune checkpoint inhibitor shows improved results in controlling the metastasis 

by lowering the mass of the tumor. By gene expression analysis it was seen that these cancer cells 

show high expression of GABAA receptors, includes α5 GABAA subunits. Electrophysiology 

shows these receptors are functional. This sensitization to melanoma cells is benzodiazepine 

exclusive and does not impair normal cells. In a syngeneic mouse model of melanoma QH-II-66 

showed increase in the depolarization in mitochondria which initiates programmed cell death of 

cancer cells. Combined therapy with QH II 66 and radiation show even better results. Lymphocyte 

and CD8+T cell counts were also increased after the treatment. Large-scale synthesis here was 

developed for QH II 66. It was important to point out the related benzodiazepine was either very 

weak or not active at all in these cancers. Thus, this potent, non-toxic benzodiazepine may serve 

as an efficient anti-cancer drug for melanoma. This study produced one publication in 2021 and 

two patent application submission in 2022.  

 

After these studies a large scale synthesis was required. An efficient large scale synthetic route was 

developed for KRM II 08 and QH II 66. In the new route there was a 40% overall yield for QH II 

66 and a 35% overall yield for KRM II 08. It was achieved by purification of steps by a 

crystallization process. This synthetic route helped reduce the time and money, as well as made 

the procedure more efficient to synthesize these two compounds. More than 30 grams of each of 

these two compounds were synthesized during this study.  

 



v 
 

These two-lead compounds were also tested in H1792 lung cancer cell lines. Both compounds 

were active in H1792 lung cancer cell lines. At least 20 analogues were synthesized and analyzed 

on H1792 cancer cell lines in collaboration of Dr. Krummel’s and Dr. Sengupta’s lab at University 

of Cincinnati. A new novel compound TA II 73 was discovered during this process which was two 

times more efficacious than the previous lead compound QH II 66 in H1792 non-small cell lung 

cancer cell lines, melanoma cell lines and glioblastoma cell lines. This TA II 73 developed a whole 

new series of anticancer benzodiazepines which have a 2’CH3 in the pendent phenyl ring. TA II 73 

is non sedative on the rotorod assay at 40 mg/Kg dose. During this process the synthetic route for 

TA II 73 was also improved.  Experiment also showed that it is also active in LN 18 cell line which 

was derived from glioblastoma cancer patients.  

 

There are important consequences of the development of the anticancer drugs contained in a 

privileged benzodiazepine skeleton. QH II 66, KRM II 08, TA II 73 and many other anticancer 

drugs have gone through the blood brain barrier in 20 to 30 minutes, as opposed to many anticancer 

drugs which do not have to be injected directly into the brain. While QH II 66 and analogs greatly 

enhance the anticancer activity of radiation and/or immune checkpoint inhibitor when they are 

given together, the combination of all three is even more potent, synergistically in mouse cancer 

models. In addition, these anticancer compounds are non-toxic for normal cells. 

 

Furthermore, the anxiolytic activity and slight sedative activity of these agents will be important 

to patients who are undergoing dual or combination therapy because some stress will be decreased. 

It is felt, especially in combination therapy, anticancer drugs developed here will have clinical 

significance.    
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potential. (modified from a figure in Terry Clayton's Ph.D. Thesis) 64 ............................ 10 

FIGURE 6 GABAAR BZR displays the descriptors and regions of the milwaukee-unified 

pharmacophore/receptor model for BZD. Within the unified pharmacophore/receptor 

model for the BZR, pyrazolo[3,4-c]quinolin-3-one CGS-9896 is depicted as a dotted line, 
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a key diazadiindole is depicted as a thin line, and diazepam is depicted as a thick line. H1 

and H2 refer to the BZR's hydrogen bond donor sites, whereas A2 refers to a hydrogen 

bond acceptor site that may be required for significant inverse agonist action in vivo. The 

four lipophilic zones are represented by L1, L2, L3, and Ldi, whereas the negative steric 

repulsion regions are represented by S1, S2, and S3. The lone pair of electrons on the 

nitrogen (N) or oxygen (O) atoms of the ligands is referred to as Lp. (modified from 

Clayton et al) 18 ................................................................................................................. 13 

FIGURE 7 Images of overlap between induced volumes produced from receptor subtype specific 

ligands: a) α1 and α2 subtypes; b) α2 and α3 subtypes; c) α4 and α6 subtypes; d) α1 and α6 

subtypes; e) α1 and α5 subtypes; f) diazepam and the unified pharmacophore model 

descriptions in the contained volume of the α1 subtype each grid measures 4 Å in width 

and height, and the yellow color denotes overlapping induced volumes. 67 (modified from 

a Figure in Clayton et al.) ................................................................................................. 15 

FIGURE 8 BZ/GABAAR binding data of diazepam and QH-II-066 in vitro. (modified from a figure in 
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FIGURE 9 IMDZ ligands 1 and 2 have enantiotopic chiral imidazodiazepine (IMDZ) structures. ... 16 

FIGURE 10 In the α5 and α2 pharmacophore/receptor models, ligand occupancy of SH-053-2'F-R-CH3 

(1) and SH-053-2'F-S-CH3 (2) was observed. (adapted and reprinted from Clayton et al.) 

67 however R-CH3 is and does not bind to the α1, α2 and α3 subtypes. ........................... 18 

FIGURE 11 B dendrogram depicting the classification of embryonal tumors of the cerebellum. 

Medulloblastomas should be differentiated from the less common atrts and etantrs of the 

cerebellum. Under the current consensus classification of medulloblastoma four principal 

subgroups are identified: WNT, SHH, Group 3, and Group 4. The evidence suggests that 
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each of the four principal subgroups will likely have distinct ‘subsets’ that are biologically 

and clinically homogeneous as compared to other subsets from within the same subgroup. 

As the nature and number of subsets for each subgroup are currently unknown, the 

consensus classification suggests that each subset be named using a greek letter (α, β, γ, 

etc.) Until such time as they are sufficiently characterized to be named based on their 

molecular etiology. ........................................................................................................... 25 

FIGURE 12 Comparison of the various subgroups of medulloblastoma including their affiliations with 

previously published papers on medulloblastoma molecular subgrouping. ..................... 26 

FIGURE 13 Chemical structures of compounds. The study employed structurally related 

benzodiazepines shown in the upper line. The compounds are made up of the basic 

benzodiazepine chemical structure; benzene and diazepine ring fusion, and color-coded 

structural changes. Chemical structures of the study's standard-of-care therapy substances 

shown in the lower line. JQ1 has a structural resemblance to the benzodiazepine SH-I-75.
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FIGURE 14 Effect of compounds in a microdevice on flank tumors. Representative photos of D425 and 

DAOY tumor slices excised 24 hours following exposure to a microdose of each 

medication from the device, revealing discrete areas of apoptosis as measured by cleaved-

caspase-3 expression (brown). 250 µm scale bars. For human D425 and DAOY tumors 

subjected to KRM-II-08, SH-I-75, QH-II-066, JQ1, Mebendazole, and Cisplatin, the 

apoptotic index (percent apoptotic cells/all cells in drug-affected tissue region) was 

calculated (all 35 percent drug in PEG1450). Please give (p 0_01) averages from 6 

geographically different reservoirs from at least 3 tumors. .............................................. 33 
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FIGURE 15 Molecular imaging of chemical distribution using maldi fticr mass spectrometry. Laser 

desorption/ionization with matrix assistance mass spectrometric imaging (msi) of the 

distribution of three drugs in sections of a mouse flank tumor with an implanted device 

using fourier-transform ion cyclotron resonance (MALDI FTICR) (a) KRM-II-08 (m/z 

293.1084); (b) QH-II-066 (m/z 275.1178); and (c) a fragment of JQ1 (m/z 401.0834). The 

left and right panels, respectively, show scanned images of tissue sections overlaid with 

MALDI FTICR MSI data and MALDI FTICR MSI data alone. The device's location in 

each part is shown with red dotted lines. The images were taken at a spatial resolution of 

30 meters. 1000-meter scale bars ...................................................................................... 35 

FIGURE 16 QH-II-066 at α+ γ- interface of gabaa receptor.................................................................. 36 

FIGURE 17 KRM II 08 at the α+ γ- interface of gabaa receptor ........................................................... 38 

FIGURE 18 The effectiveness of potentiation of ligands expressed in HEK cells, α1-6,β3γ2 GABA ion 

channels, with EC3 gaba with janet fisher (USC). ........................................................... 39 

FIGURE 19 Cytotoxicity data of synthesized QH II 66 analogs in HEK293T and HEPG2 cells. ....... 39 

FIGURE 20 Cartoon of a GABAA receptor (GABAAR) with an αβαβɣ subunit stoichiometry. GABAAR 

consists of five subunit transmembrane segments (each subunit has four transmembrane 

helices), represented as cylinders, and extra/intra-cellular domains. The five subunits create 

the chloride-anion conduction pore. Inter-subunit binding sites for γ-aminobutyric acid 

(GABA) and benzodiazepine are shown as yellow and red spheres, respectively. .......... 41 

FIGURE 21 Common core structure of a ‘benzodiazepine’ (1,4-benzodiazepine and 5-phenyl ring 

systems). Indicated are sites frequently modified in a benzodiazepine (R1, R2, R2', R7), 

which may impart a degree of GABAAR subtype-selectivity. Introduction of an additional 

ethinyl group at R7 imparts the benzodiazepine with α5-GABAAR selectivity146, 147. ..... 42 
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FIGURE 22 Supervised heatmap clustering analysis across molecular subgroups WNT, SHH, Group 3, 

and Group 4 using Z-score scaling, 1-pearson correlation distance, and average clustering. 

The relationship between genes is indicated by the dendrogram (left). Shown bottom, left 

is a color palette where color scaling indicates low (green) to high (red) expression. Id1 are 

the subgroups: WNT, blue; SHH, red; Group 3, yellow; Group 4, green; and ID2 are within 

individual subgroups: WNT: α, blue; β, cyan; SHH: α, red; β, brown; γ, purple; δ, pink; 

Group 3: α, yellow; β, brown; γ, orange; Group 4: α, neon green; β, mint green; γ, green).

........................................................................................................................................... 44 

FIGURE 23 Supervised heatmap clustering analysis of the molecular subgroup Group 3 using z-score 

scaling, 1-pearson correlation distance, and complete clustering. Shown bottom, left is a 

color palette where color scaling indicates low (green) to high (red) expression. ID1: group 

3, yellow; ID2 within group 3: α, yellow; β, brown; γ, orange......................................... 45 

FIGURE 24 Boxplots of GABR and MYC gene expression across all four molecular subgroups (left) 

and separately GABRA5 (middle) and MYC (right) gene expression of the Group 3 

subgroup.supervised heatmaps and boxplots show expression differences for both 

GABRA5 and MYC within the group 3 and WNT subgroups. The correlation between MYC 

and GABRA5 is not overall statistically significant in group 3 (p = 0.202). However, there 

is a significant positive correlation in expression between GABRA5 and MYC in the group 

3α subtype (p = 0.006), where it was reported that MYC loss is more frequent 135, but not 

in group 3β (p = 0.336). Group 3γ has the highest level of MYC expression.137 a significant 

positive correlation (p = 0.634) in expression between MYC and GABRA5 in the group 3γ 

subtype was not found. As well as the group 3γ, the WNT subgroup of patients have high 

MYC expression. There is a significant positive correlation GABAA receptor subunit 
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(GABR) correlation in gene expression in stages 3 and 4 cutaneous melanoma patients. 

Correlograms of GABR gene expression by molecular subgroup: mitf-low, keratin, and 

immune. Positive correlation values are indicated in red and negative values in blue. 

Correlation values not marked by an "x" are not statistically significant, using a correlation 

test at p-value < 0.01. Correlation analyses among the GABR genes were performed using 

spearman’s correlation. Correlograms were used to summarize the correlations using the 

‘corrplot’ r package. .......................................................................................................... 45 

FIGURE 25 GABAA receptor subunit (GABR) correlation in gene expression in 763 medulloblastoma 

tumors. Correlogram of GABR gene expression by subgroup: (a) WNT, (b) SHH, (c) Group 

3, and (d) Group 4. Positive correlation values are indicated in red and negative values in 

blue. Correlation values not marked by an "x" are statistically significant, using a 

correlation test at p-value <0.01........................................................................................ 47 

FIGURE 26 GABR and MYC gene expression in medulloblastoma cell lines. QRT-PCR of N-MYC in 

patient derived medulloblastoma cell lines DAOY, D283, and D425. Values in all panels 

are presented as the mean and standard deviation of three experiments. ......................... 48 

FIGURE 27 GABR and MYC gene expression in medulloblastoma cell lines. QRT-PCR of C-MYC in 

DAOY, D283, and D425. Values in all panels are presented as the mean and standard 

deviation of three experiments. ......................................................................................... 49 

FIGURE 28 QRT-PCR of GABR expression in D283. Data are represented as a fold-change value with 

respect to expression of the housekeeping gene TBP, tata box binding protein. Values in 

all panels are presented as the mean and standard deviation of three experiments. ......... 50 

FIGURE 29 A functional α5-GABAA receptor in D283 cells. The GABRA5 protein product (or α5 

subunit) localizes to the cell membrane in patient derived medulloblastoma cell line D283 
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with diffuse staining over the plasma membrane, as visualized by immunofluorescence 

microscopy using an antibody specific to the α5 subunit (green). Nucleus of cells is stained 

with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar, 10 microns. ............................... 51 

FIGURE 30 Representative current trace from a whole-cell patch clamp electrophysiology recording of 

a D283 cell, clamped at -60 mv. Filled boxes above the current trace denote the period of 

γ-aminobutyric acid (GABA) exposure (2 seconds) and are labeled with the concentration 

applied (0.01 – 30 μm). ..................................................................................................... 52 

FIGURE 31 Chemical structures of α5-selective benzodiazepines (BZ) tested. .................................. 52 

FIGURE 32 Dose-response curves from mts cell proliferation assay at 48 hours presented as semi-log 
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FIGURE 33 Derived IC50 values for tested benzodiazepines. .............................................................. 53 

FIGURE 34 Chemical structures of nor variations of α5-selective benzodiazepines (BZ) tested. ....... 54 

FIGURE 35 Dose-response curves from mts cell proliferation assay at 48 hours presented as semi-log 
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FIGURE 36 Derived IC50 values for nor variations of tested benzodiazepines. ................................... 55 

FIGURE 37 Whole-cell patch clamp recordings from D283 cells. Patient derived medulloblastoma cell 

line D283, clamped at -60 mv, responses to GABA by α5-selective benzodiazepines QH-

II-066. Filled boxes above current trace denote duration of GABA application. Open boxes 

denote the period of benzodiazepine exposure and are labeled with the concentration 

applied. .............................................................................................................................. 55 

FIGURE 38 Whole-cell patch clamp recordings from D283 cells. Patient derived medulloblastoma cell 

line D283, clamped at -60 mv, responses to GABA by α5-selective benzodiazepines KRM-

II-08. Filled boxes above current trace denote duration of gaba application. Open boxes 
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denote the period of benzodiazepine exposure and are labeled with the concentration 

applied. .............................................................................................................................. 56 

FIGURE 39 Data of whole-cell patch clamp recordings from D283 cells. Patient derived 

medulloblastoma cell line D283, clamped at -60 mv, responses to gaba by α5-selective 

benzodiazepines QH-II-066 (a) and KRM-II-08 (b). Both QH-II-066 and KRM-II-08 (BZ) 

show enhanced submaximal (EC5-EC10) responses in a concentration-dependent manner. 

The effects of QH-II-066 and KRM-II-08 were not significantly different from one another 

(p > 0.05, student’s t-test). Whole-cell patch-clamp recordings were performed on D283 

using methods like those previously described 127. ........................................................... 57 

FIGURE 40 Cytotoxicity assay of benzodiazepines. (a) measurement of cytotoxicity of KRM-II-08 and 

the nor variant using HEK293 (a) and HEPG2 (b) cell lines. In both the cell lines the LD50 

values for KRM-II-08 and the nor variant are greater than 200 μm. Hence, KRM-II-08 is 

safe and non-toxic until the concentration is less than or equal to 200 μm. TA-I-12: in 

HEPG2 cell lines, the LD50 value is greater than 200 μm. In HEK293 cell lines, the LD50 

value is greater than 100 μm. Hence, nor compound is safe and non-toxic until the 

concentration is less than or equal to 100 μm. This is much higher than any therapeutic 

dose. .................................................................................................................................. 58 

FIGURE 41 Both QH-II-066 and KRM-II-08 (BZ) show enhanced gaba potentiation submaximal (ec5-

ec10) responses in a concentration-dependent manner: PC50: 43 ± 7 vs 61 ± 9, hill slope 2.7 

± 5 versus 2.9 ± 5 and PC50 0.13 ± 0.09 versus 0.14 ± 0.07 µm, respectively. The effects 

of QH-II-066 and KRM-II-08 were not significantly different from one another (p > 0.05, 

student’s t-test). ................................................................................................................. 58 
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FIGURE 42 Assessment of change in native GABAAR in D283 cells over time following exposure to 

KRM-II-08. D283 cells were untreated, treated with DMSO, or treated with KRM-II-08 

(BZ) for 6 (a) and 24 (b) hours and then stained for imaging. There is no detectable change 

in degree or localization of staining for protein product of GABRA5 (green). ................. 59 

FIGURE 43 Mitochondrial fission and depolarization induced by benzodiazepine target. (a) 

flourescence microscopy imaging of live D283 cells following a 10-minute incubation with 

dimethyl sulfoxide (DMSO; 0.125%), carbonyl cyanide 4-trifluoromethoxy) 

phenylhydrazone (FCCP, 20 μm), or KRM-II-08 (BZ) (0.8 μm). Media alone had no dmso. 

Peak: λex, 549 nm; λem, 575 nm. (b) quantitation of the positively charged red-orange dye 

tetramethylrhodamine ethyl ester (TMRE) after a 10-minute incubation of dmso, fccp, or 

KRM-II-08 (BZ). Media alone had no DMSO. Tmre staining was quantified with the leica 

application suite x (LAS X) software platform. Data are presented as standard deviation 

from mean of thirty or more cells (media, n=30; DMSO, n=43; KRM, n=39; FCCP, n=35). 

Scale bar in panel (a) image is 10 microns. ...................................................................... 59 

FIGURE 44 RT-PCR of human metastatic melanoma lines for GABR genes. ..................................... 60 

FIGURE 45 RT-PCR of murine cell line B16F10-GP for select GABR genes. Total RNA was extracted 

from cells (RNEASY mini kit, QIAGEN), converted into cdna by PCR (cloned amv first-

strand synthesis kit, invitrogen), analyzed using SYBR dye (SYBR green PCR master mix, 

applied biosystems). Primers used were as detailed in kallay et al. 162. ........................... 61 

FIGURE 46 Western blots of cell lines B16F10-GP and A375. ........................................................... 62 

FIGURE 47 Effect of GABAA receptor positive allosteric modulators on viability of human metastatic 

melanoma cell line A375 and murine line B16F10. (a) MTS assay of cell lines A375 (top) 

and B16F10-GP (bottom) treated with allopregnanolone for 48 h. (b) MTS assay of cell 
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lines A375 (top) and B16F10-GP (bottom) treated with diazepam for 48 h. Methods used 

were as detailed in methods section of text; dose-response curve error bars are ± standard 

error of the mean. .............................................................................................................. 63 

FIGURE 48 Examination of the effect of emapunil on medulloblastoma cells. ................................... 64 

FIGURE 49 Response of mouse MYC-driven/dominant-negative p53 cell line to KRM-II-08. Mouse 

MYC-driven mb with a dominant-negative p53 missense mutation in the dna-binding 

domain does not respond to KRM-II-08 in vitro. Tumor cells from three samples (MP) 

were treated with drug for 48 hours and viability was assessed. ...................................... 65 

FIGURE 50 KRM-II-08 does not alter the cell cycle. Shown is fluorescence-activated cell sorting or 

facs data of D283 cells untreated or media control (left three panels), treated with DMSO 

(middle three panels), or α5-selective benzodiazepine KRM-II-08 (right three panels) at 6, 

12, and 24 hours. Table contains peak values at G1, S, and G2 phases of the cell cycle for 

the three experimental groups. .......................................................................................... 66 

FIGURE 51 Quantitative RT-PCR of gene expression in D283 cells following KRM-II-08 exposure. 

(a) TP53, PTEN, MDM2 and AKT1-3 expression in D283 cells exposed to media (blue 

column), DMSO (orange column), or KRM-II-08 (red column). (b) PI3K subunit 

expression in D283 cells exposed to media (red column), dmso (blue column, or KRM-II-

08 (purple column). ........................................................................................................... 67 

FIGURE 52 Contribution of p53 to response of α5-selective benzodiazepine KRM-II-08. (a) 

immunoflourescence microscopy imaging of D283 cells at 24 hours following incubation 

with media alone, DMSO, or KRM-II-08 (BZ, 0.8 μm). Cells were stained using antibodies 

specific to α5 (green) and p53 (red). Nucleus of cells were stained with 4′,6-diamidino-2-

phenylindole (DAPI). Scale bar in bottom, right image is 10 microns. (b) western blot of 
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MDM2 and p53 at 6- and 24-hours post-incubation with KRM-II-08. Western blots of 

whole cell (top), cytoplasmic (middle), and nuclear (bottom) extracts. Loading controls for 

blots are BETA-ACTIN, LAMIN-B1, and/or PARP1. (c) western blot of p53 using 

antibody that recognize the protein regardless of post-translational modification and 

specific to phosphorylation of p53 serine392 (PS392). Gapdh is the loading control. (d) 

dose-response curve of mouse MYC-driven medulloblastoma cells with a p53 dominant-

negative missense mutation following incubation with KRM-II-08. Tumor cells were 

treated with varying concentrations of KRM-II-08 for 48 hours and viability of cells was 

then assessed. .................................................................................................................... 68 

FIGURE 53 Activation of the instrinsic pathway of apoptosis. (a) immunoflourescence microscopy 

imaging of D283 cells at 24 hours following incubation with media alone, DMSO, or 

KRM-II-08 (BZ, 0.8 μm). Cells were stained using antibodies specific to α5 (green) and 

the protein bad (red). Nucleus of cells were stained with 4′,6-diamidino-2-phenylindole 

(DAPI). Scale bar in bottom, right image is 10 microns. (b) western blot of protein bad at 

6- and 24-hours post-incubation with KRM-II-08 (BZ). Loading control for blot is beta-

actin. .................................................................................................................................. 69 

FIGURE 54 Apoptosis proteome profiler array assay. (a) raw data from two independent experiments 

(a and b panels) of D283 cells treated with dmso or 0.7 µm KRM-II-08 for 24 hours. 300 

micrograms of protein was used per assay.  Arrays were incubated at 4˚c overnight. (c) 

guide to wells labeled in panels “a” and “b”..................................................................... 70 

FIGURE 55 Type a gaba neurotransmitter receptors (GABAARS) are composed primarily of two α, two 

β, and γ subunits encoded by GABR genes gabra (1 to 6), GABRB (1 to 3), and GABRG (1 

to 3), respectively. Gabaar consists of five subunit transmembrane segments which create 
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the chloride anion (Cl-) conduction pore. Inter-subunit binding sites for gaba (yellow 

hexagon) and benzodiazepine (red hexagon) are shown, recognizing the αβαβɣ subunit 

stoichiometry. Benzodiazepine and gaba bind at α/ɣ and α/β interfaces, respectively. 

Benzodiazepines have a common core structure. Shown are sites frequently modified (R1, 

R2, R2′, R7), which may impart a gabaar subtype-preference. GABAAR subtype preferring 

benzodiazepines (BZD) KRM-II-08 and QH-II-066 differ from diazepam by having an R7 

acetylene group. ................................................................................................................ 80 

FIGURE 56 Normalized gene expression data for GABR genes from stage iii/iv melanoma specimens. 

Samples were classified into three melanoma molecular subgroups. Heatmap for analysis 

of expression across subgroups was generated using morpheus 

(https://software.broadinstitute.org/morpheus). ................................................................ 81 

FIGURE 57 Gabaa receptor subunit (GABR) correlation in gene expression in stages 3 and 4 cutaneous 

melanoma patients. Correlograms of GABR gene expression by molecular subgroup: 

MITF-low, keratin, and immune. Positive correlation values are indicated in red and 

negative values in blue. Correlation values not marked by an "x" are not statistically 

significant, using a correlation test at p-value < 0.01. Correlation analyses among the GABR 

genes were performed using spearman’s correlation. Correlograms were used to 

summarize the correlations using the ‘corrplot’ r package. .............................................. 81 

FIGURE 58 RT-PCR of human metastatic melanoma lines for GABR genes (key: GABRA1-6, A1-A6; 

GABRB1-3, B1-B3; GABRG1-3, G1-G3; GABRD, D; GABRE, E; GABRQ, Q; GABRP, P; 

GABRR2, R2; GABRR3, R3). Bar graphs show means ± standard error of the mean. ..... 82 

FIGURE 59 RT-PCR of murine cell line B16F10-GP for select gabr genes (key: GABRA1-5, A1-A5; 

GABRB2-3, B2-B3; GABRG1-2, G1-G2). Total rna was extracted from cells (RNEASY 
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mini kit, QIAGEN), converted into CDNA by PCR (cloned AMV first-strand synthesis kit, 

invitrogen), and analyzed using SYBR dye (SYBR green pcr master mix, applied 

biosystems). Primers used were as detailed in Kallay et al. (30). Bar graphs show means ± 

standard error of the mean. ............................................................................................... 83 

FIGURE 60 Western blots of cell lines B16F10-GP and A375. Whole-cell extracts were prepared as 

described30. Cells were washed 2x with ice cold pbs and scraped into ripa buffer (boston 

bioproducts), 10 mm naf, 1 mm sodium orthovanadate with complete protease inhibitor 

cocktail (ROCHE). Lysate was then incubated on ice for 30 min, centrifuged, and 

supernatant protein concentrations determined using the bca kit (PIERCE). Cell lysates 

(10-30 μg) were prepared in laemmli sample buffer (bio-rad), reducing agent (bolt), heated 

5 min at 100°c and cooled on ice. Proteins were subjected to sds-page on a 10% precast 

gradient gel (BIORAD) and transferred to PVDF membrane (AMERSHAM). After 

transfer, membranes were blocked in 5% nonfat dry milk in 1x PBST (cell signaling) for 1 

h and incubated for 16 h at 4°c with primary antibody: p53 (1:1000, cell signaling 

technology), GABRA2 (1:1000, aviva), GABRA3 (1:1000, sigma-aldrich), GABRA5 

(1:1000, aviva), and β-actin (1:1000, cell signaling technology) in 5% milk in pbst. 
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secondary antibody (1:10000, cell signaling technology) or anti-mouse horseradish– 

conjugated secondary antibody (1:10000, GE healthcare limited), and visualized with 

chemoluminiscent HRP antibody detection reagent (Thermo Scientific, supersignal west 

Femto maximum sensitivity substrate). ............................................................................ 84 

FIGURE 61 Representative whole-cell patch clamp electrophysiology recordings of transmembrane 

anion flow in A375 cell lines in response to GABA at 1, 3, 10, and 30 μm GABA. 



xxx 
 

Horizontal calibration bars represent 2 seconds, and the vertical bars represent 500 PA; 

sweeps are ensemble recordings from 8 electrodes. ......................................................... 85 

FIGURE 62 Representative whole-cell patch clamp electrophysiology recordings of transmembrane 

anion flow in B16F10-GP cell lines in response to GABA at 1, 3, 10, and 30 μm GABA. 

Horizontal calibration bars represent 2 seconds, and the vertical bars represent 500 PA; 

sweeps are ensemble recordings from 8 electrodes. ......................................................... 85 

FIGURE 63 Potentiation of GABA responses in A375 cells in response to benzodiazepines (QH-II-066 

and KRM-II-08). The GABA concentration was 1 μm. The benzodiazepine concentrations 
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FIGURE 64 Potentiation of GABA responses in B16F10 cells in response to benzodiazepines (QH-II-

066 and KRM-II-08). The gaba concentration was 1 μm. The benzodiazepine 

concentrations were 0, 0.3, 1, 3 and 10 μm. ..................................................................... 87 

FIGURE 65 Mechanism of benzodiazepine impairment of metastatic melanoma cell line A375 and 

murine line B16F10. Study of mitochondria transmembrane potential in A375 (upper 

panel) and B16F10-GP (lower panel) cells. Mitochondrial membrane potential was 

measured using the TMRE mitochondrial membrane potential assay kit (ABCAM). A375 
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37°c), 50 nm TMRE added (20 min, 37°c), and TMRE fluorescence visualized (LEICA 

SP8) and quantified (las x platform, LEICA). DMSO concentration is equivalent to DMSO 

concentration in QH-II-066, 0.125%. Standard error of the mean (where: A375: n=28 

(media), 32 (dimethyl sulfoxide, DMSO), 30 (QH-II-066), 28 (FCCP); B16F10: n=24 

(media), n=13 (DMSO), n=26 (QH-II-066), n=27 (FCCP). ............................................. 89 
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FIGURE 66 In vitro MTS assay of A375 cells in response to QH-II-066 have IC50 = 2.7 ± 0.2 μm and 

IC50 = 8.2 ± 0.9 μm, respectively. ................................................................................... 89 
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FIGURE 68 Effect of GABAA receptor positive allosteric modulators on viability of human metastatic 
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B16F10-GP (bottom) treated with allopregnanolone for 48 h. (b) MTS assay of cell lines 

A375 (top) and B16F10-GP (bottom) treated with Diazepam for 48 h. Methods used were 
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FIGURE 69 The dose-dependent reduction in B16F10-GP tumor growth. Mice were implanted in left 

and right flanks with B16F10-GP tumor cells. Mice received QH-II-066 i.p. At three 

different doses (10, 25, and 50 mg/kg) from day 10 daily for 7 days. Tumor measurements 

were taken with at least 4-5 mice per group (*p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001). Each line in the top panel represents a tumor. Methods used were as 

detailed in methods section of the text. ............................................................................. 93 

FIGURE 70 Top, schematic showing showing the tumor, benzodiazepine, and radiation strategy. Mice 

were implanted in left (L) and right (R) flanks with B16F10-GP tumor cells. Mice received 

either: (i) vehicle alone. Control; (ii) radiation alone (5 gy, right flank only); (iii) QH-II-

066 beginning day 10; (iv) radiation (5 gy, right flank only) on day 10 (in the morning), 

followed by QH-II-066 (in the evening. Bottom, effect of combination of QH-II-066 and 5 
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II- 066, 10 mg/kg was injected i.p. Daily for 7 days. (*p<0.05; **p<0.01; ***p<0.001; 
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FIGURE 71 Percent CD8 of total lymphocytes and number of CD8+ T cells per gram of tumor. Tils 
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Chapter 1 Introduction 

1. 1 The GABAA receptors 

Gamma (γ)-amino butyric acid (GABA) is the chief inhibitory neurotransmitter in the central 

nervous system (CNS) in the mammalian brain. GABA works by inhibiting excess neuronal 

activity.1 The inhibitory effect of GABA initiates by binding to GABA receptors. GABA receptors 

have two major classes: GABAA receptors (GABAAR) and GABAB receptors (GABABR). The 

GABAA-rho receptors, usually known as GABAC receptors, are now considered as a subclass of 

GABAA receptors because the composition of ρ (rho) subunits is associated with GABAAR. We 

are not discussing GABAC receptors in this thesis.2 The GABAARs are made up of fast-acting 

transmembrane ligand-gated chloride ion channels. During activation, GABAAR goes through a 

conformational change in the ion channel which permits chloride ions to pass through the 

pentameric channel. This creats a hyperpolarization of the gradient and reduces neuronal 

transmission.3 On the other side the slow-acting GABABR are members of the G-protein coupled 

receptor class. GABABR are associated in the mediation of the activity of potassium and calcium 

channels.4 After accumulation of evidence it has been shown that a change in the proper function 

of GABAAR is linked to a number of disorders in the CNS, such as schizophrenia,5 major 

depressive disorder (MDD),6 anxiety,7 epilepsy8 as well as neuropathic pain.9  

To study the connection between the activity of GABAAR and different CNS disorders, a 

large amount of research has been carried out to learn about the structures and activities of 

GABAARs. The princople reason for different pharmacological effects is the presence of multiple 

variations of the specific combination of GABAAR subunits.10 There are 19 subunit isoforms (α1-

6, β1-3, γ1-3, δ, ε, π, θ, ρ1-3) in humans.11 The combination of α, β and γ subunits (α1-6β1-3γ2) 
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in a stoichiometric ratio of 2:2:1  is the minimal requirement of the most common and well 

researched GABAAR.2 A fully functional allosteric effect of benzodiazepines at the α and γ 

interface always requires this combination. 

Wisden et al.12 proved the presence of GABAAR in the CNS of rodents, as well as the 

distribution of different combinations of GABAAR by immunocytochemistry studies. Studies have 

been showed that α1 β1-3 and γ2 have high expression throughout the brain synaptically, as well 

as extrasynaptically.13 In the rat brain α1β2γ2 is the most prevalent combination and the highest 

abundance of GABAAR which are at least 60 % of total GABAAR.13-15 The α2 and α3 containing 

GABAARs are second in abundance and are approximately 20-30 % of GABAAR in rat brain.13-15 

The α5 containing GABAARs are mostly found in the cortex, and the hippocampus. They make up 

about 5 % of the total GABAAR. In comparison to other subtype combinations in rat brain this 

number is very low.13-16 But, GABAARs are not localized to the CNS; a significant amount of 

studies indicates that GABAAR also can be found in other tissues outside of brain including the 

organs such as the lungs, stomach, heart sinus node, intestines, etc. 1  

 

Figure 1. A topology for GABAAR subunits that has been proposed. The N-terminal end in the extracellular 

domain is designated the N-terminal end, and M1-M4 are transmembrane sections. (Figure modified from 

Burt, et al. 17 and Clayton, et al.)18 
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The molecular mass of GABAAR subunits is approximately ~50 kD, and the structure of 

the receptor proteins show high homology. Every subunit is made up of four transmembrane 

domains M1-M4, attached in the lipid bilayer of its neuron. Both the C- and N- terminals, of the 

subunit are located in the extracellular domain, which contains a potential glycosylation site and a 

“cys-loop” formed by a disulfide bond at the N-terminal end. The large intracellular area can be 

found in between domain 3 and 4. They are responsible for the modification of GABAAR at 

possible phosphorylation sites (Figure 1). A circular formation can be found within the five 

monomeric subunits in the hetero- or homo- pentameric chloride ion channel (Figure 2).17-19 

 

Figure 2. In longitudinal vision (A) and cross-sectional view (B), schematic representations of GABAA; the 

ligand-gated chlorine ion channel, is shown (B). The M1-M4 transmembrane domains are represented by the 

numbers 1-4. Within the lipid bilayer membrane, the domain M2 domain is responsible for the majority of the 

pore lining. (Figure modified from Keramidas et al.19 and Clayton et al.)18 

It has been well documented in addition to the two binding sites for GABA,  GABAARs 

contain multiple binding sites for other psychoactive compounds which includes benzodiazepines, 

barbiturates, anesthetics, neurosteroids, ethanol, etc., at the synapse and inside the channel as 

well.1-2, 10, 14, 18 The view from the extracellular region of the clockwise-arranged αβαβγ subunits 

illustrates the binding sites of GABAAR (Figure 3). There are two interfaces of the α-β+ subunits 

where GABA binds on the other hand the benzodiazepines bind at the interface of the γ-α+ 
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subunits.1-2, 7, 18 Seighert, Ernst, Cook et al.discovered that at the interface of the proteins β-α+ is 

also a binding site termed the PQ site and CGS 9895 was a receptor ligand. 18, 20-21 Very recently 

Knutson et al, have published an article in which he peoved that this receptor can also be alpha 6 

subtype selective.22-24 Drugs such as barbiturates1-2, 15 and ethanol,25-26  can also bind in the interior 

portion of the ion channel, which enhances the response of GABA and opens the chloride ion pore 

directly to a degree,  which results in the addiction potential or even death.1-2, 10, 14-17 Hence 

allosteric modulators of GABAR are much safer such as benzodiazepine receptor ligands. 

 

Figure 3. As seen from the synaptic cleft, the arrangement of the α1β3γ2 GABAAR subtypes. GABA binding 

sites are found at the interfaces between the α+ and β- subunits, while BZD binding sites are found at the 

interface between the α+ and γ- subunits. Each subunit's loop C is represented by the +. (Figure modified from 

Clayton, et al.18 and Ernst, et al.)27 

 

1. 2 Benzodiazepines (BZD) 

Benzodiazepines (BZDs) are a class of psychoactive drugs. They were first discovered in 1955 by 

Leo Sternbach. Diazepam is one of the first and most precribed BZD drugs. It was marketed as 

Valium in 1963 and today.28 BZDs show potent activity, low toxicity29, minimal drug-drug 

interactions in the liver,30 rapid penetration across the blood-brain barrier (BBB), rapid absorption 

from the gastrointestinal tract, and ready distribution in the brain.31-33 This is why BZDs have been 

among the first choices for more than 50 years for the treatment of neumerous CNS disorders such 
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as anxiety, seizures, and insomnisia.28, 34 Typical BZDs contains a core structure of a benzene ring 

fused with a seven-membered diazepine ring and a C-5 pendant phenyl C ring (Figure 4).35  

Classical 1,4-benzodiazepines such as diazepam (Figure 4) and alprazolam exhibit potent affinity 

to Bz/GABAAR non-selectively at the benzodiazepine binding site (BzR), at the interface of the γ-

α+ subunits.1-2, 7, 18 That is why the α and γ subunits are just as crucial as the β subunits for the 

occurance of the pharmacological effects of BZDs.36 It has been documented that BZDs interact 

with α1-3,5β2/3γ2 GABAAR subtypes, but show fewer pharmacological effects at γ1,3 subtypes.37 In 

additon to this the major diazepam-sensitive (DS) GABAAR subtypes are accompanied by two 

other subtypes, the α4- and α6-containing diazepam insensitive (DI) GABAAR,  which are less 

abundant in the brain,38 in comparison to the DS GABAAR subtypes. Studies have shown that the 

binding pocket of diazepam-insensitive (DI) subtypes is unable to tolerate the pendent phenyl C 

ring of BZD ligands, such as the 1,4-benzodiazepine diazepam and the imidazodiazepine (IMDZ) 

midazolam (Figure 4).39-40 Although, drugs like the antagonists flumazenil (Figure 4), which does 

not contain the pendent phenyl C ring, can bind to all 6 major subtypes at DS, as well as DI sites,11 

it can antagonize the effect at all 6 major subtypes.   

Without the presence of GABA, a BZD itself can not modulate GABAAR directly.41 After a BZD 

binds to the GABAAR ion channel, the affinity of GABA to GABAAR becomes tighter, which 

leads to a much higher frequency of the chloride ion channel opening and increased 

hyperpolarization of the membrane potential.42 This leads to increased inhibition of neuronal 

firing, which is the reason for the series of pharmacological properties; for example, anxiolytic, 

ataxic, amnesic, and sedative effects, as well as anticonvulsant effects, etc as mentioned. Some of 

these virtues permit the in vivo use of BZDs for treatment of CNS disorders, which includes GAD, 
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SAD, PTSD, status epilepticus, and panic disorders. Although BZDs have a lot of advantages, they 

also exhibit many adverse effects. The reasons  

 

Figure 4. Diazepam, chlordiazepoxide, imidazodiazepine (IMDZ), midazolam, and flumazenil are some of the 

most prevalent BZDs. Both BZDs and IMDZs have their atoms labeled. Flumazenil can bind to both the DS 

and DI sites, whereas diazepam, chlordiazepoxide, and midazolam can only bind to the DS sites. 

are the concurrent non-selective binding and efficacy at many of the GABAARs.2, 28 Some common 

side effects of BZDs are sedation, ataxia, amnesia, addiction, fatigue, dependence, withdraw 

issues, muscle-relaxation, and tolerance to the antinociceptive and anticonvulsant effects.43-45 

There is a large medical need for improved BZDs which could carry the desired pharmacological 

properties. They need to be safe enough so that the unwanted side effects can be avoided for better 

treatment of a series of CNS disorders. 

1. 3 Modulation of BZDs on the Pharmacological Effects of GABAAR  

There are a significant amount of studies, which have been done on GABAARs. The evidences 

from these studies have confirmed the pharmacological effects of the GABAARs mostly rely on 
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modulation of receptor subtypes, principally due to the differences of the αx subunits. \Mohler, 

Sieghart,  

Table 1-1 The impact of GABAA α1-6β1-3γ2 receptor subtypes on the CNS. 18, 46-58, presented at the University 

of the West Indies' Mona Symposium (2014).59 Mckernan et al. had already reported a part of this (ACNP). 

Pharmacologists collaborated with the Milwaukee group to define the red pharmacology. Cook et al. presented 

at the ASPECT meeting on April 9th, 2019 in Orlando, FL. 

 

 

McKernan, Sigel, Seeburg, Squires, and Haefely worked for several years to determine the 

structures and the corresponding effects for each subunit. They have achieved this by employing 

receptor binding, pharmacology and a molecular genetic models, that specific mutations for a 

specific α subunit can modify activity. This required the exchange of the histidine amino acid (AA) 

by an arginine AA in the α1 subunit (α1His101Arg),46 α2His101Arg, α3His126Arg,47 and 
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α5His105Arg.48 Rodents were used in these models. These rodents contained the specific 

mutations, on the basis of which they were treated with diazepam. If there was a change in 

behavioral response (or lack thereof), it was assumed to be mediated by the mutated subunits in 

comparison with the wild-type animals.46-48 The pharmacological effects of various subtypes are 

shown in Table 1. This table is a summary of much early work by Mohler, Rudolph, McKernan, 

Sieghart, Siegel et al. and in red is this activity was determined by the Milwaukee group in 

collaboration with pharmacologists. 

The α1-containing GABAARs are assumed to be responsible, as mentioned for the anxiolytic 

effects, sedative effects, anterograde amnesia, ataxia, development of tolerance, addiction, 

dependence, and some anticonvulsant action as well as some muscle relaxation.46, 50 The α2-

containing GABAARs contribute in large part to the anxiolytic, antinociceptive and some 

anticonvulsant effects.47, 51 Some hypnotic effects and some muscle relaxation may occur at higher 

doses. Most of the antihyperalgesic effects of the γ2 subtype originate from the GABAAR found 

in the spinal cord. It was confirmed by a triple-point mutation study and other work by Zeilhofer, 

Cook et al. Where Hz-166 was used as the ligand.49, 55 The α3- GABAARs exhibit  anxiolytic-like 

effects, anticonvulsant action, antinociceptive effects and muscle relaxation at higher doses.47, 51-

53 The α5-GABAARs play role in cognition, memory, and spatial learning and are likely to be an 

important component in  the memory component of anxiety.48, 54 However α5β3γ2 ion channels 

are involved in asthma, MDD and schizophrenia. The α4- and α6- GABAAR are diazepam 

insensitive (DI) subtypes because they lack, as mentioned, sufficient space in the binding pocket 

for the pendant C ring of BZDs, specifically for 1,4-benzodiazepines and IMDZ. Consequently, 

there is no ataxic nor sedative CNS side effects is related to these two subtypes.39-40 Some recent 

studies have indicated that α5- and α4-containing GABAARs can be found in the peripheral 



 

9 
 

nervous system (PNS), especially in lungs,56-58 which give rise to one more possible treatment for 

asthma by using α5 selective BZDs. Recently, Knutson et al. have published evidence that the α6 

Bz/GABAergic subtypes, at the PQ site, are associated with migraine, trigeminal pain, Tic diseases 

such as Tourette's syndrome, OCD and schizophrenia.22-24 

In addition to receptor subtype variety, chloride ion influx plays the critical role in the 

pharmacological effects of GABAARs in the CNS which results from allosteric modulation of 

GABA receptors. BZDs like diazepam act to the ion channel's GABAAR BZD allosteric site and 

lock it into an agonist conformation. The orthosteric binding of GABA to the ion channel is 

increased as a result of this action. When the receptor binds to GABA, it alters the conformation 

within the membrane, increasing the frequency with which the chloride ion channel opens. The 

membrane potential progressively decreases as a result of this effect (Figure 5). Neuronal 

transmission is further inhibited by this hyperpolarization, resulting in sedative, anxiolytic, 

hypnotic, amnesic, and anticonvulsant actions in the CNS, as well as muscle relaxant effects. In 

the absence of GABA, BzR ligands are unable to activate the intrinsic chloride ion channel; but, 

as allosteric modulators, they can mediate ion influx and vary the complex's opening frequency. 

60-62  There are three types of BZDs that can interact with GABAA/BzRs: agonists, inverse 

agonists, and antagonists. BZD agonists, also known as positive allosteric modulators (PAM), are 

substances that increase chloride ion inflow and increase GABA's effects. It should be emphasized 

that unlike other agonists, BZD PAMs do not bind to the GABA binding site. Inverse agonists, 

also known as negative allosteric modulators (NAM), bind to the BZD site and have the opposite 

effect, lowering GABA-induced chloride ion influx. Depolarization of the membrane occurs as a 

result, decreasing the likelihood of neuronal firing activity. In addition to full agonists and inverse 

agonists, partial agonists and partial inverse agonists10 are substances that elicit varying efficacy 
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in the range of maximum augmentation or reduction as a partial effect. The third kind of BZDs 

(antagonists)2 have no pharmacological effect because they neither increase nor inhibit GABA 

function. However, because these antagonists have a higher binding affinity for BzR sites than 

other BZD ligands, they impede the interaction of PAMs and NAMs at the BzR site.18 As a result, 

antagonists like flumazenil, βCCt, and 3PBC are widely employed to reverse the effects of a BZD-

mediated response due to their capacity to occupy the BzR site and inhibit the binding of other 

BZDs. Flumazenil has been used as an antidote to reverse BZD overdose for more than 40 years. 

63  

The notion of GABAAR subtype diversity and BZD allosteric modulation is critical for 

comprehending GABAAR's complex pharmacological effects, as well as a guide for future ligand  

 

Figure 5. When a depolarizing stimulus originates a nerve signal, the membrane potential changes with time. 

A potential that is hyperpolarized is one that is further away from the threshold potential. (Modified from a 

figure in Terry Clayton's Ph.D. thesis) 64 

 

design for the treatment of many CNS illnesses. For example, hypnotic and sedative drugs can be 

made from ligands that are α1 subtype selective agonists. However α1 subtype selective 
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antagonists, on the other hand, are effective in reversing the hypnotic, ataxic, amnesic, or sedative 

effects of clinical BZDs, as well as the respiratory depression. Most importantly, ligands with 

α2/3/5 or α2/3 subtype selective agonist or partial agonist activity and devoid of α1 subtype PAM 

effects can elicit desirable effects in the treatment of anxiety disorders, convulsions, diabetic 

neuropathy, neuropathic pain, inflammatory pain, complex regional pain disorders, fibromyalgia, 

and panic disorders, among other conditions, with little or no sedative effects from α1 subtypes. 

In addition, α5 subtype specific inverse agonists have been demonstrated to improve learning and 

memory deficiencies without inducing undesired inverse agonist effects (anxiety, convulsions) at 

the α1 subtype. As a result, the varying potency at distinct subtypes can be used to create a unique 

spectrum of pharmacological effects.  

1. 4 Molecular Modeling – Pharmacophore Model 

Despite the fact that BZDs have a number of therapeutically important CNS pharmacological 

effects, multiple attempts to crystallize the transmembrane protein GABAAR, particularly the 

most critical recombinants of α1-6β1-3γ2, have failed until 2019, which impeded had further 

development and creation of novel BZDs. As a result, before electron microscopy helped to solve 

the structure of the α1β3γ2 ion channel last year, fragment-based molecular modeling and 

structure-activity relationship (SAR) studies were thought to be the best two methods for 

investigating the overall effects of BZDs, as well as developing new drugs with greater selectivity 

to treat specific diseases.  

The Unified Pharmacophore/Receptor Model has been created 18, 65-67 in Milwaukee67 during the 

last three decades, based on in vitro binding affinities at BzR subtypes of more than 150 BZD 

ligands, including all three types: agonists, inverse agonists, and antagonists.18, 65-67  GABAAR 

subtype selective ligands from 15 structural families, including BZDs, 68-69 beta-carbolines, 70-72 
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triazolopyrimidines, 73 pyridodiindoles, 74-75 imidazopyridines76, and pyrazoloquinolines. To 

produce the estimated binding pockets, 77 ligands were overlayed on a planar template ligand 

(diindole template) to predict the BZD binding site. Over fifty rigid ligands were synthesized to 

arrive at the first pharmacophore receptor models. 

The locations and descriptors of the two-dimensional representation of the full pharmacophore 

model are shown in Figure 6. H1 (Y210), H2 (H102), A2 (T142), and L1 were employed as anchor 

points in the model, with H1 and H2 representing two hydrogen bond donor sites on the protein, 

A2 representing one hydrogen bond acceptor site crucial for inverse agonist action in vivo, and L1 

representing a lipophilic pocket. There are three additional lipophilic areas (L2, L3, and LDi) 

where van der Waals interactions, as well as p –π and π-π stacking mediate interactions between 

the ligand and the protein. Furthermore, three negative steric repulsive areas (S1, S2, and S3) that 

reflect the proteins themselves have been postulated. The extracellular domain lies in the LDi area 

between indole carbon atoms 5 and 6. 18, 65-66   
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Figure 6. GABAAR BzR displays the descriptors and regions of the Milwaukee-Unified 

Pharmacophore/Receptor Model for BZD. Within the unified pharmacophore/receptor model for the BzR, 

pyrazolo[3,4-c]quinolin-3-one CGS-9896 is depicted as a dotted line, a key diazadiindole is depicted as a thin 

line, and diazepam is depicted as a thick line. H1 and H2 refer to the BzR's hydrogen bond donor sites, whereas 

A2 refers to a hydrogen bond acceptor site that may be required for significant inverse agonist action in vivo. 

The four lipophilic zones are represented by L1, L2, L3, and LDi, whereas the negative steric repulsion regions 

are represented by S1, S2, and S3. The lone pair of electrons on the nitrogen (N) or oxygen (O) atoms of the 

ligands is referred to as LP. (Modified from Clayton et al) 18 

 

Several major patterns were provided to explain the association between subtype selectivity and 

ligand structure (Figure 7) based on the ligand docking studies at the BzR using the pharmacophore 

model, which were incredibly useful for future ligand design and modification.18     

- In the region L2, there is a minor difference in the induced volumes of the α1 and α2 

subtypes.  

- The included volume revealed that the binding pockets of the α2 and α3-containing 

GABAAR subtypes are extremely similar in size, lipophilicity, and shape.  

- A comparison of the induced volumes of the α4 and α6 subtypes revealed that the 4 

subtype's volume is smaller than the α6 subtype's, particularly in the L2 and LDi 

regions.  

- The L3 lipophilic pocket is essentially non-existent in the α4 and α6 subtypes, as 

evidenced by the overlap of the included volume of the α1 subtypes vs the α4 and α6 

subtypes.Because they lack the binding pocket for the pendant phenyl ring found in 

most BZDs and IMDZs, these two subtypes are diazepam insensitive DI sites in 

comparison to other DS subtypes. 

- In the α5 subtypes, the volume of the L2 area is slightly bigger than in the α1 subtypes, 

as well as the α2 and α3 subtypes. This is a key trait for α5 subtype selectivity with 

reduced binding at the α1 subtype. For example, switching from a chlorine atom 

(diazepam) to an ethinyl group (QH-II-66) at the C (7) position (Figure 8),65, 78 changed 
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the binding affinity ratio of α5 over α1 subtypes from 1.27 to 11.22, significantly 

increasing the selectivity of the α5 subtype in comparison to the binding affinity of the 

α1 subtype at the same time and resulting in QH-II-66, a potential anticancer drug. QH 

II 66 is less sedating than diazepam, but it just as potent as an anxiolytic. 

Furthermore, a recent study by Mohler et al. found that the coupling of α1 to α5 subtypes resulted 

in the development of resistance to the anticonvulsant effects of BZDs.79 As a result of the strategy 

of limiting binding affinities and efficacy at both α1 and α5 subtypes, a series of compounds with 

anticonvulsant and antinociceptive action with no evidence for the development of tolerance were 

developed, similar to the results proposed by Mohler 80-82 in the field of anticonvulsant medicines. 

Remember that clinical BZDs are effective against status epilepticus in humans for around 

3 days, but α2/α3 subtype specific ligands in animal models appear to be devoid of tolerance 

development in convulsions and discomfort (Cook, et al ASPECT talk, April 9th, 2019, 

Orlando, FL)  
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Figure 7. Images of overlap between induced volumes produced from receptor subtype specific ligands: a) α1 

and α2 subtypes; b) α2 and α3 subtypes; c) α4 and α6 subtypes; d) α1 and α6 subtypes; e) α1 and α5 subtypes; 

f) diazepam and the unified pharmacophore model descriptions in the contained volume of the α1 subtype Each 

grid measures 4 Å in width and height, and the yellow color denotes overlapping induced volumes. 67 (Modified 

from a figure in Clayton et al.) 
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Figure 8. Bz/GABAAR binding data of diazepam and QH-II-066 in vitro. (Modified from a Figure in M. Poe 

and T. Clayton's Ph. D. theses) 65, 78 

 

 

 

Figure 9. IMDZ ligands 1 and 2 have enantiotropic chiral imidazodiazepine (IMDZ) structures. 

 

Clayton, et al. (2015) provided an improved pharmacophore model and homology model for α5 

GABAAR subtypes during the last few years.67 In addition to the binding affinities and updated 

compound library, the chiral methyl enantiomers at the C(4) position from the IMDZ class were 

identified as a new lipophilic region L4: the α5 subtype-selective ligand SH-053-2'F-R-CH3 (1) 

and its enantiomer the α2/α3/α5 subtype-selective ligand SH-053-2'F-S-CH3 (2),83 see Figure 9. 

According to current research, the novel binding pocket (L4) was only found in the α5 subtype 

and not in the α2 or α3 subtypes.  Both enantiomers (R and S) can fit into the α5 subtype's binding 
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pocket (see included volume). However, the R-isomer (1)'s pendant phenyl ring did not fit into the 

binding pockets of the α2 or α3 subtypes. This phenyl group protruded beyond the included  
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Figure 10. In the α5 and α2 pharmacophore/receptor models, ligand occupancy of SH-053-2'F-R-CH3 (1) and 

SH-053-2'F-S-CH3 (2) was observed. (Adapted and reprinted from Clayton et al.) 67 However ligand R-CH3 

does not bind to the α1, α2 and α3 subtypes.   
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volume, rendering the R-CH3 isomer ineffective at binding to at α2 and α3 subtypes. (Figure 10). 

The S-isomer (2), on the other hand, was easily accommodated in all three subunits (α2, α3, and 

α5), because the α2 and α3 subunits are comparable in shape and size. The results of the 

pharmacophore model's are compatible with the efficacy data of the 2/3/5 subtype-selective ligand 

when combined with efficacy data of the S-ligand(2).67 
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Chapter 2 Cancers 

2. 1 Medulloblastoma 

The central nervous system (CNS) is made up of the brain and spinal column. Vital functions such 

as thought, speech, body strength, etc are controlled by the central nervous system.  

A brain tumor starts when normal and healthy cells in the brain became altered and start growing 

out of control, creating a tumor mass. A tumor can be either cancerous or benign. A cancerous 

tumor can be malignant, which means it can grow and spread to different parts of the body. A 

benign tumor is one that can grow but does not spread to other organs. 

Medulloblastoma is one type of brain tumor. Medulloblastoma starts in cells in the cerebellum,83 

which is located at the back of the brain. It controls body movement as well as coordination. 

Medulloblastomas are usually rapidly growing tumors that spread through the cerebrospinal fluid 

and frequently metastasize to different locations along with the surface of the brain and spinal 

cord. Metastasis like these, which spreads down to the cauda equina at the end of the spinal cord, 

is called "drop metastasis" 

Each year between 250 and 500 children are diagnosed with medulloblastoma. About 18% to 20% 

of all childhood brain tumors cases are medulloblastoma, which makes it the most common 

cancerous brain tumor among children. Medulloblastomas occur mostly in children who are 

younger than 16 years old. In all diagnosed cases more than 70% are younger than 10 years. The 

chance of getting medulloblastoma becomes lower after the age of 9 years. 
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Medulloblastoma can also be found in adults, but it is not as common as it is in children. About 

33% of medulloblastoma cases in the United States occur in adults which are between the ages of 

20 to 44. 

The survival rate indicates what percent of children live after the tumor is found. The survival rate 

of children with medulloblastoma relies on different factors, such as the risk level for this disease 

as well as the age of the child when he or she was diagnosed. Children who are younger than 3-

years old may have a lower survival rate, may be because the disease is usually more aggressive 

in this age group. 

Overall, the survival rate for medulloblastoma patients in which the tumor has not spread is about 

70% to 80%. The survival rate in the case in which the tumor has spread to the spinal cord is lower, 

about 60%.  

It is important to consider that statistics on the survival rates for children with medulloblastoma 

are estimated. The estimates were calculated from annual data based on the number of children 

with this type of tumor in the United States. Also, this data is measured every 5 years.  

Doctors are still doing research to understand the causes of most childhood tumors, 

medulloblastoma is one in them. The factors listed below are linked with a higher risk of 

medulloblastoma: 

• Gender. Medulloblastoma is less common in girls than in boys. 

• Age. Medulloblastoma occurs most often in the first 8 years of life, with about 50% of 

cases occurring in children who are less than 6 years old. 
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• Genetics. Genetic conditions are listed below, which can be linked with a higher risk of 

developing medulloblastoma: 

o Nevoid basal cell carcinoma syndrome (NBCCS) 

o Turcot syndrome (a subtype of familial adenomatous polyposis (FAP) or Lynch 

syndrome) 

o BRCA1 gene mutations 

The following symptoms or signs are common in children with medulloblastoma. These alterations 

are not always present in children with medulloblastoma. A symptom could also be caused by a 

medical issue other than a brain tumor. 

• Headaches 

• Morning vomiting that worsens over time 

• Clumsiness 

• Problems with handwriting and other motor skills that worsen over time 

• Problems with vision or an eye turning inwards 

If medulloblastoma spreads to the spinal cord, it may cause the following symptoms: 

• Back pain 

• Inability to control the bowels and bladder 

• Difficulty walking 
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2. 1. 1 Types of Medulloblastoma 

Current morphological (histopathological) classification schemes for medulloblastoma include 

varieties such as desmoplastic/nodular, MBEN (medulloblastoma with extensive nodularity), 

classic medulloblastoma, large cell, and anaplastic medulloblastoma. Various groups have begun 

to sub-classify medulloblastoma based on changes in the transcriptome84 as a result of recent 

advances in the ability to monitor transcription across the genome in the context of a single 

experiment. This transcriptional approach to tumor sub-classification has also been applied to a 

variety of non-medulloblastoma histologies 85, 86, 87, 88, 89, 90, with the underlying assumption 

that tumors with similar transcriptomes will behave biologically similarly, allowing a 

transcriptionally driven classification to serve as a guide for successful anti-neoplastic therapy. 

The number of medulloblastoma 'subgroups' identified within medulloblastoma patient cohorts is 

mostly determined by the number of individual tumors within each cohort, with bigger cohorts 

revealing greater layers of hierarchical complexity.84, 91, 92, 93 Scientists from several laboratories 

published article on this topic agreed that there were four primary transcriptional subgroups of 

medulloblastoma, with many of these subgroups showing a subsequent level of hierarchical 

structure that will be designated the subtypes of the subgroups, based on the published literature 

and some unpublished data presented at a recent consensus conference in Boston, Massachusetts 

(Fig. 11). The exact number of subtypes for each subgroup is unknown at this time, however each 

subgroup is expected to have multiple subtypes.  

WNT, SHH, Group 3, and Group 4 are the names of the four main subgroups of medulloblastoma 

(Fig. 12). The signaling pathways Wnt and Shh (Sonic Hedgehog) were called after those thought 

to be important in the pathophysiology of that subtype. Because the biology 
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of the remaining two subgroups is less well understood, the decision was to keep generic names for 

the time being until the underlying biology driving these subgroups could be properly defined. There 

is evidence for subtypes within subgroups, especially in Group 3, as indicated by the fact that by using 

the clustering method, a small number of "intermediate" tumors were classified into Group 3 or Group 

4 among Non-WNT, Non-SHH cancers.  

While the subsets of the subgroups are obvious, they are not well described at this time, thus until 

more characterization from several centers and on much larger cohorts were available the 

consensus was to designate them with Greek letters (α, β, γ etc.). (Fig. 11). The four principal 

subgroups of medulloblastoma were named as follows: WNT, SHH, Group 3, and Group 4 (Fig. 

12). The Wnt and Shh (Sonic Hedgehog) were named for the signaling pathways thought to play 

prominent roles in the pathogenesis of that subgroup. Because the biology of the remaining two 

subgroups is less well understood, the decision was to keep generic names for the time being until 

the underlying biology driving these subgroups could be properly There is evidence for subtypes 

within subgroups, particularly in Group 3, as evidenced by the fact that among Non-WNT, Non-

SHH tumors, a tiny number of "intermediate" tumors may be classified to Group 3 or Group 4 

based on the clustering technique used. Particularly for Group 3, there is evidence for the existence 

of subtypes within the subgroups, which is also identified by the fact that among Non-WNT, Non-

SHH tumors, there may be a small fraction of “intermediate” tumors that would be classified to 

Group 3 or Group 4 according to the clustering algorithm applied.91 While the subsets of the 

subgroups appear obvious, they are not well characterized at this time, so the consensus was to 

name them using Greek letters (α, β, γ, etc.) until additional characterization from multiple centers, 

on much larger cohorts, became available. (Fig. 11). Since the four groups  
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was proposed and were clearly different in terms of demographics, histology, DNA copy-number 

aberrations, and 

 

 

Figure 11. Dendrogram depicting the classification of embryonal tumors of the cerebellum. Medulloblastomas 

should be differentiated from the less common ATRTs and ETANTRs of the cerebellum. Under the current 

consensus classification of medulloblastoma four principal subgroups are identified: Wnt, Shh, Group 3, and 

Group 4. The evidence suggests that each of the four principal subgroups will likely have distinct ‘subsets’ that 

are biologically and clinically homogeneous as compared to other subsets from within the same subgroup. As 

the nature and number of subsets for each subgroup are currently unknown, the consensus classification 

suggests that each subset be named using a Greek letter (α, β, γ, etc.) until such time as they are sufficiently 

characterized to be named based on their molecular etiology. 

clinical outcome as which is also nicely summarized in a meta-analysis paper.93 The authors 

consider it very helpful to begin using these subgroups in the clinic. More specifically, 

subgrouping according to molecule will not only help to detect target cohorts for certain drugs 

(e.g., SHH inhibitors), but also significantly help to the outcome prediction by the time of 

diagnosis93, even more than any of the currently used clinical markers such as patient age, 

metastatic stage at diagnosis, level of resection, and histological subtype according to the WHO 

classification94. Although it is evident that few tumors will either be positive for more than one 

marker or negative for all markers92, it is good that using two markers that are supposed to use the 
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same subgroup (such as SFRP1 and GAB1 for SHH tumors) resulted in a very high overlap in a 

study which was published in the same issue.96. In the following, the distinctive characteristics of 

these four core subgroups are shown in more detail.  

 

Figure 12. Comparison of the various subgroups of medulloblastoma including their affiliations with previously 

published papers on medulloblastoma molecular subgrouping. 

2. 1. 1. 1 WNT subgroup 

The Wnt subgroup is the most well-known of the medulloblastoma subgroups due to its excellent 

long-term prognosis in comparison to other subgroups.95 Long-term survival rates for Wnt 
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medulloblastoma patients are projected to approach 90%, with those who die succumbing to 

therapy-related problems or secondary neoplasms rather than recurrent Wnt medulloblastoma.96  

Turcot syndrome is caused by germline mutations in the Wnt pathway inhibitor APC, which leads 

to a medulloblastoma propensity. In addition, sporadic medulloblastomas have been shown to have 

somatic mutations in the CTNNB1 gene, which codes for β-catenin.97, 98 These extensive germline 

and somatic genetic data strongly suggests that canonical Wnt signaling has an etiological role in 

the pathogenesis of this group of tumors, leading to the identification of 'Wnt subgroup 

medulloblastomas.  

To date, almost all Wnt medulloblastomas investigated show a typical histology. CTNNB1 

mutations, nuclear immunohistochemistry staining for -catenin, and monosomy six are all common 

features of Wnt medulloblastomas (deletion of one copy of chromosome 6 in the tumor). It's 

uncertain which of these markers is a gold standard for diagnosing Wnt medulloblastoma, as there 

have been reports of medulloblastomas with a clear Wnt transcriptional signature but no 

monosomy six.92 The scenario is further complicated by the recent revelation of a single 

medulloblastoma with mutations in both CTNNB1 and PTCH.99 Indeed, over-representation of 

Wnt pathway genes has been seen in Shh and Group 3 medulloblastomas, while the relevance of 

this finding is unknown.92 Although medulloblastomas with giant cell/anaplastic histology have 

been observed in the Wnt subgroup, they appear to have the same good prognosis as the Wnt 

subgroup. 96 Which of the effects of monosomy 6, nuclear staining for -catenin, mutation of 

CTNNB1, immunohistochemical staining for DKK192, 100, or a transcriptional signature that 

clusters with other 'Wnt' tumors should be used as a gold standard for the diagnosis of Wnt 

medulloblastoma needs to be confirmed in larger cohorts of well-characterized medulloblastomas.  
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Even though men are more prone to develop medulloblastoma, Wnt medulloblastomas have a male 

to female ratio of roughly 1:1. Wnt medulloblastomas can afflict persons of any age, however they 

are more prevalent in adults. Apart than monosomy six, the genome of Wnt medulloblastomas has 

few additional areas of genetic amplification or deletion.92 Wnt medulloblastomas are thought to 

emerge from the cerebellum's lower rhombic lip, according to a mouse model recently 

published.101 This mouse model will surely aid in the preclinical testing of new medications. 

Because most patients with Wnt medulloblastoma live, it's probable that they're being overtreated 

with existing medicines, which are extremely morbid, and a clinical study of therapeutic de-

escalation in this patient cohort is now being discussed.  

2. 1. 1. 2 Sonic Hedgehog Subgroup (SHH) 

The Sonic Hedgehog signaling system, which is expected to induce tumor initiation in many, if 

not all, instances, is called after the Shh group of medulloblastomas. Gorlin syndrome is caused 

by germline mutations in the Shh receptor PTCH, which involves a tendency to 

medulloblastoma.102,103 Individuals with germline mutations in the Shh inhibitor SUFU, infantile 

medulloblastoma, are prone to medulloblastoma.104, 105, 106, 107 In sporadic medulloblastoma, 

somatic mutations of PTCH, SMO, and SUFU, as well as amplifications of GLI1 and GLI2, have 

been found.107, 108, 109 The current suggestion to legally designate them 'Sonic Hedgehog' subgroup 

medulloblastomas is based on genetic findings suggesting Shh signaling in the genesis of this 

group of tumors.  

Transcriptional profiling has mainly identified sonic hedgehog subgroup medulloblastomas.85, 91, 

92, 110,111, 112 Immunohistochemical staining for SFRP182, 112, 113, or GAB1.115 have also been used 

to detect Shh medulloblastomas. Because the PTCH gene is situated on chromosome 9q22, 
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deletion of chromosome 9q seems to be confined to Shh medulloblastomas.92 The Shh subgroup 

of tumors115 has the majority of documented mice models of medulloblastoma. Human Shh 

medulloblastoma has a strangely dichotomous temporal incidence, in that it is quite common in 

both newborns (0–3 years) and adults (>16 years), but significantly less common in children (3–

16 years). The extent to which adult Shh medulloblastomas resemble child Shh medulloblastomas 

will be determined through large-scale tumor studies. Females predominate in Shh 

medulloblastoma, according to some recent studies92 but not others85. The gender ratio in all 

published research is roughly 1:1. The Shh subgroup includes the majority, if not all, 

nodular/desmoplastic medulloblastomas. However, because up to 50% of Shh subgroup 

medulloblastomas are not nodular/desmoplastic, this is not a useful marker for the subgroup. Shh 

medulloblastomas have a prognosis similar to Group 4 medulloblastomas, although it's somewhere 

in between Wnt medulloblastomas (excellent) and Group 3 medulloblastomas (bad). Small 

compounds targeting smoothened (SMO) have recently been shown to be very effective, if briefly, 

against Shh medulloblastoma, highlighting the critical need to discover effective and feasible 

markers for Shh medulloblastoma.116, 117, 118  

2. 1. 1. 3 Group 3 

Although they cover the bulk of LCA cancers, Group 3 tumors are usually 'classic' 

medulloblastomas. A transcriptional profile that clusters with other Group 3 cancers is the current 

gold standard for diagnosing a Group 3 tumor.90, 91, 93 NPR3 immunohistochemistry positive has 

been proposed as a Group 3 marker.92 While Shh subgroup cancers have high levels of MYCN 

expression, Wnt subgroup and Group 3 tumors have high levels of MYC expression, Group 4 

tumors have low levels of both MYC and MYCN expression, with the exception of a 
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few cases of MYCN amplification.91, 92, 115. As a result, one group has proposed that Group 3 

cancers be dubbed the MYC group.115 MYC amplification (but not MYCN amplification) appears 

to be nearly exclusively restricted to Group 3.90, 91,92 The medulloblastoma oncogene OTX2 

appears to be exclusive to Group 3 and Group 4 tumors in terms of amplification and 

overexpression.92, 119, 120, 121 Group 3 cancers overexpress numerous genes first discovered for their 

function in retinal development, while the relevance of these genes in Group 3 tumor pathogenesis 

is still unknown.  

Malignancies in Group 3 are far more likely than cancers in Group 4 to gain chromosome 1q and/or 

lose chromosomes 5q and 10q. Males are more likely than females to have Group 3 tumors, which 

are present in newborns and children but nearly never in adults. LCA histology is common in 

Group 3 tumors, and they are commonly metastatic.92 Indeed, it has been argued that earlier 

identification of metastatic status as a risk factor for poor prognosis in medulloblastoma was really 

identifying a subset of individuals who were enriched for Group 3.92 Group 3, in which one subset 

(Group 3) comprises all patients with MYC amplifications and assumes that most of the high risk 

of recurrence and mortality is associated with a Group 3 diagnosis, has the greatest evidence for a 

clear'subset of a subgroup' in medulloblastoma to date. Group 3 patients, on the other hand, did 

not have MYC amplifications and had the same clinical result as Group 4 patients.90 This 

interesting result will need to be confirmed in further cohorts, as well as the creation of 

therapeutically useful indicators for identifying Group 3 and Group 3 patients. Despite the fact that 

Group 3 tumors are more similar to Group 4 cancers than Shh or Wnt tumors, the demographic, 

clinical, transcriptional, and genetic distinctions between Group 3 and Group 4 show that they are 

separate entities.91, 92 The poor prognosis of Group 3 patients clearly shows that the 

medulloblastoma community has to focus more on this subgroup in order to create useful 
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biomarkers, understand the underlying etiology, and establish realistic mice models to produce 

better therapies.  

 

2. 1. 1. 4 Group 4 

A 7-year-old kid with a characteristic histology medulloblastoma with an isochromosome 17q is 

the prototype medulloblastoma. Because the molecular etiology of Group 4 tumors is still 

unknown, the current standard nomenclature has been given the generic designation 'Group 4' 

awaiting further research. Group 4 medulloblastomas are now distinguished by a transcriptional 

profile that clusters with another Group 4 medulloblastomas. KCNA1 has been proposed as an 

immunohistochemical marker for Group 4 cancers, however more research is needed.90,92 

Although isochromosome 17q is found in 26% of Group 3 tumors, it is significantly more prevalent 

in Group 4 tumors, where it is the most common cytogenetic alteration (66%) as described in Kool 

et almeta-analysis .'s of all published data sets in this issue of the journal.92, 122 Isolated 17p deletion 

is also present in Group 3 and 4 tumors, but nearly never in Wnt or Shh subgroup 

medulloblastomas. The deletion of the X chromosome, which is present in 80 percent of females 

with Group 4 medulloblastoma, is the only other significant cytogenetic abnormality among Group 

4 tumors. Given the high male:female ratio in Group 4 patients, the high prevalence of X 

chromosome deletion in females with medulloblastomas is particularly concerning (2:1). Multiple 

studies have found that genes involved in neural differentiation and development are 

overrepresented in Group 4 tumors, albeit neither the genetic basis nor the clinical significance of 

this has been determined.90, 91, 92 Group 4 patients, like those with Shh malignancies, have an 

intermediate prognosis. Although Group 4 tumors account for more than 30% of all 
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medulloblastomas, we know the least about their molecular pathophysiology, and no mice models 

of Group 4 tumors have been identified.  

 

2. 1. 2 Interaction of benzodiazepines with α5-GABAA receptors 

Several tumor models were used to do an intratumor microdose efficacy study. In the study several 

benzodiazepaines were used which can enhance the action of GABA at α5-GABAA receptors.  

 

Figure 13. Chemical structures of compounds. The study employed structurally related benzodiazepines shown 

in the upper line. The compounds are made up of the basic benzodiazepine chemical structure; benzene and 

diazepine ring fusion, and color-coded structural changes. Chemical structures of the study's standard-of-care 

therapy substances shown in the lower line. JQ1 has a structural resemblance to the benzodiazepine SH-I-75. 

 

In these agents cisplatin, mebendazole and the bromodomain JQ1 were included. Medulloblatoma 

tumor cell lines were used to create a nude mouse flank xenograft. D425 and D283 tumor cell 

xenografts express a high degree of α5-GABAA receptors. Results found from microdevice 
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technology indicates D425 and D283 tumor cell flank xenografts were more sensitive than DAOY 

tumor cell flank xenografts to the benzodiazepine derivatives. KRM-II-08 (19) sensitizes most, 

which is a positive allosteric modulator of α5-GABAA receptors. In the same model two other 

compounds SH-I-75 and QH-II-66 (8) also sensitized D425 and D283 tumor cell flank xenografts. 

The difference between KRM-II-08 (19) and QH-II-66 (8) is KRM-II-08 (19) contains a fluorine 

atom at the 2’ position while QH-II-66 bears a hydrogen atom at the 2’ position. KRM-II-08 (19) 

and QH-II-66 (8) have similar structures, and both are benzodiazepines.   

 

Figure 14. Effect of compounds in a microdevice on flank tumors. Representative photos of D425 and DAOY 

tumor slices excised 24 hours following exposure to a microdose of each medication from the device, revealing 

discrete areas of apoptosis as measured by cleaved-caspase-3 expression (brown). 250 µm scale bars. For human 

D425 and DAOY tumors subjected to KRM-II-08, SH-I-75, QH-II-066, JQ1, mebendazole, and cisplatin, the 

apoptotic index (percent apoptotic cells/all cells in drug-affected tissue region) was calculated (all 35 percent 

drug in PEG1450). Please give (p 0_01) averages from 6 geographically different reservoirs from at least 3 

tumors. 

 

Exposure to KRM-II-08 (19) leads to apoptosis in 38% of exposed cells (apoptotic index, AI) 

within 24 hours in this model, compared with 21% for SH-I-75 and 13% for QH-II-066 (8) (Fig. 



 

34 
 

14). KRM-II-08 (19) is also significantly more potent than all other standard-of-care treatments 

tested in this tumor (Fig. 14). Another α5-GABAA receptor expressing tumor model, D283, also 

shows significantly higher local apoptosis induction in response to benzodiazepine derivatives 

KRM-II-08 (19) (AI = 32%) and QH-II-066 (8) (AI = 30%) treatment, as compared to other 

standard-of-care treatments tested. Interestingly, cisplatin,4JQ1,10 and mebendazole11 exhibited a 

greater effect on the non-α5-GABAA receptor expressing tumor cell line DAOY (Fig. 14). 

 

MALDI mass spectrometry imaging analyses134,135 was performed on cross-sectioned mouse 

frozen flank tissue to demonstrate local drug distribution of compounds released from the 

microdevice. Shown in Figure 15 is a 2-dimensional MALDI mass spectrometry images 

displaying the distribution of KRM-II-08 (19) (Fig. 15(A)), QH-II-066 (8) (Fig. 15(B)), and JQ1 

(Fig. 15(C)) with relative intensities. The high mass accuracy measurement achieved by the FTICR 

analyzer (better than 1 ppm) enabled confirmation of the release of each compound from the 

microdevice. For JQ1, only ions from the fragmentation of the parent molecule were detected 

during the MALDI MSI analysis. The high laser intensity (i.e., 35%) may be responsible for an in-

source fragmentation of the drug. 

 

Based on the correlation with a hematoxylin and eosin (H/E) stained serial section, all the 

compounds were released into the tumor tissue at maximum diffusion distances of 560 µm for JQ1 

and greater than 1150 μm for KRM-II-08 (19) and QH-II-066 (8) (Fig. 15). This area of exposure 

is approximately congruent with the regions of apoptosis induction that are observed in Figure 14, 

implying that the presence of the drug leads to apoptosis. 
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Figure 15. Molecular imaging of chemical distribution using MALDI FTICR mass spectrometry. Laser 

desorption/ionization with matrix assistance Mass spectrometric imaging (MSI) of the distribution of three 

drugs in sections of a mouse flank tumor with an implanted device using Fourier-transform ion cyclotron 

resonance (MALDI FTICR) (A) KRM-II-08 (m/z 293.1084); (B) QH-II-066 (m/z 275.1178); and (C) a fragment 

of JQ1 (m/z 401.0834). The left and right panels, respectively, show scanned images of tissue sections overlaid 

with MALDI FTICR MSI data and MALDI FTICR MSI data alone. The device's location in each part is shown 

with red dotted lines. The images were taken at a spatial resolution of 30 meters. 1000-meter scale bars 

 

QH-II-066 (8) and KRM-II-008 (19) are α5GABAAR positive allosteric modulators that decreased 

the expression of HOXA5, a homeobox transcription factor that controls p53 expression, showed 
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in a cell viability assay.1 The research group of Dr. Soma Sengupta studied 763 primary 

medulloblastoma patient tumors to better understand the role of α5-GABAAR in group 3 cell 

viability. 

 

Figure 16. QH-II-066 at α+ γ- Interface of GABAA Receptor in the α1β3γ2 em cryostructure (Nature 2019) 

2. 1. 2. 1 QH-II-066 at α+ γ- Interface of GABAA Receptor 

Cryo-ER structures were used to explain the three most significant interactions of (QH-II-066. 8), 

which allow them to function as a PAM. But with less sedation than diazepam. (Cook et al, US 

Patent 2006) 
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- With α1 Ser205, the bifurcated hydrogen bonding was 3.1A for the N atom in the seven-

member ring and 2.9A for the oxygen atom. 

- The interaction created by QH-II-066 (8) with the α1His102 via halogen bonding with the 

backbone carbonyl was less than the halogen bond formed by diazepam with α1His102 via 

halogen bonding with the backbone carbonyl. 

- The pi-pi stacking with α1Tyr210 and α1Phe100. 

In the DZP bound cryo-ER structure (6HUP), the distance between the chlorine atom and the 

carbonyl oxygen was 3.2A, while in the case of QH-II-066 it was 3.8A for the ethinyl function. 

(6HUO). In both cyro-ER structures, the σ-hole angle is 165. QH- II-066's bifurcated hydrogen 

bond with α1Ser205 is shorter than the one produced by bound DZP. The shorter hydrogen bond 

and bifurcated hydrogen bond interaction of α1β3γ2 are consistent with the same sedative effect 

as diazepam, but it is much less. (US Patent, Cook et al, 2006) 

 

2. 1. 2. 2 KRM-II-008 at the 𝜶+𝜸− Interface of the GABAA Receptor 

Here The most critical hydrogen bonding bifurcation is:  

- With α1Ser205, the N atom in the seven-member ring was 2.2A, and the oxygen atom was 

2.5A. 

- The pi-pi stacking with α1Tyr210 and α1Phe100. 
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Figure 17. KRM II 08 (19) at the α+ γ- Interface of GABAA Receptor 

QH- II-066 (8)'s bifurcated hydrogen bond with α1Ser205 is longer than the one produced by 

bound KRM-II-008 (19). Because KRM-II-008 (19)'s bifurcated hydrogen bond is shorter than 

QH-II-066 (8), it has a stronger affinity for the α1β3γ2 em cryostructure than QH-II-066 (8).  
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Figure 18. The effectiveness of potentiation of ligands expressed in HEK cells, α1-6,β3γ2 GABA ion channels, 

with EC3 GABA with Janet Fisher (USC). 

 

2. 1. 2. 3 Cytotoxicity Study with De. Arnold et al. 

The cytotoxicity experiment was done in both human embryonic kidney cells (HEK293T) and 

human liver cancer cell lines (HEPG2) to examine the toxicity of all analogs at the cellular level 

for the selection of safe lead compounds. The findings are shown in the figure 19 below. 

 

Ligands were cultured for 48 hours with HEK293T and HEPG2 cells, respectively, before cell 

viability was determined using a Cell-Titer Glo (Promega). DMSO was utilized as a negative 

control, while 3-dibutylamino-1-(4-hexylphenyl)-propan-1-one was used as a positive control (150 

mM in DMSO final concentration used as a positive control). Three independent quadruplet 

experiments were used to determine the data. The LD50 values of each substance in HEK293 and 

HEPG2 cell lines were provided in the last two columns, respectively. The LD50 values indicate 

that most of the chemicals are non-toxic. 

 

Figure 19.Cytotoxicity data of synthesized QH II 66 analogs in HEK293T and HEPG2 cells. 
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The LD50 values for most of the compounds in HEPG2 cell lines were greater than 200 μM, 

indicating that they are safe and non-cytotoxic. The LD50 value of QH-II-66 and KRM-II-08 are 

also greater than 100 μM, indicating that they are safe to use. For safety reasons, the chemical 

concentration in the clinical trial will be substantially lower than 100 μM. Toxicology assays for 

ADME must be performed with GMP material for further research. Due to the presence of more 

metabolic enzymes in the liver than in the kidney, the LD50 value of the same drug is usually higher 

in the liver HEPG2 cell lines than in the kidney HEK293 cell lines. 

 

2. 1. 3 Modulating native GABAA receptors in medulloblastoma with α5 subtype preferring 

positive allosteric benzodiazepine-derivatives induces cell death.  

Group 3 tumors contain a high expression of GABRA5, which codes for the α5-subunit of the 

ligand-gated ionotropic γ-aminobutyric acid type A neurotransmitter receptor (GABAAR).132 

GABAARs are fundamental in determining excitation/inhibition balance in the central nervous 

system. As an ionotropic receptor regulating chloride-ion flux, GABAARs predominantly function 

to hyperpolarize neural cells following binding of the ligand, γ-aminobutyric acid (GABA), 

thereby decreasing the likelihood of generating an action potential. GABAAR is a pentameric 

complex, usually consisting of two α, two β, and single γ subunits topologically arranged as α-β-

γ-α-β (Fig. 18). There are nineteen genes that encode subunits of GABAARs, including of six α 

(GABRA1-6), three β (GABRB1-3), and three γ (GABRG1-3) subunits.142, 143 Given the critical role 

of GABAAR in brain function, GABAARs have been an important therapeutic target since the 

clinical introduction of benzodiazepines Librium and Valium (or diazepam) in the 1960s.144, 145 

Benzodiazepines bind at the γ-α interface of a GABAAR (Fig. 18) and are positive allosteric 

modulators, acting to increase the effectiveness of GABA and thus chloride-anion flux. FDA 
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approved benzodiazepines consist most commonly of fusion of diazepine and benzene rings (1,4-

benzodiazepine) and a phenol ring (5-phenyl-1H-benzo[e]) (Fig. 18). Changes to the chemical 

structure of a benzodiazepine can alter its selectivity for a GABAAR subtype. For example, Cook 

and colleagues introduced an ethinyl bond to the diazepine ring of 1,4-benzodiazepine at C-7, in 

place of a chlorine atom in diazepam (Fig. 18) and reported increased selectivity for the α5 

containing GABAAR.146, 147 

                

Figure 20. Cartoon of a GABAA receptor (GABAAR) with an αβαβɣ subunit stoichiometry. GABAAR consists 

of five subunit transmembrane segments (each subunit has four transmembrane helices), represented as 

cylinders, and extra/intra-cellular domains. The five subunits create the chloride-anion conduction pore. Inter-

subunit binding sites for γ-aminobutyric acid (GABA) and benzodiazepine are shown as yellow and red spheres, 

respectively. 

 

In the investigation of GABAAR in group 3 with Dr. Sengupta and Dr. Krummel, we 

showed that the GABRA5 protein product (or α5-subunit) was present in-patient derived group 3 

cell lines and tumor tissue and contributed to assembly of a functional GABAAR.148 Drugs that 

inhibited GABAAR did not impair cancer cell growth significantly. Paradoxically, the 
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benzodiazepine diazepam did impair growth of group 3 cells in vitro but only weakly. This 

suggested that benzodiazepines might impair cell viability by perturbation of cell ion homeostasis, 

possibly leading to osmotic stress and inducing cell death.149 Still, diazepam had an IC50 of only 

~10 μM and it is a non-selective benzodiazepine. Given that group 3 patient tumors exhibit high 

expression of α5-GABAAR, an α5-GABAAR selective benzodiazepine was tested, and it was 

observed to exhibit an order of magnitude more potent IC50. 
148 Further, potency of the α5-

GABAAR selective benzodiazepines tested in an intracranial xenograft mouse model was greater 

than the standard-of-care chemotherapeutic agent cisplatin,150 as well as agents proposed as 

potential 

                                              

Figure 21. Common core structure of a ‘benzodiazepine’ (1,4-benzodiazepine and 5-phenyl ring systems.) 

Indicated are sites frequently modified in a benzodiazepine (R1, R2, R2', R7), which may impart a degree of 

GABAAR subtype-selectivity. Introduction of an additional ethinyl group at R7 imparts the benzodiazepine 

with α5-GABAAR selectivity146, 147. 

 

therapeutics for medulloblastoma, including bromo-domain inhibitor JQ1151 and the anthelmintic 

drug mebendazole.152 Mechanistically, the α5-GABAAR selective benzodiazepine assayed (termed 

‘QH-II-066’) caused cell cycle arrest and its effectiveness in inducing apoptosis was abrogated by 

loss in expression of HOXA5, a homeobox transcription factor that regulates p53 expression.148 
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Further, QH-II-066 was capable of sensitizing group 3 cells to radiation and cisplatin in a p53-

dependent manner.148 Thus, p53 appears important in the response of group 3 cells to GABAAR 

mediated chloride-anion flux. 

The following is a broad analysis of GABAAR and MYC expression in 763 primary 

medulloblastoma patient tumors, detailed characterization of GABAAR in a patient derived cell 

line, identification of chemical features critical to α5-GABAAR selective benzodiazepine potency 

and examination of how such α5-GABAAR selective benzodiazepines may impair viability of 

group 3 cells. It was found that group 3 tumors share high subgroup-specific and correlative 

expression of specific GABAAR subtypes. Group 3 cells have functional GABAARs that are 

druggable using α5-GABAAR preferring benzodiazepines. The chloride flux in this tumor cells is 

efflux mechanism and cause severe stress and effects apoptosis. The binding of one such potent 

and non-toxic α5-GABAAR selective benzodiazepine (KRM-II-08, 19) to the native α5-GABAAR 

in these cells enhances a chloride-anion flux that rapidly induces mitochondrial fragmentation and 

its membrane depolarization, as well as upregulates expression of TP53 and activates apoptosis, 

without arresting the cell cycle. Benzodiazepines are psychoactive GABAAR modulators that are 

non-toxic, cross the blood-brain barrier, and clinically used widely. Either alone or in conjunction 

with other therapeutic modalities, the benzodiazepine KRM-II-08 (19) may serve as a non-toxic 

therapeutic for treating medulloblastoma. The ligands QH II 66 (8) and KRM II 08 do exhibit some 

sedation, but not nearly as much as diazepam (Cook et al, Us Patent 2006). Moreover, in treating 

patients with brain tumors drug that is also anxiolytic and slightly sedating is considered a plus in 

this treatment paradigm. 

 

2. 1. 3. 1 GABAAR subunit and MYC gene expression in primary medulloblastomas  
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The GABAR and MYC expression was analyzed across all four subgroups (WNT, SHH, group 3 

and group 4) in 763 resected primary medulloblastoma tumors137 (Fig. 20; Fig. 23). This analysis 

by Dr. Sengupta reveals that:  

- All subgroups have a shared high expression of select GABR genes.  

- There is subgroup-specific high expression of some GABR genes, and some subgroups       

have GABR expression that is specific to only a subset of patients within the subgroup. 

- There is a positive correlation in expression of GABRA5 and MYC in a subset of group 3 

and WNT tumors. 

 

Figure 22. Supervised heatmap clustering analysis across molecular subgroups WNT, SHH, group 3, and 

group 4 using z-score scaling, 1-Pearson correlation distance, and average clustering. The relationship between 

genes is indicated by the dendrogram (left). Shown bottom, left is a color palette where color scaling indicates 

low (green) to high (red) expression. ID1 are the subgroups: WNT, blue; SHH, red; group 3, yellow; group 4, 

green; and ID2 are within individual subgroups: WNT: α, blue; β, cyan; SHH: α, red; β, brown; γ, purple; δ, 

pink; group 3: α, yellow; β, brown; γ, orange; group 4: α, neon green; β, mint green; γ, green). 

 

 GABRB3 expression is high across all four subgroups, with subtle differences in the degree 

of expression across subgroups (Fig. 20 and 22). Expression is also high for GABRG2, but there 

is greater variability in the degree of expression between subgroups. Group 3 and group 4 have 

highest expression of GABRG2 reported by Dr. Sengupta and Dr. Krummel. 
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Figure 23. Supervised heatmap clustering analysis of the molecular subgroup group 3 using z-score scaling, 1-

Pearson correlation distance, and complete clustering. Shown bottom, left is a color palette where color scaling 

indicates low (green) to high (red) expression. ID1: group 3, yellow; ID2 within group 3: α, yellow; β, brown; 

γ, orange. 

 

 GABR expression between subgroups and within some subgroups is variable: (i) WNT 

subgroup subtypes (α and β) have high expression of GABRG3 and GABRE; (ii) SHHγ subtype 

has high expression of several GABR genes that distinguish it from SHHα, SHHβ, SHHδ, while 

all SHH subgroup patients have high expression of GABRA2 and GABRG1. Medulloblastoma 

patients with poorest prognosis are those in the group 3 subtype. Group 3 patients have high 

GABRA5 expression (Fig. 21), as reported previously but based now on analysis of a significantly 

larger dataset. GABRA5 expression is consistently highest in the group 3γ subtype, which carries 

the poorest prognosis.  

 

Figure 24. Boxplots of GABR and MYC gene expression across all four molecular subgroups (left) and 

separately GABRA5 (middle) and MYC (right) gene expression of the group 3 subgroup.Supervised heatmaps 

and boxplots show expression differences for both GABRA5 and MYC within the group 3 and WNT subgroups. 

The correlation between MYC and GABRA5 is not overall statistically significant in group 3 (p = 0.202). 

However, there is a significant positive correlation in expression between GABRA5 and MYC in the group 3α 

subtype (p = 0.006), where it was reported that MYC loss is more frequent 135, but not in group 3β (p = 0.336). 
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Group 3γ has the highest level of MYC expression.137 A significant positive correlation (p = 0.634) in expression 

between MYC and GABRA5 in the group 3γ subtype was not found. As well as the group 3γ, the WNT subgroup 

of patients have high MYC expression (Figure. 20). There is a significant positive correlation

Figure 25.GABAA receptor subunit (GABR) correlation in gene expression in stages 3 and 4 cutaneous 

melanoma patients. Correlograms of GABR gene expression by molecular subgroup: MITF-low, Keratin, and 

Immune. Positive correlation values are indicated in red and negative values in blue. Correlation values not 

marked by an "X" are not statistically significant, using a correlation test at p-value < 0.01. Correlation 

analyses among the GABR genes were performed using Spearman’s correlation. Correlograms were used to 

summarize the correlations using the ‘corrplot’ R package. 

 

of MYC and GABRA5 (p < 0.001) in the WNT subgroup (Fig. 23), but GABRA5 expression is 

significantly lower than in group 3 tumors.  

2. 1. 3. 2 GABR expression in group 3 tumors and D283 cells is consistent with assembly 

of a α5-GABRAR  

Benzodiazepines bind at the γ-α interface of a GABAAR. A pentameric GABAAR that is sensitive 

to modulation by a benzodiazepine would require α, β and γ subunits (Fig. 19). To identify the 

probable composition of a GABAAR in medulloblastoma patient tumors that would be sensitive to 

benzodiazepine modulation, the correlation in the expression of GABAAR subunits in 
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Figure 26. GABAA receptor subunit (GABR) correlation in gene expression in 763 medulloblastoma tumors. 

Correlogram of GABR gene expression by subgroup: (A) WNT, (B) SHH, (C) group 3, and (D) group 4. Positive 

correlation values are indicated in red and negative values in blue. Correlation values not marked by an "X" 

are statistically significant, using a correlation test at p-value <0.01. 

 

all four subgroups of medulloblastoma using the 763 primary tumor normalized dataset were 

examined137 (Fig. 24). Using a Spearman’s correlation test (where p < 0.01) it was found that: 

- There was a positive correlation in all four subgroups in expression of GABR genes that 

may form a functional GABAAR sensitive to benzodiazepine modulation.  

- Group 3 has a particularly high and correlative expression that includes GABRA5. In the 

WNT, SHH, and group 4 subgroups there is a shared correlation in expression of two 

groups of genes that suggest assembly of a functional GABAAR and its composition.  
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The GABR gene groups in WNT, SHH, and group 4 are: 

 (1) GABRA1, GABRB2, and GABRG2, which code for α1, β2, and γ2 subunits, 

respectively; and  

(2) GABRA2, GABRB1, and GABRG1, which code for α2, β1, and γ1 subunits, respectively. 

In group 3 there is a set of GABR genes that exhibit high expression and have a significant 

correlation in expression of GABRA5, GABRB3, and GABRG2 or GABRAG3, which code 

for α5, β3, γ2 and γ3 subunits, respectively.  

                                         

Figure 27. GABR and MYC gene expression in medulloblastoma cell lines. qRT-PCR of N-MYC in patient 

derived medulloblastoma cell lines Daoy, D283, and D425. Values in all panels are presented as the mean and 

standard deviation of three experiments.  

To investigate how benzodiazepines may impair group 3 cell viability requires use of a cell line(s) 

that reflects the molecular profile of group 3 patient tumors (Fig. 21). As noted, a significant 

difference in expression between group 3 subtypes and other medulloblastoma subgroups is the 

degree of GABRA5 expression. Further, group 3 tumors typically have low N-MYC and high C-

MYC or MYC expression 137. We therefore analyzed expression by qRT-PCR of patient derived  
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Figure 28. GABR and MYC gene expression in medulloblastoma cell lines. qRT-PCR of C-MYC in Daoy, D283, 

and D425. Values in all panels are presented as the mean and standard deviation of three experiments.  

cell lines Daoy, D283 and D425 for N/C-MYC and GABRA5. Daoy is reported as SHH subgroup 

derived, 155, 156 while D283 and D425 cell lines are both reported as group 3 patient derived cell 

lines.155- 159 Quantitative RT-PCR analysis reveals that Daoy, D283, and D425 have a low and 

similar degree of expression of N-MYC (Fig. 25). Daoy has no significant expression of C-MYC. 

In contrast, D283 and D425 cell lines have high C-MYC expression (Fig. 33), as is characteristic 

of some WNT and group 3 patient tumors (Fig. 23). As noted, group 3 tumors have high correlative 

expression of GABRA5, GABRB3, and GABRG2, genes which cluster on chromosome/locus 

15q12. In addition, group 3α patient tumors have high GABRA1 expression. The D283 cell line 

has very high GABRA5 expression, relative to other GABRA genes, and higher GABRB3 and 

GABRG2 than other GABRB and GABRG genes, respectively (Fig. 27). There is a consistency in 

expression between group 3 patient tumors and the D283 cell line. Most likely, the D283 cell line 

is representative of group 3β or 
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Figure 29. qRT-PCR of GABR expression in D283. Data are represented as a fold-change value with respect to 

expression of the housekeeping gene TBP, TATA Box binding protein. Values in all panels are presented as the 

mean and standard deviation of three experiments.  

3γ, given the lower GABRA1 expression detected by qRT-PCR in this cell line, which is more 

reflective of group 3α as reported by Sengupta and Krummel et al. 

2. 1. 3. 3 D283 cells have a functional α5-GABRAR 

Gene expression alone does not indicate that D283 cells have a functional GABAAR. Immuno-

staining for the GABRA5 protein product (the α5-subunit) shows diffuse staining that appears 

localized to the plasma membrane (Fig. 28). However, to establish that D283 cells express 

functional GABAARs, whole-cell path clamp recordings of single D283 cells were obtained. If 

functional GABAARs were expressed on the cell surface, then its agonist GABA should elicit a 

concentration-dependent chloride-anion flux. For D283 cells the average maximal current, EC50, 

and Hill slope of GABA responses in D283 cells was -480 ± 120 pA, 1.26 ± 0.05 µM, and 1.37 ±  
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Figure 30 A functional α5-GABAA receptor in D283 cells. The GABRA5 protein product (or α5 subunit) 

localizes to the cell membrane in patient derived medulloblastoma cell line D283 with diffuse staining over the 

plasma membrane, as visualized by immunofluorescence microscopy using an antibody specific to the α5 

subunit (green). Nucleus of cells is stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar, 10 microns. 

 

0.07 respectively (where n=8) (Fig. 29) demonstrating a concentration-dependent chloride-anion 

flux commensurate with GABA concentration. The electrophysiology recordings also provide 

insight into the GABAAR subtype, the chloride-anion flux rate, and number of functional receptors 

per D283 cell. The low GABA EC50 of the native GABA-sensitive receptor in D283 cells is 

consistent with the expression of a α5β3γ2 or γ3-like GABAAR, and this is supported by the qRT-

PCR analysis of D283 cells (Fig. 27), as well as GABR expression in group 3 patient tumors. The 

basal chloride-anion efflux rate is ~2 x 109 ions per second, which is consistent with the rate of 

recombinantly expressed GABAAR. We estimate that there are 1000 functional native α5-

GABAARs per D283 cell.  
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Figure 31.Representative current trace from a whole-cell patch clamp electrophysiology recording of a D283 

cell, clamped at -60 mV. Filled boxes above the current trace denote the period of γ-aminobutyric acid (GABA) 

exposure (2 seconds) and are labeled with the concentration applied (0.01 – 30 μM). 

 

2. 1. 3. 4 Benzodiazepines are potent modulators of the native α5-GABAAR  

Using a cell proliferation assay and the D283 cell line, the benzodiazepine variants to  

 

Figure 32. Chemical structures of α5-selective benzodiazepines (Bz) tested. 



 

53 
 

 

Figure 33. Dose-response curves from MTS cell proliferation assay at 48 hours presented as semi-log plots. 

 

identify aspects of the chemical structure that might be critical to potency were screened. All 

benzodiazepines examined were synthesized to be α5-GABAAR selective and differed chemically 

at R1' of the 1,4-benzodiazepine ring system or the endocyclic 2' or exocyclic R2' of the phenyl 

ring (Fig. 30 - 35).  

 

Figure 34. Derived IC50 values for tested benzodiazepines. 
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The most potent benzodiazepines that emerged from this analysis are compounds with a hydrogen 

at R1' and no modification at the endocyclic 2' or exocyclic R2' (NOR-QH-II-066) or fluoride at  

 

Figure 35. Chemical structures of NOR variations of α5-selective benzodiazepines (Bz) tested. 

the exocyclic R2' (KRM-II-08 and NOR-KRM-II-08). Benzodiazepines with a larger halide (e.g., 

chloride) at exocyclic R2’ (KRM-III-77 and FR-01-43) are significantly poorer ligands for the  

 

Figure 36. Dose-response curves from MTS cell proliferation assay at 48 hours presented as semi-log plots. 

 

native D283 α5-GABAAR. The 2'-F at the exocyclic R2' on KRM-II-08 may form a better three-

centered hydrogen bond in the α5-GABAAR binding site, which is consistent with in silico 

modeling studies.161, 162 It was also noted, surprisingly, an apparent increase in cell growth for 
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benzodiazepine KRM-III-70, which has an exocyclic nitrogen at R2'. This benzodiazepine may 

bind to an alternative or secondary target to elicit such an effect. A possible secondary target is the 

peripheral  

Figure 37. Derived IC50 values for NOR variations of tested benzodiazepines. 

benzodiazepine channel TSPO, which could enhance mitochondrial function and cell proliferation. 

 

 
 

 
Figure 38. Whole-cell patch clamp recordings from D283 cells. Patient derived medulloblastoma cell line D283, 

clamped at -60 mV, responses to GABA by α5-selective benzodiazepines QH-II-066. Filled boxes above current 

trace denote duration of GABA application. Open boxes denote the period of benzodiazepine exposure and are 

labeled with the concentration applied.  

2. 1. 3. 5 Benzodiazepines enhances a significant chloride-anion eflux in tumors. 

We elected to pursue for greater in vivo, etc analysis the benzodiazepines QH-II-066 (8) and KRM-

II-08 (19), which have IC50 values of 3.4 ± 0.3 and 0.8 ± 0.1 µM, respectively on D283 cells, 
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determined using a cells viability assay (Fig. 16, 19). Whole-cell patch clamp recordings were 

obtained of the effect of these two benzodiazepines on GABAAR function on D283 cells (Fig. 37; 

Fig. 38). QH-II-066 (8) and KRM-II-08 (19) both 

 

Figure 39. Whole-cell patch clamp recordings from D283 cells. Patient derived medulloblastoma cell line D283, 

clamped at -60 mV, responses to GABA by α5-selective benzodiazepines KRM-II-08. Filled boxes above current 

trace denote duration of GABA application. Open boxes denote the period of benzodiazepine exposure and are 

labeled with the concentration applied. 

 

enhanced EC10 responses in a concentration-dependent manner: PC50: 43 ± 7 vs 61 ± 9, Hill slope 

2.7 ± 5 vs 2.9 ± 5 and PC50 0.13 ± 0.09 vs 0.14 ± 0.07 µM, respectively. The high apparent affinity 

for GABA in D283 cells is consistent with the presence of functional α5-containing GABAARs in 

D283 cells. The EC50 values for benzodiazepines QH-II-066 (8) and KRM-II-08 (19) are 

remarkably similar in all the assays performed, p > 0.05 Student’s t-test, in contrast to their IC50 

values (Fig. 38). In all cases, the modulation peaks below 2 µM and has a maximum effect of 

~50%. 
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Figure 40. Data of whole-cell patch clamp recordings from D283 cells. Patient derived medulloblastoma cell 

line D283, clamped at -60 mV, responses to GABA by α5-selective benzodiazepines QH-II-066 (A) and KRM-

II-08 (B). Both QH-II-066 and KRM-II-08 (Bz) show enhanced submaximal (EC5-EC10) responses in a 

concentration-dependent manner. The effects of QH-II-066 (8) and KRM-II-08 (19) were not significantly 

different from one another (p > 0.05, Student’s t-test). Whole-cell patch-clamp recordings were performed on 

D283 using methods like those previously described 127. 

 

Given the more potent IC50 of KRM-II-08 and its potential for future therapeutic use, we assessed 

its hepatocyte toxicity profile to establish if it were safe at the concentration at which it shows 

efficacy. The median lethal doses (LD50 values) for KRM-II-08 (19) as well as the NOR variant 

(NOR-KRM-II-08, 21) are greater than 200 and 100 μM, respectively, when tested using two 

different cell lines (HEPG2 and HEK293) (Fig. 39). KRM-II-08 (19) as well as the NOR variant 

are safe and non-toxic until the concentration is less than or equal to 100 μM. A concentration 

significantly higher than the IC50 and EC50 values for these benzodiazepines they were used to 

treat tumors.  
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Figure 41. Cytotoxicity assay of benzodiazepines. (A) Measurement of cytotoxicity of KRM-II-08 and the NOR 

variant using HEK293 (A) and HEPG2 (B) cell lines. In both the cell lines the LD50 values for KRM-II-08 and 

the NOR variant are greater than 200 μM. Hence, KRM-II-08 is safe and non-toxic until the concentration is 

less than or equal to 200 μM. TA-I-12: In HEPG2 cell lines, the LD50 value is greater than 200 μM. In HEK293 

cell lines, the LD50 value is greater than 100 μM. Hence, NOR compound is safe and non-toxic until the 

concentration is less than or equal to 100 μM. This is much higher than any therapeutic dose. 

 

Figure 42. Both QH-II-066 and KRM-II-08 (Bz) show enhanced GABA potentiation submaximal (EC5-EC10) 

responses in a concentration-dependent manner: PC50: 43 ± 7 vs 61 ± 9, Hill slope 2.7 ± 5 versus 2.9 ± 5 and 

PC50 0.13 ± 0.09 versus 0.14 ± 0.07 µM, respectively. The effects of QH-II-066 and KRM-II-08 were not 

significantly different from one another (p > 0.05, Student’s t-test). 
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Figure 43. Assessment of change in native GABAAR in D283 cells over time following exposure to KRM-II-08. 

D283 cells were untreated, treated with DMSO, or treated with KRM-II-08 (Bz) for 6 (A) and 24 (B) hours and 

then stained for imaging. There is no detectable change in degree or localization of staining for protein product 

of GABRA5 (green).  

 

Figure 44. Mitochondrial fission and depolarization induced by benzodiazepine target. (A) Flourescence 

microscopy imaging of live D283 cells following a 10-minute incubation with dimethyl sulfoxide (DMSO; 

0.125%), carbonyl cyanide 4-trifluoromethoxy) phenylhydrazone (FCCP, 20 μM), or KRM-II-08 (Bz) (0.8 μM). 

Media alone had no DMSO. Peak: λex, 549 nm; λem, 575 nm. (B) Quantitation of the positively charged red-

orange dye tetramethylrhodamine ethyl ester (TMRE) after a 10-minute incubation of DMSO, FCCP, or KRM-

II-08 (Bz). Media alone had no DMSO. TMRE staining was quantified with the Leica Application Suite X (LAS 

X) software platform. Data are presented as standard deviation from mean of thirty or more cells (media, n=30; 

DMSO, n=43; KRM, n=39; FCCP, n=35). Scale bar in panel (A) image is 10 microns. 
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2. 1. 3. 6 Benzodiazepine induces early changes in mitochondrial structure-function. 

Since one expected that the binding of a benzodiazepine target to the native GABAAR in group 3 

medulloblastoma cells might alter ionic flux rapidly assuming exogenous GABA is ≥ 0.3 μM,  

 

Figure 45. RT-PCR of human metastatic melanoma lines for GABR genes. 

 

early changes were examined both to the mitochondria and the mitochondrial membrane potential. 

The staining for GABAAR at the plasma membrane remains similar and constant in DMSO and 

KRM-II-08 treated cells, as well as untreated cells over 48 hours (Fig. 41), suggesting that the 

receptor remains intact and possibly then functional. We also examined changes in mitochondrial 

morphology using the cationic stain tetramethylrhodamine ethyl ether (TMRE), which is taken-up 

by functioning mitochondria. We observe that at ten minutes following benzodiazepine exposure, 

the mitochondria have fragmented or undergone fission but continue to take-up TMRE (Fig. 42A). 

Fission of the mitochondria is not observed in the DMSO control but is when a protonophore, 

carbonyl cyanide-4-(triflouromethoxy)phenylhydrazone (or FCCP) is added to the cells. FCCP 

disrupts mitochondrial ATP synthesis.163, 164  
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FCCP depolarizes mitochondria or causes loss of ΔΨm. 164 FCCP is therefore commonly 

used as a positive control for monitoring a change in mitochondria membrane potential, as it causes 

reduced TMRE staining. We quantified the degree of TMRE staining of thirty or more cells in all 

             

Figure 46. RT-PCR of murine cell line B16F10-GP for select GABR genes. Total RNA was extracted from cells 

(RNeasy Mini Kit, Qiagen), converted into cDNA by PCR (Cloned AMV First-strand Synthesis Kit, 

Invitrogen), analyzed using SYBR dye (SYBR Green PCR Master Mix, Applied Biosystems). Primers used 

were as detailed in Kallay et al. 162. 

treated groups (media only, n=30; DMSO alone, n=43; KRM-II-08 treated, n=39; and FCCP 

treated, n=35) (Fig. 42B). KRM-II-08 caused a depolarization of mitochondrial membrane 

potential to D283 cells within 10 minutes of exposure. DMSO does not cause a change in 

mitochondrial membrane polarization. 
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Figure 47. Western blots of cell lines B16F10-GP and A375. 

 

There is observed, as noted above, a chloride-anion eflux in D283 cells that is commensurate with 

benzodiazepine target administration. This flux then mediates depolarization of the mitochondrial 

membrane. Also present in the outer mitochondrial membrane is the peripheral benzodiazepine 

metabotropic receptor TSPO to which the benzodiazepine diazepam has reported to bind and 

whose activity can reduce mitochondrial membrane potential.165, 166 We therefore tested if the 

TSPO agonist emapunil influences viability of Daoy and D283 cell lines to determine if the 

observed potency of KRM-II-08 was a consequence of its binding to TSPO (Fig. 47). 
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Emapunil does not impair viability of either Daoy or D283 cells. This observation supports 

the contention that the  

 

Figure 48. Effect of GABAA receptor positive allosteric modulators on viability of human metastatic melanoma 

cell line A375 and murine line B16F10. (A) MTS assay of cell lines A375 (top) and B16F10-GP (bottom) treated 

with allopregnanolone for 48 h. (B) MTS assay of cell lines A375 (top) and B16F10-GP (bottom) treated with 

diazepam for 48 h. Methods used were as detailed in Methods section of text; dose-response curve error bars 

are ± standard error of the mean. 

primary and effective binding site of KRM-II-08 that induces apoptosis is not TSPO, but the 

GABAAR.    
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Figure 49. Examination of the effect of emapunil on medulloblastoma cells. 

 

2. 1. 3. 7 Contribution of p53 in response to the benzodiazepine anticancer targets. 

Previously it was demonstrated that antitumor benzodiazepines were capable of impairing cell 

viability of group 3 cells including of the cell line D425, which has a TP53 exon 4 single-nucleotide 

polymorphism (R72P), which has been reported to impact the apoptotic response to some types of 

stress.167 Since the D425 response to the benzodiazepine’s tested was not impacted by the TP53 

polymorphism, this supports p53 not being critical to the cell death response. However, this point 

mutation may not impair all functions of p53 and the apoptotic response of some types of stress 

are not impacted.168 It was also previously observed that anticancer benzodiazepines were capable 

of sensitizing group 3 cells to either radiation or a chemotherapeutic intervention and this 

phenomenon was abrogated by a p53 knockdown148, which supports the role of p53 in the apoptotic 

response mediated by these benzodiazepines targets. To  
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Figure 50. Response of mouse MYC-driven/dominant-negative p53 cell line to KRM-II-08. Mouse MYC-driven 

MB with a dominant-negative p53 missense mutation in the DNA-binding domain [2] does not respond to 

KRM-II-08 in vitro. Tumor cells from three samples (MP) were treated with drug for 48 hours and viability 

was assessed. 

 

further establish the possible importance and role of p53 in responding to anticancer 

benzodiazepine mediated stress and apoptosis, we have tested the efficacy of KRM-II-08 (19) was 

tested to impair viability of cells originating from the mouse MYC-driven tumor generated from 

CD133+ cells in the postnatal cerebellum by overexpression of MYC and dominant-negative p53 

(DNp53) (termed MP tumors), which have a missense mutation that impairs the proteins DNA-

binding domain.169 Tumors of this mouse model resemble human MYC-driven medulloblastoma 

molecularly and the analysis of microarray data from this tumor indicates a high gene expression 

of GABRA5 (Fig. 48). We observed that the MP tumors have a KRM-II-08 IC50 > 16 μM (Fig. 

48), as compared to KRM-II-08 IC50 in D283 cells of 0.8 μM (Fig. 32). This is consistent with the 

transcriptional function of p53 having a role in the stress--mediated response to the anticancer 

benzodiazepine, but possibly that is the DNA-binding domain’s function (i.e., gene expression) 

alone is not critical to inducing apoptosis.   
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Figure 51. KRM-II-08 does not alter the cell cycle. Shown is fluorescence-activated cell sorting or FACS data 

of D283 cells untreated or media control (left three panels), treated with DMSO (middle three panels), or α5-

selective benzodiazepine KRM-II-08 (right three panels) at 6, 12, and 24 hours. Table contains peak values at 

G1, S, and G2 phases of the cell cycle for the three experimental groups.   

 

Previously it was observed that a less potent benzodiazepine studied here (see QH-II-066 (8), IC50 

3.4 μM) (Fig. 32), caused cell cycle arrest. We therefore repeated an analysis on the cell cycle of 

D283 cells of the more potent benzodiazepine KRM-II-08 (IC50 0.8 μM). Surprisingly, KRM-II-

08 does not arrest the cell cycle of D283 cells at either 24 or 48 hours following its incubation with 

D283 cells (Fig. 49). This suggests that the less potent benzodiazepine tested earlier may have a 

secondary or ‘off-target’ effect in group 3 medulloblastoma cells that contributes to this cell cycle 

death phenomenon. However, arresting the cell cycle is not critical to benzodiazepine-mediated 

apoptosis. 

 Since p53 appears to play a critical role in the cells stress response to benzodiazepine target 

mediated chloride-anion flux and its DNA-binding domain contributes to this role, the impact of 

the benzodiazepine KRM-II-08 on expression of genes that participate in the PTEN-p53-AKT-

MDM2 signaling axis was examined, 170-172 specifically: PI3K molecules (Class I regulatory and  
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Figure 52. Quantitative RT-PCR of gene expression in D283 cells following KRM-II-08 exposure. (A) TP53, 

PTEN, MDM2 and AKT1-3 expression in D283 cells exposed to media (blue column), DMSO (orange column), 

or KRM-II-08 (red column). (B) PI3K subunit expression in D283 cells exposed to media (red column), DMSO 

(blue column, or KRM-II-08 (purple column). 

 

catalytic subunits, Class II, and Class III); serine/threonine kinases AKT1, AKT2, and AKT3; 

PTEN, the phosphatase which negatively regulates the PI3K/Akt signaling pathway, stabilizes p53, 

and whose expression is regulated by p53; and MDM2, which codes for the E3 ubiquitin ligase 

that functions as a negative regulator of p53 (Fig. 50). The changes were examined in the 

expression of these genes as well as TP53 in D283 cells at 6- and 24-hours post-incubation with 

KRM-II-08. MDM2, PTEN, AKT1-3, as well as TP53 are all upregulated in the KRM-II-08 treated 

cells. This effect is anticancer benzodiazepine-specific, since the DMSO control shows no change 

in TP53 and PTEN levels while MDM2 and AKT1-3 expression are down-regulated in DMSO 

treated cells (Fig. 50). Of the PI3K genes, only the Class I catalytic and regulatory subunits PI3CA 

and PIK3R1, respectively, are significantly upregulated. Although MDM2, PTEN, and AKT 

expression is upregulated in KRM-II-08 (19) treated cells, protein levels are unchanged. Only p53 
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protein levels increased significantly at the 24-hour time point in the D283 cells treated with KRM-

II-08 (19) and in both nuclear  

 

Figure 53. Contribution of p53 to response of α5-selective benzodiazepine KRM-II-08. (A) Immunoflourescence 

microscopy imaging of D283 cells at 24 hours following incubation with media alone, DMSO, or KRM-II-08 

(Bz, 0.8 μM). Cells were stained using antibodies specific to α5 (green) and p53 (red). Nucleus of cells were 

stained with 4′,6-diamidino-2-phenylindole (DAPI). Scale bar in bottom, right image is 10 microns. (B) Western 

blot of Mdm2 and p53 at 6- and 24-hours post-incubation with KRM-II-08. Western blots of whole cell (top), 

cytoplasmic (middle), and nuclear (bottom) extracts. Loading controls for blots are beta-actin, Lamin-B1, 

and/or PARP1. (C) Western blot of p53 using antibody that recognize the protein regardless of post-

translational modification and specific to phosphorylation of p53 Serine392 (pS392). GAPDH is the loading 

control. (D) Dose-response curve of mouse MYC-driven medulloblastoma cells with a p53 dominant-negative 

missense mutation following incubation with KRM-II-08. Tumor cells were treated with varying concentrations 

of KRM-II-08 for 48 hours and viability of cells was then assessed.  

 

and cytoplasmic fractions (Fig. 51A). As well as observing an increase in p53 levels by Western 

blot, we observed an increase in p53 levels by immunofluorescence with the most intense staining 

in the nucleus (Fig. 51B). 

 

 

 

2. 1. 3. 8 Activation of cell death  
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As reported above, there are very early changes observed in mitochondrial structure and function. 

These early changes, including a change in mitochondrial transmembrane potential, may function 

to  

 

Figure 54. Activation of the instrinsic pathway of apoptosis. (A) Immunoflourescence microscopy imaging of 

D283 cells at 24 hours following incubation with media alone, DMSO, or KRM-II-08 (Bz, 0.8 μM). Cells were 

stained using antibodies specific to α5 (green) and the protein BAD (red). Nucleus of cells were stained with 

4′,6-diamidino-2-phenylindole (DAPI). Scale bar in bottom, right image is 10 microns. (B) Western blot of 

protein BAD at 6- and 24-hours post-incubation with KRM-II-08 (Bz). Loading control for blot is beta-actin. 

precipitate events that result in D283 cell death. However, cell death is not immediate and may 

require the transcriptional activity of p53, as noted above, as well as its migration to the cytoplasm. 

We initially examined whether D283 cells underwent senescence. Analysis of senescence‐

associated beta‐galactosidase of DMSO alone and KRM-II-08 (19) treated that in 48 hours at most 

~12% of the cells may be undergoing senescence (Fig. 53), which does not account for the loss in 

cell viability observed in our cell viability assays using KRM-II-08 (19) reported earlier (Fig. 32). 

Subsequently utilized an immune-blotting approach was utilized to identify a change in levels 

and/or post-translation modification of proteins that have a role in apoptosis in D283 cells 

incubated with DMSO alone or KRM-II-08. The only significant change observed was of the 

degree of post-translation modification of p53, and phosphorylation of residue Serine392 (pS392) 
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(Fig. 53). It was confirmed by Western blot that p53 was modified at S392 (Fig. 52). We also 

probed for other  

 

Figure 55. Apoptosis proteome profiler array assay. (A) Raw data from two independent experiments (A and 

B panels) of D283 cells treated with DMSO or 0.7 µM KRM-II-08 for 24 hours. 300 micrograms of protein was 

used per assay.  Arrays were incubated at 4˚C overnight. (C) Guide to wells labeled in panels “A” and “B”.   

 

important p53 phosphorylated residues (S20, S46, or K382) (Fig. 53). Only p392 was observed 

and not only in the anticancer benzodiazepine target treated cells, but also in control cells (DMSO 

alone and media or untreated). The pS392 appears to be a constitutively active modification of p53 

in D283 cells. 

 This was, therefore, examined by immunofluorescence for  KRM-II-08 treated D283 cells 

for a change in amount and/or localization of pro-apoptotic Bcl-2 family members Bax, Puma, 

Bcl-2, Bcl-xL, and BAD.173 Only the BAD protein exhibits a change in intensity detected by 

immunoflourescence in the KRM-II-08 treated D283 cells (Fig. 52A). There is a slight increase in 
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BAD levels between 6 and 24 hours (Fig. 52B). It has been reported that BAD and p53 do complex 

at mitochondria to induce apoptosis. 174, 175  

 

2. 1. 4 MATERIALS AND METHODS 

2. 1. 4. 1 Gene expression analysis 

Normalized gene expression data for sixteen GABR genes and MYC from 763 primary resected 

medulloblastoma specimens was used137. Samples were classified into four medulloblastoma 

subgroups and further into twelve subtypes: two WNT subgroups [α (n=49), β (n= 21)], four SHH 

subgroups [α (n= 65), β (n= 35), γ (n= 47), δ (n= 76)], three group 3 subgroups (α (n= 67), β (n= 

37), γ (n= 40)] and three group 4 subgroups [α (n=98), β (n = 109), γ (n = 119)]. Heatmaps for 

analysis of expression across all four subgroups and among group 3 subtypes were generated using 

Morpheus (https://software.broadinstitute.org/morpheus). Boxplots for expression analysis were 

created in R. Correlation analyses among the GABR genes were performed using Spearman’s 

correlation and the p-values of the correlation test are reported in legends to Figures. Correlograms 

were used to summarize the correlations using the ‘corrplot’ R package.  

 

2. 1. 4. 2 Human medulloblastoma cell lines 

Daoy and D283 cell lines were purchased from the American Type Culture Collection (ATCC), 

while D425 was obtained through a material transfer agreement between Emory and Duke 

University. Daoy is a human medulloblastoma derived cell line representative of the SHH 

subgroup.155,156 D283 is a human medulloblastoma derived cell line that is TP53-wildtype and 
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representative of group 3.157 D425 is a human medulloblastoma derived cell line that is TP53-

mutated and representative of group 3.158,159  

 

2. 1. 4. 3 Cell proliferation assay 

The D283 cells (75 μL; 7500 cells) were added per well of a Falcon® 96 well flat bottom TC-

treated polystyrene cell culture plate (Corning) in pentaplicates and incubated at 37°C (5% CO2) 

for 4-5 hours. Dulbecco modified eagle’s medium (DMEM) (1X) (Thermo Fisher Scientific), 

lacking phenol-red and penicillin/streptomycin but with 20% FBS and 4 mM L-glutamine, was 

used for plating. Benzodiazepines were suspended at room temperature in DMSO (0.125%) to 

prepare a 40 mM stock solution of drug. Benzodiazepines were further diluted in DMSO (0.125%) 

to a 4 mM working stock to use for drug dilution in DMEM. Drug was added to prepare final 

concentrations (0.05, 0.1, 0.25, 0.5, 0.75, 1.0, 2.5, and 5.0 μM in 0.125% DMSO). After a 48-hour 

incubation of drug with cells or DMSO alone as control at 37°C (5% CO2), 20 μL of CellTiter 96® 

AQueous One Solution Cell Proliferation Assay (MTS) (Promega) was added per well and plate 

was then incubated for 1 hour at 37°C (5% CO2). Cell absorbance (490 nm) was recorded using a 

Synergy H1 microplate reader (BioTek). To obtain an experimental reading, media alone control 

(the average reading of wells containing only media) was subtracted from DMSO (0.125%) control 

and drug treated values. Drug treated values were then divided by DMSO control values to 

normalize data. Inhibitor concentration at half-maximal binding (IC50) values and dose response 

drug curves were obtained using the ‘[Inhibitor] versus normalized response’ nonlinear regression 

function in Prism 7 software (GraphPad).  
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2. 1. 4. 4 Electrophysiology 

D283 cells were maintained at 37°C in 5% CO2 in DMEM: F12 (1:1), GlutaMax, 10% FBS, with 

1% penicillin/ streptomycin (DMEM+). Cells were grown on poly-D-lysine-coated glass 

coverslips (VWR). Patch-clamp experiments were performed on cells at 24-72 hours post-plating. 

All experiments were performed at 22°C and across multiple days to control for cell health and 

expression efficiency. All reagents used in electrophysiology experiments were purchased from 

Sigma, unless otherwise noted. 

 Whole-cell patch-clamp recordings were performed on D283 using methods like those 

previously described.160 Patch pipettes were fabricated from thin-walled borosilicate glass 

(TW150F-4, World Precision Instruments, Inc.) using a horizontal puller (P-97, Sutter 

Instruments, Inc.) to give a resistance of 2-8 MΩ when filled with intracellular solution (120 mM 

KCl, 2 mM MgCl2, 10 mM EGTA, and 10 mM HEPES, adjusted to pH 7.2 with NaOH, 

315 mOsm). Extracellular solution contained 161 mM NaCl, 3 mM KCl, 1 mM MgCl2, 1.5 mM 

CaCl2, 10 mM HEPES, and 6 mM D-glucose, adjusted to pH 7.4 with NaOH (320-330 mOsm). A 

rapid solution changer (RSC-160, BioLogic Science Instruments) connected to a 10-channel 

infusion pump (KD Scientific Inc.) was used to deliver GABA and benzodiazepine solutions. The 

rapid solution changer was controlled by protocols written in pClamp 9 (Molecular Devices, LLC). 

Whole-cell currents were recorded at -60 mV, filtered at 100 Hz, and sampled at 200 Hz with a 

MultiClamp 700B amplifier and DigiData 1322A digitizer (Molecular Devices, LLC). 

GABA concentration-response assays were performed by exposing each whole-cell patch 

to increasing concentrations of GABA (0.01, 0.03, 0.01, 0.3, 1, 3, 10, and 30 μM) for 2 seconds, 

with an 8 second washout between concentrations. Recordings were baseline corrected and 

analyzed in MATLAB (MathWorks, Inc.). Peak currents (I) were measured from GABA exposures 
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and fitted using least-squares nonlinear regression analysis based on the Hill equation: I = Imax 

*[A]nH/(EC50
nH

 + [A]nH), where I is current peak amplitude, Imax is maximum current amplitude, 

EC50 is the GABA concentration producing the half-maximal response, A is agonist concentration, 

and nH is the Hill coefficient. GABA concentration-response assays were individually fitted to the 

Hill equation for each whole-cell recording. The maximum peak current, EC50, and Hill coefficient 

were estimated based on averaged values for the receptor and are reported as mean ± standard error 

of the mean (SEM).  

 GABAAR α5-selective benzodiazepine concentration response relationships were 

constructed for QH-II-66 (0.1 – 2 µM) and KRM-II-08 (0.1 – 5 µM). For each D283 cell, the 

reference EC10 GABA response was established (C) before determining the peak response to co-

application of benzodiazepine and GABA EC10 (M). Percent potentiation (P) was calculated using 

the equation P=100x(M-C)/C. Potentiation was fitted using least-squares nonlinear regression 

analysis based on the equation: P = Pmax *[Bz]nH/(PC50
nH

 + [Bz]nH), where P is potentiation, Pmax 

is maximum potentiation, PC50 is the benzodiazepine concentration producing the half-maximal 

effect, Bz is the benzodiazepine concentration, and nH is the Hill coefficient. Concentration-

Potentiation relationships were individually fitted to the Hill equation for each whole-cell 

recording. The maximum potentiation, PC50, and Hill coefficient were estimated based on 

averaged values for the receptor and are reported as mean ± standard error of the mean (SEM). 

 

2. 1. 4. 5 Determining mitochondria structure and membrane potential 

Mitochondrial membrane potential was measured in live D283 cells using the TMRE 

(tetramethylrhodamine, ethyl ester) Mitochondrial Membrane Potential Assay Kit (Abcam). 

Briefly, D283 cells were plated on poly-D-lysine–coated glass coverslips and allowed to adhere 
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overnight. Cells were treated with either 0.7 μM KRM-II-08, DMSO, 20 μM FCCP (carbonyl 

cyaninde 4-(trifluoromethoxy) phenylhydrazone) or fresh media.  After 10 minutes at 37°C (5% 

CO2) treatment media was removed and replaced with 50 nM TMRE in cell culture media and 

incubated for 20 minutes at 37°C (5% CO2). Cells were then rinsed with PBS and TMRE 

fluorescence was immediately visualized with a Leica SP8 confocal microscope. Fluorescence 

intensity was quantified with the Leica Application Suite X (LAS X) software platform (Leica 

Microsystems, Wetzlar, Germany). 

 

2. 1. 4. 6 Quantitative real time PCR 

Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) and converted into cDNA 

with the Cloned AMV First-strand Synthesis Kit (Invitrogen) and a 7500 Fast Real Time PCR 

system (Applied Biosystem). RNA expression was analyzed using a SYBR dye based approach 

(SYBR Green PCR Master Mix, Applied Biosystems) in 96-well plates (Applied Biosystems). 

Each well contained 20 μL, consisting of 8 μL SYBR Green PCR Master Mix, 4 μL primers, and 

4 μL cDNA. TBP primers were used for normalization.  

 

2. 1. 4. 7 Microscopy 

Preparation of cells for fluorescence microscopy was carried out at room temperature. Cells were 

plated on poly-D-lysine coated glass coverslips and treated for the indicated times. Cells were 

fixed in 4% (w/v) paraformaldehyde (Electron Microscopy Sciences, EMS) for 1 hour, washed in 

PBS (6X, 5 minutes each time), incubated 1 hour in blocking buffer (PBS, 0.8% Triton X-100, 

10% normal goat serum), and then kept overnight in blocking buffer with antibody (anti-GABRA5 

(Aviva Systems Biology Corp.); anti-BAD (Santa Cruz Biotechnology); TP53 (Cell Signaling 
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Technology), or anti-Bcl-xL (Santa Cruz Biotechnology). Cells were washed in PBS (6X, 5 

minutes each time) before addition of fluorescent goat anti-rabbit and goat anti-mouse secondary 

antibodies (Alexa Ig488 [green] or Alexa Ig555 [red], Invitrogen) for 60 minutes. Cells were 

washed in PBS (6X, 5 minutes each time) and coverslips were mounted on slides using Immuno 

Mount DAPI and DABCO Mounting Media (EMS). Fluorescence was visualized with a Leica SP8 

confocal microscope and images prepared using the Leica Application Suite X (LAS X) software 

platform (Leica Microsystems). 

 

2. 1. 4. 8 Western blot analysis 

Cells for Western blots of whole cell extract were washed with ice-cold PBS twice and centrifuged 

at 1200 rpm for 5 minutes. After washing, cells were lysed with ice-cold phosphate buffered RIPA 

with glycerol (2X) (20 mM sodium phosphate, 300 mM NaCl, 2% Triton X-100, 1% Sodium 

deoxycholate, 0.2% SDS, and 10% Glycerol) (Boston BioProducts) with added phosphatase 

inhibitors (Halt™ Phosphatase Inhibitor Cocktail, Thermo-Scientific), protease inhibitor cocktail 

(Sigma-Aldrich) and supplemented with 1 mM EDTA and 1 mM phenylmethylsulfonyl fluoride 

(Sigma-Aldrich). Cells were then vortexed 5 seconds every 5 minutes for a total of 15 minutes. 

After lysing, the cells were centrifuged (11000 rpm, 10 minutes) to separate remaining cell debris. 

Cells for preparation of nuclear and cytoplasmic extract fractions were prepared using the NE-

PER Nuclear Cytoplasmic Extraction Reagent kit (Thermo-Scientific) per manufacturer’s 

instructions. The treated cells were also washed with ice-cold PBS twice and centrifuged at 1200 

rpm for 5 minutes prior to lysis with the extraction kit. 

The Pierce BCA Protein Assay (Thermo-Scientific) was used to quantify the amount of 

protein in lysates prior to Western Blot analysis. The proteins (20 µg whole cell and 15 µg 
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cytoplasmic and nuclear fractions) were resolved by polyacrylamide/SDS gel electrophoresis 

using 10% pre-cast gels (Bio-Rad). Running conditions were set to 120 V for 2 hours. For most 

Westerns, proteins were transferred (130 V, 50 minutes) to 0.45 µM PVDF membranes. However, 

to detect BAD and Caspase-9 antibodies, proteins were transferred (130 V, 50 minutes) to a 0.45 

µM nitrocellulose membrane. Membranes were blocked for 1 hour in PBS containing 0.1% Tween 

20 and either 5% non-fat dry milk or 5% BSA. Membranes were incubated overnight with primary 

antibody (anti-p53, anti-PTEN, anti-Caspase-9, anti-GAPDH, anti-β-actin, Lamin B1, PARP, Cell 

Signaling Technologies; anti-MDM2, Abcam). Additionally, Abcam’s p53 Antibody Sampler 

Panel (S20, S46, S392, phospho-p53 (K382), and p53 (DO)), was used. After primary antibody 

incubation, membranes were washed 3X for 10 minutes each time with 0.1% PBST or 0.1% TBST 

(for phospho-p53 antibodies). Membranes were incubated in appropriate horseradish peroxidase-

conjugated secondary antibodies: anti-rabbit or anti-mouse (GE Healthcare). Membranes were 

washed again (3X, 10 minutes each) with 0.1% PBST or 0.1% TBST. Proteins were visualized 

using either ECL Western Blotting Detection Reagent (Amersham) or SuperSignal™ West Pico 

PLUS Chemiluminescent Substrate (Thermo Scientific) and X-ray film. 

 

 

 

 

 

2. 2 Melanoma 

The incidence of melanoma continues to rise, and advanced/metastatic disease confers a poor 

prognosis.190 Approximately 50% of melanomas harbor somatic B-raf (BRAF) mutations, most 
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commonly V600E (80%) or V600K (14%),191-193 which sensitizes them to treatment with BRAF 

or BRAF/MEK inhibitor combinations. The first generation of a clinically active BRAF-inhibitor 

(vemurafenib) produced high systemic objective response rates.194 Subsequent development of the 

next-generation combination therapies with BRAF/MEK-inhibitors, such as dabrafenib and 

trametinib, further improved progression-free survival.195-197 However, most patients acquire 

resistance to these therapies through several genetic or adaptive mechanisms or to a lesser 

extent, experience intrinsic resistance.198-203 More recently, a combination of immune checkpoint 

inhibitors targeting programmed cell death-1 (PD-1) and cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) (nivolumab and ipilimumab) produced an overall response rate of ~60% and 

durable responses in a portion of patients, including in patients with melanoma brain 

metastases.204-208 These therapies work independently from the BRAF mutational status. However, 

most metastatic melanoma patients do not experience durable responses to ICI. 

While significant progress has been made, novel therapeutic strategies to treat 

BRAF/MEK inhibitor or ICI resistant disease are desperately needed. Furthermore, there are 

unique clinical challenges, such as the presence of melanoma brain metastases, which are 

associated with significant morbidity and mortality, and the brain may represent a therapeutic 

sanctuary site because of the blood-brain barrier. Target that penetrates the BBB would be a key 

advantage in treatments.  

Gene expression analysis by The Cancer Genome Atlas (TCGA) of melanoma patient 

tumors revealed that GABR genes, which code for subunits of the Type A -aminobutyric acid 

(GABA) neurotransmitter receptor (GABAAR), are among those most highly expressed.209 Soma 

et al. conducted a more extensive analysis of GABR expression in metastatic melanoma tumors as 

well as characterization of melanoma cells for intrinsic GABAAR activity. It was found that 
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melanoma patient expression of GABR genes varied with the molecular subgroups of melanoma 

defined by TCGA, including the MITF-low and Keratin groups, and that melanoma cells express 

functional GABAARs, as assessed by whole cell patch-clamp electrophysiology experiments. 

Furthermore, it was found by Dasgupta et al. that enhanced GABAAR mediated membrane 

permeability to anions with GABAAR subtype selective benzodiazepines results in depolarized 

mitochondria in melanoma cells and impaired melanoma cell viability in vitro. In a syngeneic 

melanoma mouse model, the anticancer benzodiazepine alone promotes reduction in tumor growth 

and when combined with radiation and/or the programmed death ligand immune checkpoint 

inhibitor (α-PD-L1), greatly potentiated effectiveness. The target benzodiazepine with radiation 

promotes both ipsilateral and an abscopal antitumor activity associated with increased tumor 

infiltration with antigen-specific polyfunctional CD8 T-cells. The study identified a potential novel 

anti-tumor strategy combining radiation and/or immune checkpoint inhibitors with modulation of 

GABAARs in melanoma using a subtype preferring anticancer benzodiazepine. 

2. 2. 1 RESULTS 

2. 2. 1. 1 GABAAR subunit expression in metastatic melanoma patient tumors. 

Type A -aminobutyric acid (GABA) neurotransmitter receptors (GABAARs) form pentameric 

chloride anion channels, composed mostly of two α, two β, and γ subunits encoded by 

GABR genes GABRA (1 to 6), GABRB (1 to 3), and GABRG (1 to 3), respectively210,211 (Figure 

54). We conducted a comprehensive analysis of GABR expression in stage III/IV melanoma 

patients in the TCGA dataset of cutaneous melanoma209 (Figure 55). This analysis reveals that in 

the 
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Figure 56. Type A GABA neurotransmitter receptors (GABAARs) are composed primarily of two α, two β, 

and γ subunits encoded by GABR genes GABRA (1 to 6), GABRB (1 to 3), and GABRG (1 to 3), respectively. 

GABAAR consists of five subunit transmembrane segments which create the chloride anion (Cl-) conduction 

pore. Inter-subunit binding sites for GABA (yellow hexagon) and benzodiazepine (red hexagon) are shown, 

recognizing the αβαβɣ subunit stoichiometry. Benzodiazepine and GABA bind at α/ɣ and α/β interfaces, 

respectively. Benzodiazepines have a common core structure. Shown are sites frequently modified (R1, R2, R2′, 

R7), which may impart a GABAAR subtype-preference. GABAAR subtype preferring benzodiazepines (BZD) 

KRM-II-08 and QH-II-066 differ from diazepam by having an R7 acetylene group. 

 

‘MITF-low’ subgroup patients, there is notable expression of GABRA3, GABRB1, and GABRG2. 

In contrast, ‘Keratin’ subgroup patients exhibit a greater enhanced expression of GABRA5, 

GABRB3, and GABRG3. ‘Immune’ subgroup patients similarly exhibit GABR expression, but not 

of a clear subset of GABR genes. A pairwise correlation analysis of the GABR expression patient 

data in the three TCGA proposed melanoma subgroups suggests there is a correlated expression 

in MITF-low and Keratin subgroups that may yield GABAARs composed of 312 and 533, 

respectively (Figure 56). 

GABR expression measured by bulk-RNA sequencing in the TCGA study209 may be 

reflective of transcripts from non-tumor as well as tumor cells. To confirm expression of GABR 

genes in melanoma cells, Sengupta et al. performed RT-PCR analysis for GABR expression in four 

patient derived melanoma cell lines (A375, RPMI-7951, SKMEL-24, SKMEL-28). All cell lines 

tested 
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Figure 57. Normalized gene expression data for GABR genes from stage III/IV melanoma specimens. Samples 

were classified into three melanoma molecular subgroups. Heatmap for analysis of expression across subgroups 

was generated using Morpheus (https://software.broadinstitute.org/morpheus). 

 

Figure 58. GABAA receptor subunit (GABR) correlation in gene expression in 

stages 3 and 4 cutaneous melanoma patients. Correlograms of GABR gene expression by 

molecular subgroup: MITF-low, Keratin, and Immune. Positive correlation values are indicated in red and 

negative values in blue. Correlation values not marked by an "X" are not statistically significant, using a 

correlation test at p-value < 0.01. Correlation analyses among the GABR genes were performed using 

Spearman’s correlation. Correlograms were used to summarize the correlations using the ‘corrplot’ R package. 



 

82 
 

 

Figure 59. RT-PCR of human metastatic melanoma lines for GABR genes 

(Key: GABRA1-6, A1-A6; GABRB1-3, B1-B3; GABRG1-3, G1-G3; GABRD, D; GABRE, E; 

GABRQ, Q; GABRP, P; GABRR2, R2; GABRR3, R3). Bar graphs show means ± standard error of the mean. 

express to a varying degree GABRA3, while SKMEL-24 and SKMEL-28 have uniquely high 

GABRA2 and GABRA5 expression, respectively (Figure 57 and 58). There is significantly less 

expression of GABRB1-3 and GABRG1-3 in these human melanoma cell lines, compared to 

GABRA1-6 levels. Western blotting of human melanoma cell line A375 and murine line B16F10- 

GP for subunits α2, α3 and α5 protein abundance is concordant with RT-PCR results (Figure 

59). 
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Figure 60. RT-PCR of murine cell line B16F10-GP for select GABR genes (Key: GABRA1-5, A1-A5; GABRB2-

3, B2-B3; GABRG1-2, G1-G2). Total RNA was extracted from cells (RNeasy Mini Kit, Qiagen), converted into 

cDNA by PCR (Cloned AMV First-strand Synthesis Kit, Invitrogen), and analyzed using SYBR dye (SYBR 

Green PCR Master Mix, Applied Biosystems). Primers used were as detailed in Kallay et al. (30). Bar graphs 

show means ± standard error of the mean. 
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Figure 61. Western blots of cell lines B16F10-GP and A375. Whole-cell extracts were 

prepared as described30. Cells were washed 2x with ice cold PBS and scraped into RIPA buffer 

(Boston BioProducts), 10 mM NaF, 1 mM sodium orthovanadate with complete protease inhibitor 

cocktail (ROCHE). Lysate was then incubated on ice for 30 min, centrifuged, and supernatant 

protein concentrations determined using the BCA kit (Pierce). Cell lysates (10-30 μg) were 

prepared in Laemmli sample buffer (Bio-Rad), reducing agent (Bolt), heated 5 min at 100°C and 

cooled on ice. Proteins were subjected to SDS-PAGE on a 10% precast gradient gel (BioRad) 

and transferred to PVDF membrane (Amersham). After transfer, membranes were blocked in 5% 

Nonfat Dry Milk in 1x PBST (Cell Signaling) for 1 h and incubated for 16 h at 4°C with primary 

antibody: p53 (1:1000, Cell Signaling Technology), GABRA2 (1:1000, Aviva), GABRA3 (1:1000, 

Sigma-Aldrich), GABRA5 (1:1000, Aviva), and β-actin (1:1000, Cell Signaling Technology) in 5% 

milk in PBST. Immunodetection was performed with anti-rabbit horseradish-peroxidaseconjugated secondary 

antibody (1:10000, Cell Signaling Technology) or anti-mouse horseradish– 

conjugated secondary antibody (1:10000, GE Healthcare limited), and visualized with 

Chemoluminiscent HRP Antibody Detection Reagent (Thermo Scientific, SuperSignal West 

Femto Maximum Sensitivity Substrate). 
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Figure 62. Representative whole-cell patch clamp electrophysiology recordings of transmembrane anion flow 

in A375 cell lines in response to GABA at 1, 3, 10, and 30 μM GABA. Horizontal calibration bars represent 2 

seconds, and the vertical bars represent 500 pA; sweeps are ensemble recordings from 8 electrodes. 

 

2. 2. 1. 2 Melanoma cells possess functional GABAARs. 

GABAAR is a chloride anion channel that changes the transmembrane potential of cells, either 

depolarizing or hyperpolarizing depending upon the activity of other membrane transport 

proteins as described earlier.21,22 To validate that expression of GABAAR subunits in melanoma 

cell lines leads to assembly of a functional receptor, we utilized whole cell patch-clamping of 

human (A375) and murine (B16F10-GP) melanoma lines was emplyed to detect 

electrophysiological currents. Both cell lines exhibited a response to the neurotransmitter GABA, 

the GABAAR endogenous ligand (Figure 60; Table 1). Compared to A375, B16F10-GP cells 

exhibited a larger maximal response to and a greater affinity for GABA. 

                                            

Figure 63. Representative whole-cell patch clamp electrophysiology recordings of transmembrane anion flow 

in B16F10-GP cell lines in response to GABA at 1, 3, 10, and 30 μM GABA. Horizontal calibration bars 

represent 2 seconds, and the vertical bars represent 500 pA; sweeps are ensemble recordings from 8 electrodes. 
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Table 2-1 Summary of electrophysiology derived values for GABA ± anticancer benzodiazepines on human 

metastatic melanoma cell line A375 and murine line B16F10-GP. 

 

Where: EC50, concentration of compound producing half or 50% of the maximum response; 

nH, Hill coefficient; Imax, maximal current observed; Pmax, maximal percent potentiation; 

N, number of independent measurements. Values are means ± standard error of the mean 

for the indicated number (N) of cells. 

                               

Figure 64. Potentiation of GABA responses in A375 cells in response to benzodiazepines (QH-II-066 and KRM-

II-08). The GABA concentration was 1 μM. The benzodiazepine concentrations were 0, 0.3, 1, 3 and 10 μM. 

 

Benzodiazepines bind at the α-ɣ interface of a GABAAR (Figure 54). A fully functional 

benzodiazepine binding site requires assembly of a GABAAR with a canonical αβαβɣ subunit 

stoichiometry as mentioned previously.23,24       
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Figure 65. Potentiation of GABA responses in B16F10 cells in response to benzodiazepines (QH-II-066 and 

KRM-II-08). The GABA concentration was 1 μM. The benzodiazepine concentrations were 0, 0.3, 1, 3 and 10 

μM. 

Benzodiazepine binding increases the probability of the channel opening in the presence of GABA, 

thus increasing the flow of anions crossing the membrane or holds the channel open longer. Since 

benzodiazepines interact with the GABAAR at a site different than GABA, one tested the effect 

of benzodiazepines on the current of A375 and B16F10-GP cells. We tested two benzodiazepines 

(QH-II-066 and KRM-II-08) that were originally designed as anxiolytics were tested, to observe 

if an enhanced current was elicited, as expected if a GABAAR has an αβαβɣ subunit stoichiometry. 

QH-II-066 and KRM-II-08 possess the privileged structure of diazepam, but with less sedative and 

ataxic effects than diazepam and Librium.214-216 which was achieved by a subtle alteration of their 

chemical structure (Figure 54) that increased preference for specific GABAAR subtypes, as 

opposed to diazepam.  

It was found that QH-II-066 and KRM-II-08 enhanced the effect of GABA in a dose dependent 

manner in A375 and B16F10-GP cells (Figure 62 and 63; Table 1). The electrophysiology results 

also indicate that both QH-II-066 and KRM-II-08 act as GABAAR positive allosteric modulators, 

increasing membrane anion permeability. Further, the micromolar GABA EC50 values obtained 

by electrophysiology indicate that the receptors in the melanoma cells studied are more likely to 
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be ‘synaptic’ isoforms (α1, 2 or 3 containing) and not GABA supersensitive ‘extra synaptic’ 

isoforms (or α4 or 5 containing), consistent overall with RT-PCR and Western blots of cell lines 

A375 and B16F10-GP. 

2. 2. 1. 3 Benzodiazepine QH II 66 (8) depolarizes melanoma cell membrane potential 

and impairs viability. 

In our studies of the effect of the benzodiazepine QH II 66 (8) on medulloblastoma cells it was 

shown that changes that followed the benzodiazepine-mediated increase in membrane anion 

permeability included, depolarization of the mitochondrial transmembrane potential.217,219 

ultimately resulting in apoptosis via the intrinsic mitochondria-mediated pathway. Thus, one tested 

if QH II 66 elicited a similar response in A375 and B16F10-GP cells. To test if the melanoma cell 

membrane potential was changed the cationic stain tetramethylrhodamine ethyl ether (TMRE) and 

fluorescence microscopy imaging of live cells was employed. TMRE is taken-up by functioning 

mitochondria and exhibits reduced staining if the mitochondrial transmembrane is depolarized. 

We find at 10 minutes after exposure to QH-II-066 (8) that mitochondrial membranes of A375 and 

B16F10-GP cells are depolarized (Figure 64). This is consistent with a flow of chloride anions 

out of the melanoma cell, which was established to be the case in medulloblastoma cells.219 

Previously, in the studies of medulloblastoma cancer cells which have intrinsic GABAAR activity, 

it was found that sustained incubation of medulloblastoma cells with the benzodiazepines QH-II-

066 or KRM-II-08 can impair their viability in culture.217-219 
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Figure 66. Mechanism of benzodiazepine impairment of metastatic melanoma cell line A375 and murine line 

B16F10. Study of mitochondria transmembrane potential in A375 (upper panel) and B16F10-GP (lower panel) 

cells. Mitochondrial membrane potential was measured using the TMRE Mitochondrial Membrane Potential 

Assay Kit (Abcam). A375 or B16F10-GP cells were treated with drug (2 µM QH-II-066) or control solutions 

(10 min, 37°C), 50 nM TMRE added (20 min, 37°C), and TMRE fluorescence visualized (Leica SP8) and 

quantified (LAS X platform, Leica). DMSO concentration is equivalent to DMSO concentration in QH-II-066, 

0.125%. Standard error of the mean (where: A375: n=28 (media), 32 (dimethyl sulfoxide, DMSO), 30 (QH-II-

066), 28 (FCCP); B16F10: n=24 (media), n=13 (DMSO), n=26 (QH-II-066), n=27 (FCCP). 

                                       

Figure 67. In vitro MTS assay of A375 cells in response to QH-II-066 have IC50 = 2.7 ± 0.2 μM and IC50 = 8.2 

± 0.9 μM, respectively. 

In medulloblastoma cells these anticancer benzodiazepines were more than 10-fold effective in 

impairing cell viability than diazepam217.  
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Figure 68. In vitro MTS assay of B16F10-GP cells in response to QH-II-066 have IC50 = 2.7 ± 0.2 μM and IC50 

= 8.2 ± 0.9 μM, respectively. 

 

We therefore examined if these benzodiazepines as well as diazepam impacted the viability of 

melanoma cells. To determine their effect on melanoma cell survival, we treated A375 and 

B16F10-GP cell lines in culture with QH-II-066 (8), KRM-II-08 (19), or diazepam over 48 hours. 

We observed a dose-dependent reduction in cell viability in both cell lines with QH-II-066 (8) or 

KRM-II- 08 (19) (Figure 65 and 66). In contrast, diazepam had no effect on the viability of either 

A375 or B16F10-GP cells (Figure 67A).  
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Figure 69. Effect of GABAA receptor positive allosteric modulators on viability 

of human metastatic melanoma line A375 and murine line B16F10. (A) MTS assay of cell 

lines A375 (top) and B16F10-GP (bottom) treated with allopregnanolone for 48 h. (B) MTS assay of cell lines 

A375 (top) and B16F10-GP (bottom) treated with diazepam for 48 h. Methods used were as detailed in Methods 

section of text; dose-response curve error bars are ± standard error of the mean. 

 

Similar IC50 values were obtained for additional human metastatic melanoma lines treated with 

QH-II-066 (8) and KRM-II-08 (19) (Table 2). Cell lines which appeared to show no response to 

the  
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Table 2-2 Effect of benzodiazepines on viability of human and mouse melanoma cell lines. 

 

benzodiazepines were those where TP53 was mutated, which is consistent with a role of p53 

signaling in the response of cells to the benzodiazepines, as noted in previous medulloblastoma 

studies.217,219 

To determine whether the effect on cell survival was benzodiazepine-specific, we tested 

the effect of allopregnanolone on cell viability. Allopregnanolone is also a positive allosteric 

modulator of GABAAR like benzodiazepines, but a non-benzodiazepine neurosteroid that does 

not bind at the canonical high affinity benzodiazepine binding site located at the α-γ interface. 

Allopregnanolone does not impair the viability of A375 or B16F10-GP lines (Figure 67B), 

suggesting that the effect on melanoma cell survival is anticancer benzodiazepine-specific or at 
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least specific 

to the more selective benzodiazepine-derivatives tested (QH-II-066 and KRM-II-088). 

2. 2. 1. 4 The lead ligands alone promote reduction in tumor growth. 

The IC50 values in melanoma cells with benzodiazepines QH-II-066 and KRM-II-08 are an order 

of magnitude higher than in medulloblastoma cells, ~6 M vs. ~0.6 M, respectively.  

 

Figure 70. The dose-dependent reduction in B16F10-GP tumor growth. Mice were implanted in left and right 

flanks with B16F10-GP tumor cells. Mice received QH-II-066 i.p. at three different doses (10, 25, and 50 mg/kg) 

from Day 10 daily for 7 days. Tumor measurements were taken with at least 4-5 mice per group (*p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001). Each line in the top panel represents a tumor. Methods used were as 

detailed in Methods section of the text. 

Since it was observed that melanoma cell viability in vitro was impaired by QH-II-066 and KRM-

II-08 (albeit with a modest IC50), one investigated if the benzodiazepines had anti-tumor activity 
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in the B16F10-GP syngeneic melanoma murine model. The QH-II-066 was used for in vivo testing 

given that this compound has previously been tested in primates as an anxiolytic without any 

adverse effects or toxicity,31 while KRM-II-08 has not been similarly tested. In addition, QH-II-

066 is more soluble which makes it more experimentally tractable for detailed study. Employing 

QH-II-066, one observed a dose-dependent reduction in B16F10-GP tumor growth at three dosage 

points (10, 25, and 50 mg/kg) (Figure 68). There was a negligible difference between doses of 25 

and 50 mg/kg, indicating that a lower dose of the benzodiazepine is sufficient for anti-tumor 

activity in an otherwise aggressive melanoma model. 

2. 2. 1. 5 Anti-cancer Benzodiazepine anti-tumor activity was potentiated in 

combination with either radiotherapy or α-PD-L1 checkpoint therapy. 

Radiotherapy remains a standard-of-care for most cancers. In the earlier study on 

medulloblastoma, it was found that QH-II-66 (8) was capable of sensitizing cells in culture to 

radiation. This phenomenon was not tested in an animal model. It was reasoned that a 

benzodiazepine might be beneficial in an in vivo model in conjunction with radiation and that this 

should be explored in an immunocompetent model more reflective of the tumor 

microenvironment, given that varied immune cells may also possess GABAARs and contribute to 

increased effectiveness of the drug. We elected to use the B16F10-GP syngeneic melanoma 

murine model to assess whether QH-II-066 (8) potentiates radiation to control both ipsilateral and 

contralateral tumor volume. Further, we chose to use a dose of 10 mg/kg of QH-II-066 (8), which 

by itself had little direct anti-tumor activity relative to the higher doses tested. Using this dose the 

objective was to assess for real synergy, rather than treatment additivity with radiation. 

We implanted B16F10-GP melanoma cells in both the right and left flanks of C57BL/6 

mice (Figure 69). A single dose of radiation (either 10 or 5 Gy) was delivered to the right flank 
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Figure 71. Top, Schematic showing showing the tumor, benzodiazepine, and radiation strategy. Mice were 

implanted in left (L) and right (R) flanks with B16F10-GP tumor cells. Mice received either: (i) vehicle alone. 

control; (ii) radiation alone (5 Gy, right flank only); (iii) QH-II-066 beginning Day 10; (iv) radiation (5 Gy, right 

flank only) on Day 10 (in the morning), followed by QH-II-066 (in the evening. Bottom, Effect of combination 

of QH-II-066 and 5 Gy radiation on tumor growth kinetics. Tumor measurements were taken with at least 4-5 

mice per group and results are a combination of two experiments. In groups receiving QH-II- 066, 10 mg/kg 

was injected i.p. daily for 7 days. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 

 

only on Day 10 after tumor implantation, when tumors are palpable. Tumor growth was then 

measured for the following experimental groups: (i) vehicle alone control; (ii) QH-II-066 alone at 

10 mg/kg, injected i.p. every day for seven days beginning on Day 10; (iii) a single dose of 

radiation (10 or 5 Gy), delivered on Day 10; (iv) 10 or 5 Gy (in the morning) on Day 10, followed 

by QH-II-066 (10 mg/kg, in the evening), then injected i.p. every day for seven days. We find that 

combination of radiation and QH-II-066 resulted in significantly reduced ipsilateral and 
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Figure 72. Percent CD8 of total lymphocytes and number of CD8 T cells per gram of tumor. TILs were isolated 

at day 7-8 after radiation as described in materials and methods and stained with indicated antibodies. Error 

bars are representation of SEM. 

contralateral tumor volume, when compared to either monotherapy (benzodiazepine or radiation 

alone) or the control (Figure 69; Figure 70). These effects were consistent at both tested 

radiation doses (10 or 5 Gy). Together, these results indicated a synergistic anti-tumor response 

of QH-II-66 (8) plus radiation and a potent out of field abscopal effect of this combination in an 

otherwise highly treatment resistant tumor model. The transcriptomes of the tumors treated with 

QH-II-066 (8) was sequenced and with radiation, and then QH-II-066 (8), plus radiation, as well 

as the control. In comparison to the control, one identified: 42 differentially expressed (FDR < 0.1) 

genes in QH-II-066 (8) treated tumors; 1564 differentially expressed genes in the radiation treated 

tumors; and 587 differentially expressed genes in QH-II-066 (8) plus radiation treated tumors 

(Table 2). An enrichment analyses of gene expression for all Kyoto Encyclopedia of Genes and 

Genome (KEGG) pathways and transcription factor targets (Table S3) revealed statistically 

significant up-regulation in all three treatment groups in comparison to control of genes with roles 

in the cytokine: cytokine receptor interaction pathway, whereas target genes of the p63, a member 

of the p53 family of transcription factors, were upregulated in the radiation and QH-II-066 (8) plus 

radiation  
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Figure 73. QH-II-66 and 10 Gy radiation in B16F10-GP melanoma mouse model. (A) Top, Schematic showing 

the tumor, benzodiazepine, and radiation strategy. Mice were implanted in left (L) and right (R) flanks with 

B16F10-GP tumor cells (0.5 million cells in 25% matrigel). At Day 10, mice received either: (i) vehicle alone 
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control; (ii) radiation alone (10 Gy, right flank only); (iii) QH-II-066 beginning Day 10; (iv) radiation (10 Gy, 

right flank only) on Day 10 (in the morning), followed by QH-II-066 (in the evening). Bottom, Effect of 

combination of QH-II-066 and 10 Gy radiation on tumor growth kinetics. Each line represents a mouse. (B) 

Mean tumor growth of mice in (A). Tumor measurements were taken with at least 4-5 mice per group and 

results are the combination of two experiments. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). In groups 

receiving QH-II-066, 10 mg/kg was injected i.p. daily for 7 days. (C) Photographs of mice from four treatment 

groups at the conclusion of the experiment. Note left and right flanks. 

treated tumors. Increased expression of TP63 has been associated with the genotoxic treatment of 

melanoma cell lines, and in our results  

 

Figure 74. GSEA plots of differentially expressed genes. Gene Set Enrichment Analysis (GSEA) plots of 

differentially expressed genes for Cytokine:Cytokine receptor interaction pathway (left), 

GSE32533_WT_VS_MIR17 (middle), and TP63 (right) for the three treatment groups: 5 Gy vs Control (top 

row), 5 Gy+QH-II-066 vs Control (middle row), QH-II-066 vs Control (bottom row). 
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Figure 75. Differential gene expression in mouse tumors treated with benzodiazepine and/or radiation. 

Expression levels of differentially expressed genes in enriched immunity-related KEGG pathway (cyt:cyt 

Receptor is abbreviation for cytokine:cytokine receptor), p63 target genes, and enhanced expression of genes 

associated with overexpression of the microRNA mir-17, identified by enrichment analysis of the 

ImmuneSigDB compendium of transcriptional immune signatures.50,54-55 Genes in the enriched gene sets were 

considered to be differentially expressed if edgeR FDR < 0.05 in any one of the 3 comparisons. Left, heatmap 

indicates the membership of each gene (rows) in the enriched gene sets (columns). Middle, heatmap displays 

the expression levels of the genes in individual samples (columns) in terms of log2 counts per million (LCPM)56. 
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Each LCPM has been normalized by subtracting the gene-specific average LCPM of the untreated samples. 

Right, heatmap displays the statistical significance and the direction of the change in each of the comparisons 

made (5 Gy vs Control; 5 Gy+QH-II-066 vs Control; QH-II-066 vs Control) (columns), each vs control. The 

statistical significance is expressed in log10(p-value) when expression ratio was less than 1 (down-regulation) 

and -log10(p-value) when expression ratio was greater than 1 (up-regulation) resulting in negative numbers for 

downregulation and positive for upregulation. 

 

the enrichment of p63 targets was corroborated by the increased expression of TP63 in the 

radiation and QH-II-066 (8) plus radiation treated tumors (> 100-fold increase, FDR < 0.0002 in 

both comparisons), but not in the QH-II-066 (8) alone treated tumors (FDR > 0.7). We also 

conducted an enrichment analysis of the ImmuneSigDB compendium of transcriptional immune 

signatures. This analysis identified the enhanced expression of genes associated with 

overexpression of the microRNA mir-17, whose expression has also been shown to be enhanced 

by p6336. Having observed that QH-II-066 (8) could sensitize a melanoma tumor to radiation and 

that expression of genes with roles in the cytokine: cytokine receptor interaction pathway was 

enhanced, one set out 
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Figure 76. QH-II-66 (an anxiolytic and slightly sedative benzodiazepam) potentiates immune checkpoint 

inhibitor. Top, Schematic showing the therapeutic strategy. Mice were implanted in the left (L) and right (R) 

flanks with B16F10-GP tumor cells (Day 0). Day 10, mice received either: (i) vehicle alone control; (ii) QH-II-

066; (iii) α- PD-L1; (iv) QH-II-066 and α-PD-L1. Bottom, Effect of combination of QH-II-066 and α-PD-L1 on 

tumor growth kinetics. In the groups receiving QH-II-066, 10 mg/kg was injected i.p. daily for 7 days. In group 

receiving α-PD-L1, 200 g was injected i.p. every 3 days through end of the experiment. Tumor measurements 

were taken with at least five mice per group (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 

 

to examine if potentiation could be extended to an immune checkpoint inhibitor. Immune 

checkpoint inhibitors have shown some degree of success in treatment of metastatic melanoma, 

but most patients with advanced disease exhibit poor and variable response to immunotherapy.15-

19 We elected to examine if QH-II-066 (8) could potentiate the programmed death ligand 1 immune 

checkpoint inhibitor (α-PD-L1). One implanted B16F10- GP melanoma cells in both the right and 

left flanks of C57BL/6 mice. Then one injected i.p. on Day 10 in both the right and left flanks: (i) 

QH-II-066 (10 mg/kg), then every day for seven days; (ii) α-PDL1 (200 μg), then every third day 

thereafter; (iii) QH-II-066 (8) (10 mg/kg) and α-PD-L1 (200 μg) at time and frequency detailed 

for monotherapy treatment groups (Figure 73). It was found that monotherapy treatment with QH-

II-066 (8) or α-PD-L1 resulted in comparable reductions in tumor volume. The most significant 

reduction in tumor volume is observed with the dual therapy consisting of QH-II-066 (8) and α-

PD-L1 (Figure 73). Similar to what was observed for radiation, QH-II-066 (8) and α-PD-L1 

exhibited a synergistic anti-tumor response. 
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Figure 77. Top, Representative flow showing percent IFN-γ and TNF-α in total CD8+ T cells after TILs were 

stimulated with peptide, as described in materials and methods. IFN-γ and TNF-α were stained with 

appropriate antibodies by intracellular staining. Middle, Graph showing percent IFN-γ+CD8+ of total CD8+ 

T cells and number of IFN-γ+CD8 T+ cells per gram of tumor. Bottom, Graph showing percent TNF-α +CD8+ 

of total CD8+ T cells and number of TNF-α +CD8 T+ cells per gram of tumor. 

2. 2. 1. 6 Combined QH-II-66 (8), α-PD-L1, and radiotherapy results in significant 

tumor regression. We reasoned that having observed potentiation of radiation and α-PD-L1 

by QH-II-066 
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Figure 78. Effectiveness of polytherapy with QH-II-66 on tumor volume. (A) Top, Schematic showing the 

therapeutic strategy. Mice were implanted in the left (L) and right (R) flanks with B16F10-GP tumor cells (Day 

0). Day 10, mice received either: (i) vehicle alone; (ii) QH-II- 066; (iii) radiation (5 Gy, right flank only) on Day 

10 (in the morning), followed by QH-II-066 (in the evening); (iv) QH-II-066 and α-PD-L1, beginning on day 10; 

radiation (5 Gy, right flank only) on Day 10 (in the morning), followed by α-PD-L1 (in the evening). In groups 

receiving QH-II-066, 10 mg/kg was injected i.p. daily for 7 days. In group receiving α-PD-L1, 200 g was 

injected i.p. every 3 days through the end of experiment or maximum of 5 injections. Bottom, Effect of 

combination of dual and triple therapy on tumor growth kinetics. Tumor measurements were taken with at 

least 4-5 mice per group (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). For kinetics of tumor volume, tumors 

were measured at Indicated time points and experiment were done twice. The data is a combination of both 

experiments. Vehicle alone control, n=9; QH-II-066, n=10; QH-II-066/5 Gy n=10; QH-II-066/α-PD-L1, n=10; 

5 Gy/α-PD-L1, n=10; Combo, n=10. 

individually, there might be a more significant tumor response if one administered a ‘combo’ 

consisting of radiation (5 Gy), α-PD-L1, plus QH-II-066. As before, we implanted B16F10-GP 

melanoma cells in both the right and left flanks of C57BL/6 mice (Figure 75). One tested the 

following experimental groups: (i) vehicle alone control; (ii) QH-II-066 alone (10 mg/kg); (iii) a 

 

Figure 79. Percent CD8 of total lymphocytes and number of CD8 T cells per gram of tumor in right and left 

tumors. TILs were isolated at day 7-8 after radiation as described in materials and methods and stained with 

indicated antibodies. Error bars are a representation of SEM. 
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single morning dose of radiation (5 Gy) delivered to the right flank, followed by an evening dose 

of QH-II-066 (10 mg/kg); (iv) α-PD-L1 plus QH-II-066; (v) a single morning dose of radiation (5 

Gy) delivered to the right flank, followed by an evening dose of α-PD-L1; (vi) a triple or combo 

therapy, consisting of a single morning dose of radiation (5 Gy) delivered to the right flank, 

followed by evening doses of α-PD-L1 plus QH-II-066. After initial i.p. injection of QH-II-066 on 

Day 10, QH-II-066 was injected i.p. every day for seven days, while α-PD-L1 was injected i.p. 

every third day thereafter. 

The dual treatments of QH-II-66 plus radiation or QH-II-66 plus α-PD-L1 

were better than radiation or α-PD-L1 alone (Figure 75), as reported above. Further, right flank 

tumors which received radiation exhibited greater reduction in tumor growth in treatments 

including radiation than the left flank tumors, as expected based on above. There is again a 

pronounced abscopal effect for left non-irradiated flank tumors, as noted above. But clearly, the 

most significant ipsilateral and abscopal effect is seen in the combo treatment group, complete 

tumor regression in some animals (Figure 75). QH-II-066 plus radiation, plus α-PD-L1 

treatment have a synergistic anti-tumor response, as well as a potent abscopal effect in 

combination. 
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Figure 80. Top and Middle, Representative flow showing percent IFN-γ and TNF-α in total CD8+ T cells after 

TILs were stimulated with peptide as described in materials and methods. IFN-γ and TNF-α were stained with 

appropriate antibodies by intracellular staining. Bottom, Graph summarizing the percent IFN-γ+CD8+ of total 

CD8+ T cells and number of IFN-γ+CD8 T+ cells per gram of tumor. 

2. 2. 1. 7 Immunophenotyping treated tumors. 

To determine whether the apparent synergistic effect of benzodiazepine QH-II-066 plus radiation 

(10 or 5 Gy) and/or α-PD-L1 was mediated by an enhanced immune response, one performed 

immunophenotyping of bilateral tumors (Figure 70 and 74; Figure 76 and 77); Figures 78, 79 

and 80). Compared to the control, QH-II-066 and radiation (5 or 10 Gy) monotherapies resulted 

in significantly increased numbers of tumor-infiltrating lymphocytes (TILs) in both ipsilateral and 

contralateral tumors. The dual therapy of QH-II-066 and radiation (5 or 10 Gy) results in a 

particularly pronounced increase in numbers of TILs in contralateral tumors, as compared to 
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Figure 81. Tumor Weights and total number of lymphocytes per tumor with different treatments. Tumor 

weight and total lymphocyte numbers per gram of tumor on the right and the left sides for monotherapy, dual, 

and combo therapies, as indicated. Mice were sacrificed and tumors excised at the end of the experiment, 8 

days after radiation treatment. Cells were isolated as described in Materials and Methods. The cells were 

counted using count bright absolute counting beads and analyzed on BD FACSCanto II. 

either radiation or QH-II-066 monotherapies. This effect appears most pronounced at the lower 

radiation dose (5 Gy) administered. Compared to the control, monotherapy, and dual therapy, the 

combo therapy resulted in significantly increased numbers of TILs in both ipsilateral and 

contralateral tumors. 

The total number of CD8+ T cells increased with radiation (10 or 5 Gy) in the ipsilateral 

tumor, as compared to the contralateral tumor. When QH-II-066 was 
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Figure 82. Immune response to benzodiazepine and 10 Gy radiation. (A) Graphs showing number of CD8+ T 

cells per gram of tumor and percent CD8 T cells of total lymphocytes. (*p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001). 

combined with radiation, there was a comparable increase in the total number of CD8+ T cells in 

both ipsilateral and contralateral tumors. While the number of CD8+ T cells increase in number in 

this treatment group, the overall portion of lymphocytes that are CD8+ T cells does not show a 

significant increase, indicating that QH-II-066 may elicit an infiltration of other immune cells into 

the tumor. While the total number of CD8+ T cells increased with radiation (10 or 5 Gy) alone and 

the dual combination of QH-II-066 plus radiation or α-PD-L1 in the ipsilateral tumor, GP33-

antigen specific CD8+ cells significantly increased in both ipsilateral and contralateral tumors only 

in the dual or combo therapy groups, indicating a potent tumor-specific immune response (Figure 

81). This is extremely important in terms of potential treatment of patients.  

Examination of the polyfunctionality of the CD8+ T cells reveals that the frequency of 

interferon-γ (IFN-ɣ) and IFN-ɣ/tumor necrosis factor-α (IFN-ɣ/TNF-α) producing CD8+ T cells 

were most significantly increased in both ipsilateral and contralateral tumors treated with dual and 

combo therapies (Figure 70C; Figure 80), indicating an increase in antigen-specific, 

polyfunctional effector T cells. QH-II-066 has a significant effect on the numbers and frequency 

of IFN-ɣ and IFN-ɣ/TNF-α producing CD8+ T cells on contralateral tumors treated with radiation 

(5 or 10 Gy). Together, these results indicate that QH-II-066 has direct anti-tumor activity, while 
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Figure 83. Immune response to QH-II-66 and 10 Gy radiation. Representative flow plots showing percent TNF-

α+ and IFN-γ+ CD8+ T cells. The cells were stimulated with GP33-41 peptide as described in the Methods 

section of the text. The graphs summarize the results of the flow plots and show number per gram of tumor. 

The graphs are a mean from 8-10 mice from two experiments. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 

Methods used were as detailed in the Methods section of text. 

a dual or triple combination with QH-II-066 has synergy with ipsilateral and abscopal anti-

tumor activity mediated by an increase in antigen-specific effector CD8+ T cells.  
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Figure 84. Increase in antigen specific CD8 T cells by QH-II-66 and 10 Gy radiation. (A & B) Representative 

flow plots showing percent GP33+PD1+ CD8+ T cells among CD8+ T cells. The graphs summarize the results 

of the flow plots and show the number of GP33+CD8+ T cells per gram of tumor. The graphs are mean from 

8-10 mice from two experiments. (*p<0.05; **p<0.01; ***p<0.001). Methods used were as detailed in the 

Methods section of text. 



 

110 
 

2. 2. 2 Discussion 

Here, it is shown that melanoma cell lines, both human and murine, express functional GABAARs 

that are activated by the ligand/agonist GABA, and this is enhanced by specific anticancer 

benzodiazepines, positive allosteric modulators of the ion channel. These observations are 

consistent with the GABAAR in melanoma cells forming a hetero-pentameric structure with a 

canonical αβαβɣ subunit stoichiometry. It is shown that the benzodiazepine QH-II-066 (8) is 

capable of directly impairing the viability of melanoma cells in vitro, while reducing tumor volume 

in a syngeneic melanoma model, even at a benzodiazepine dose comparable to that administered 

for adult human patients for a wide range of clinical conditions, including anxiety. We also find 

that QH-II-066 (8) potentiates radiation, even at a sub-optimal dose, and also the immune 

checkpoint inhibitor α-PD-L1, to enhance both ipsilateral and distant abscopal anti-tumor 

responses. The response is associated with enhanced tumor infiltration of CD8+ T cells that 

produce IFN-γ and TNF-α. There is also enhanced expression of genes with roles in 

cytokine:cytokine receptor activity, transcription factors in the p53 pathway (notably p63), and 

genes concordant with microRNA mir-17 overexpression. At this point in time, a more detailed 

understanding of the underlying molecular mechanism of beneficial anticancer benzodiazepine 

mediated potentiation of radiotherapy and immune checkpoint inhibition in melanoma tumor cells 

is necessary, but QH-II-66 (8) mediated enhancement in expression of cytokine:cytokine receptor 

activity may be pivotal. 

From the findings reported here and elsewhere, we hypothesize that a benzodiazepine 

may contribute to regression of melanoma tumors by direct and indirect mechanisms. In the 

‘direct’ contribution to tumor control, QH-II-66 (8) enhanced membrane anion permeability in 

melanoma tumor cells, which depolarizes their mitochondria, as we observed in cell culture 
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experiments, and thereby elicits an apoptotic response. Depolarization of mitochondria may result 

in an opening of the permeability transition pore, commensurate with dysregulation of Ca2+ 

homeostasis; defective respiration, commensurate with depletion of ATP; increase in reactive 

oxygen and nitrogen species; and cytochrome c release.222 In the studies of medulloblastoma cell 

response to QH-II-66, it was found that the intrinsic mitochondrial mediated apoptotic pathway is 

activated.219 As noted, perturbation in ion homeostasis may also underly the enhanced expression 

of genes involved in the p53 pathway signaling and cytokine:cytokine receptor activity and 

signaling which we find in the treated tumors. We find enhanced expression of p63 target genes in 

all treatment groups in comparison to the control. Increased p63 expression after genotoxic 

treatment of melanoma cells has been observed and shown to interfere with p53 mediated 

apoptosis by the mechanism that involves mitochondrial translocation32. The increase of p63 

expression was comparable in both radiation and combined QH-II-066 plus radiation treated 

samples, but it is plausible that depolarization of mitochondria by QH-II-066 interferes with the 

anti-apoptotic function of the p63 protein. Interestingly, breast cancer tumors exhibit enriched 

IFN-γ signaling that is associated with enhanced p63 expression223, highlighting an important 

connection between p63 and immune signaling. Further, p63 has been reported to suppress both 

tumorigenesis and metastatic spread in a murine model by mediating down-regulation of the 

microRNA processing enzyme Dicer as well as the ‘oncomiRNA’ miR-130b.35 The observation 

that there is enhanced expression of genes associated with overexpression of the microRNA mir-

17 is intriguing, as MIR17 expression has also been shown to be enhanced by p63. It may be that 

p63 enhanced expression in melanoma cells regresses the tumors in part by controlling Dicer 

and miRNA activity. 
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In the ‘indirect’ mechanism to tumor control, the benzodiazepine QH-II-066 may enhance 

CD8+ T cell infiltrate into the melanoma tumor milieu to contribute to potentiating the response 

to radiation and immune checkpoint inhibition. As noted, QH-II-066 has a small effect on cell 

viability in vitro, as assessed by its micromolar IC50, while in vivo, when administered in 

combination with radiation and/or an immune checkpoint inhibitor, or even on its own at a higher 

dose, regresses the melanoma tumors. This observation suggests that the benzodiazepine at a lower 

dose is acting as a ‘sensitizer’ and at a higher dose (25 mg/kg once daily) is acting through another 

mechanism, perhaps by positively modulating GABAAR receptors on CD8+ T cells37. Indeed, 

GABAARs have been reported to be expressed in CD8+ T cells (as well as in neutrophils, 

monocytes, CD3+ and CD4+ T cells) and GABAergic signaling has been observed to contribute 

to responses to intracellular pathogens227 and autoimmune diseases228. However, it remains unclear 

whether GABAAR may mediate directly in enhancing T cell infiltration into the tumor and/or 

whether the receptor can modulate co-inhibitory checkpoints. It can not be overlooked that QH-

II-66 (8), KRM-II-08 (19) and their analogs go through BBB in 20 to 30 minutes in contrast 

to other anticancer agents. Moreover, the anxiolytic and slight sedative activity (Cook et al, 

US Patent 2006) would be a positive effect to patients undergoing radiation therapy or any 

anticancer treatment.   

The results of this study suggest that use of QH-II-66 (8) or analogs to modulate GABAAR as 

a ‘sensitizer’ of melanoma tumors to radiation and/or an immune checkpoint inhibitor is a 

future avenue to explore clinically. Repurposing of a benzodiazepine in such therapeutic 

combinations have the potential to improve outcomes for patients in a rapidly translatable and 

cost-effective manner. QH-II-066 (8) exhibits anxiolytic activity and has been shown to be safely 

administered in non-human primates and has a penetrance through the blood-brain barrier 
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equivalent to diazepam.216,220,230,231 Hence, while additional preclinical evaluation is necessary, 

this study suggests that clinical investigation of QH-II-66 (8) or analog-based combination 

therapies are warranted. Examination of QH-II-066 (8) to amplify immune checkpoint inhibition 

is an important finding here. Finally, QH-II-066 (8) may be particularly effective in tackling the 

challenging melanoma metastatic lesions that form throughout the body, including to the brain in 

~50% of these patients, as well as and obviously serving to remedy the anxiety that such patients 

experience. 

2. 2. 3 Materials and Methods by Dr. Kallay, Kamdem, Dr. Krummel and Dr. Sengupta 

(University of Cincinnati).  

2. 2. 3. 1 Cell lines.  

Human melanoma cell line A375 and murine line B16F10 were purchased from 

American Type Culture Collection (ATCC, Manassas, VA). The B16F10 line was transduced 

according to manufacturer instructions (Clontech) with lentiviral vector expressing Lymphocytic 

choriomeningitis (LCMV) Glycoprotein (GP). The genome was engineered to express GP protein 

together with green fluorescent protein (GFP). This engineered line is referred to as B16F10-GP 

throughout the text. The cell lines were tested for pathogen contamination to ensure an absence of 

all major viruses and mycoplasmas, according to past instructions. 

2. 2. 3. 2 Electrophysiology.  

Electrophysiology recordings utilized methods like those described in the past publications.30,43 

Intracellular saline solution contained 145 mM CsCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM EGTA 

and 10 mM HEPES. Extracellular saline solution contained 140 mM NaCl, 5mM KCl, 2 mM 

CaCl2, 1 mM MgCl2, 10 mM HEPES and 10 mM D-glucose. Both salines were adjusted to pH 

7.4 (320-330 mOsm) and 0.2 µm filter sterilized. A375 and B16F10-GP cells were dissociated 
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with detachin (Genlantis, San Diego, CA), resuspended in extracellular saline (2.5x106 cells/mL) 

and agitated prior to loading on to 384-well fluxion ensemble plates. GABA17 concentration 

response relationships were constructed by measuring responses to 0.03, 0.1, 0.3, 1, 3, 10 and 30 

µM GABA. Benzodiazepine concentration-potentiation relationships were constructed by 

measuring responses to 1 µM GABA in the absence and presence of 0.03, 0.1, 0.3, 1, 3, and 10 

µM of QH-II-066 or KRM-II-08. Cells were patched using an Ionflux Mercury microfluidic 

automated patch clamp system (Fluxion Biosciences, Alameda, CA). Up to 1,280 cells were 

patched at -60 mV using an automated suction protocol, followed by superfusion with ligand and 

drug combinations. Current data was recorded at 10 kHz and stored for offline analysis with 

bespoke MatLab scripts. 

2. 2. 3. 3 Cell viability.  

The A375 and B16F10-GP cells were cultured in DMEM (Corning CellGro) containing 10% 

FBS (GIBCO), L-glutamine 1x (GIBCO), and penicillin-streptomycin solution 1x (GIBCO). Cells 

were used in early passage (fewer than 25 passages after resuscitation) and were negative for 

Mycoplasma. For cell viability dose-response assays, cells (1500 for B16F10-GP; 2000 for A375) 

were seeded (75 μL per well) in a 96-well flat bottom cell culture plate (Falcon) and incubated at 

37°C (5% CO2) for 16 hours in HEPES and phenol-red-free 1X Dulbecco modified eagle’s 

medium (DMEM, Gibco) with L-glutamine and sodium pyruvate, penicillin-streptomycin, and 

10% FBS. Benzodiazepines were synthesized as described214-216, kept lyophilized at room 

temperature, and suspended prior to use in dimethyl sulfoxide (DMSO; 0.125%) to prepare a 40 

mM stock solution. Drug was added to plated cells in 25 μL aliquots to prepare final concentrations 

in pentaplicates (0.3125, 0.625, 1.25, 2.5, 5.0, 10, 20, and 30.0 μM). After a 24- or 48-hour 

incubation of drug with cells or a DMSO vehicle control at 37°C (5% CO2), 20 μL CellTiter 96® 
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AQueous One Solution (Promega) was added per well, after which the plate was incubated 1 hour 

at 37°C, and absorbance (490 nm) was measured to quantify cell viability. To calculate % cell 

viability, media control (average reading of wells containing only media) was subtracted from 

DMSO control and drug-treated values. Drug-treated values were normalized by dividing by mean 

DMSO absorbance values and converting to percent. IC50 values were obtained using GraphPad 

Prism 7 (GraphPad Software Inc., La Jolla, CA). All graphs were produced in GraphPad Prism 7. 

2. 2. 3. 4 Mouse experiments at the University of Cincinnati.  

The B16F10-GP cell line was grown in Dulbecco's Modified Eagle's medium 

(DMEM) supplemented with 10% Fetal Bovine Serum, 100 U/mL penicillin and 100 µg/mL 

streptomycin, with 2 mM glutamine. Cells were cultured at 37oC with 5% CO2. 

The B16F10-GP melanoma cells (5 x 105) were implanted in matrigel (25%) on the right and left 

flank of 6–8-week-old female C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME). Mice were 

used in accordance with the Emory University Institutional Animal Care and Use Committee 

guidelines. After the tumors were palpable (10 days), mice were irradiated on the right side with a 

Superflab bolus (0.5 cm tissue equivalent material) placed over the tumor, and thereafter tumor 

measurements taken as indicated. Measurements of the left tumor are indicative of an abscopal 

response. Irradiation was done using an X-RAD 320 irradiation unit; a self-contained X-ray system 

for delivering a precise radiation dosage. The shielded cabinet includes an Adjustable Specimen 

Shelf, Sample Viewing Window and Beam Hardening Filter Holder. The light beam (< 8 mm2) 

was focussed on the tumor (right flank only) and mice were irradiated while under anesthesia. 

Tumor diameters were measured using calipers. Tumor volume was calculated using the formula 

for an ellipse (i.e. 4/3π.(l.w.h), where l, w, h are three radii of the tumor taken perpendicullar to 

each other). 
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Treatment of mice with α-PD-L1 or QH-II-066 occurred after 10 days tumor inoculation, 

as detailed in legends of relevant Figures. The  α-PD-L1 antibody (200 µg; clone 10F9.G2) was in 

phosphate buffer saline (500 μL) and injected i.p. every third day per the protocol, as antibody 

levels decrease and need to be maintained at a constant level. QH-II-066 was dissolved in 1% 

DMSO and 0.5% Tween-20 as well as water, and injected i.p. at the indicated doses daily for a 

week. Control mice in the experiments were injected i.p. with vehicle for a week. 

2. 2. 3. 5 Tumor infiltrating lymphocytes (TILs) isolation and flow cytometry.  

For flow cytometric analysis, tumors were harvested 7-8 days after radiation. Single cell 

suspensions of tumors were prepared by mincing the tumors with scissors and digesting them with 

collagenase IV (150 U/mL) and DNAse (20 µg/mL) for one hour under shaking. The cells were 

centrifuged and suspended in 195% RPMI. The cell suspension was layered on top of histopaque 

(Sigma). After centrifugation, the TILs were collected at the interphase and stained with markers 

of interest. All samples were run on LSRII (BD) or BD FACSCanto and analyzed using FlowJo 

software. For intracellular cytokine analysis, TILs were isolated from the tumor and stimulated for 

6 hours in the presence of brefeldin and myostatin with a LCMV specific glycoprotein peptide 

GP33-41 and stained with antibodies of interest and analyzed by flow cytometry. 

2. 2. 3. 6 RNA-seq and data analysis.  

Tumors were excised from mice, immediately snap frozen in liquid 

nitrogen, and then stored at -80C. RNA was extracted (Qiagen, AllPrep FFPE kit), quantified, 

and then quality measured using the DV200 score (fraction of RNA fragments whose length is > 

200 nucleotides). The samples used met the following requirements: ≥750 ng RNA, a preferred 

concentration 10 ng/μL, DV200 > 0.3). Samples (n=4 per treatment group) were processed and 
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sequenced at the Broad Institute by the Transcriptome Capture method using Illumina 

HiSeq2500. Sequence reads were aligned to the reference mouse genome (mm10) using the 

STAR aligner233, reads aligning to each known gene were counted using featureCounts.45 The 

differential expression analysis between different sample types was performed based on the 

negative-binomial statistical model of read counts as implemented in the edgeR Bioconductor 

package46 and p-values were adjusted using False Discovery Rates (FDR).236 The enrichment 

KEGG pathways237, transcription factor targets238, and ImmuneSigDB gene sets239 were identified 

using the gene set enrichment analysis240 as implemented in the FGSEA R package241 with 100,000 

random permutations. Results were visualized using the ComplexHeatmap package. 242 

2. 3 Activity of analogs and metabolites of QH II 66 in H1792 lung cancer cell 

lines. 

Some anticancer benzodiazepine-target analogues and metabolites were synthesized and tested in 

H1792 cell lines. H1792 cell lines are related to non-small cell lung cancer such as 

adenocarcinoma. These types of lung cancers are among the most aggressive type of lung cancers 

and lead to many patient fatalities. 

2. 3. 1 Direct analogue of QH II 66  

 

Figure 85. Structures of QH II 66 and KRM III 70 
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QH II 66 and KRM III 70 were tested in the cell viability assay on the H1792 cell line. The IC50 

of QH II 66 was between 5.523 μM to 6.563 μM. The average IC50 was 6.027 μM. (Figure 86) On 

the other hand KRM III 70 showed an IC50 value 4.474 μM to 6.107 μM. The average IC50 value 

was 5.240 μM. (Figure 87) Based on this data KRM III 70 shows better results in comparison with 

QH II 66. KRM III 70 has a nitrogen at the 2’ position of the C-5 pendant phenyl ring, whereas 

QH II 66 has a 2’H at this position.  

  

 

Figure 86. Cell viability assay for QH II 66 in the H1792 lung cancer cell line. Data unit is µM. 



 

119 
 

 

Figure 87. Cell viability assay for KRM III 70 in H1792 lung cancer cell line. Data unit is µM. 

2. 3. 2 Deuterated analogues of QH II 66  

 

Two deuterium compounds, TA III 72 and MYM III 85 were synthesized and analyzed in the 

lung cancer cell viability assay. TA III 72 has 5 deuterium atoms and MYM III 85 has three 

deuterium atoms as N-CD3. The C-D bonds are nine times stronger than a C-H bond. After analysis 

on the lung cancer cells the IC50 value for TA III 72 was in the range from 5.069 μM to 6.483 μM. 

The average IC50 was 5.741 μM and was close to the IC50 obtained for QH II 66 and KRM III 70 

(Figure 85). The IC50 value for MYM III 85 range from 5.903 μM to 7.460 μM and the average 
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was 6.644 μM which indicates this compound is also active against metastasis in the H1792 lung 

cancer cell line. (Figure 86) 

 

Figure 88. Cell viability assay for TA III 72 in the H1792 cell line. Data unit is µM. 

 

Figure 89. Cell viability assay for MYM III 85 in the H1792 cell line. Data unit is µM. 
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2. 3. 3 Metabolites of QH II 66 analogs. 

Benzodiazepines are normally metabolized at two different sites. If it is a N-CH3 benzodiazepine 

it become a desmethyl benzodiazepine by N-desmethylation of the N-CH3 group. In the next step 

this desmethyl intermediate can be converted to a 3-hydroxy desmethylbenzodiazepine metabolite. 

They can also form 3-hydroxy intermediates and then undergo desmethylation. Even if the chiral 

3-hydroxy metabolite is formed it racemizes very readily. Four of the QH II 66 analog metabolites 

were assayed to observe their activity in H1792 lung cancer cell lines.  

MYM I 43 was tested in the cell viability assay on the H1792 cell line. The IC50 of MYM I 43 

was in between 63.19 μM to 179.3 μM. The average IC50 was 95.70 μM. (Figure 90)  

MYM IV 95 was tested in the cell viability assay on the H1792 cell line. The IC50 of MYM IV 

95 was in between 391.8 μM to 2643 μM. The average IC50 was 694.9 μM. (Figure 91)  

MYM V 17 was tested in the cell viability assay on the H1792 cell line. The IC50 of MYM V 17 

was in between 18.01 μM to 22.97 μM. The average IC50 was 20.32 μM. (Figure 92) 

 

Figure 90. Cell viability assay for MYM I 43 in H1792 cell line. Data unit is µM. 
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Figure 91. Cell viability assay for MYM IV 95 in H1792 cell line. Data unit is µM. 

 

MYM I 59 was tested in the cell viability assay on the H1792 cell line. The IC50 of MYM I 59 

was infinity which means this compound is inactive against this type of cancer. (Figure 93) 
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Figure 92. Cell viability assay for MYM V 17 in the H1792 in the cell line. Data unit is µM. 

 

 

Figure 93. Cell viability assay for MYM 1 59 in the H1792 cell line. Data unit is µM. 

 

TA III 70 was tested in the cell viability assay on the H1792 cell line. The IC50 of TA III 70 was 

in between 100.3 μM to 212771 μM. The average IC50 was 660.2 μM. (Figure 94) 

 

Figure 94. Cell viability assay for TA III 70 in the H1792 cell line. Data unit is µM. 
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A difference between the activity of these compounds or duration of action might be realized in 

vivo in rodents. Since these are in vitro screens the similar activity of QH-II-66, KRM-II-08, TA-

III-72 and MYM-III-85 are expected. 

2. 3. 4 Thio analogues of QH II 66. 

 

Two thio analogues TA III 50 and TA III 52 of QH-II-66 were synthesized and tested on H1792 

the lung cancer cell lines. TA II 52 contains a 2’H substituent and TA III 50 bears a 2’F group. 

The IC50 value range of TA III 50 was from 35.9 μM to 48.9 μM over three trials. (Figure 95)  

 

Figure 95. Cell viability assay for TA 1II 50 on the H1792 cell line. Data unit is µM. 

 

For TA III 52 the IC50 value ranges from 28.7 μM to 38.2 μM over three trials. (Figure 96). 
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Figure 96. Cell viability assay for TA 1II 52 on the H1792 cell line. Data unit is µM. 

 

 

2. 3. 5 Bis-ethnyl and Bis-bromo analogues of QH II 66. 

 

Two other analogues TA III 56 and TA III 62 of QH-II-66 were synthesized and tested in H1792 

cell lines.  TA III 56 contains two bromine atoms at the C-5 and C-7 positions. The corresponding 

TA III 62 bears two acetylene groups at the C-5 and C-7 positions. The IC50 value range of TA III 

56 was from 36.1 μM to 43.0 μM over three trials. (Figure 97) The IC50 value range of TA III 62 

was from 144.3 μM to 297.2 μM over three trials. (Figure 98)  
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Figure 97. Cell viability assay for TA 1II 56 on the H1792 cell line. Data unit is µM. 

 

 

 

Figure 98. Cell viability assay for TA 1II 62 in the H1792 cell line. 
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2. 4 Chemistry 

2. 4. 1 Synthesis of QH II 66 

The ethinyl benzodiazepine QH II 66 (8) is the lead compound in this research. This compound 

showed very good activity in lung cancer H1792 cell lines, medulloblastoma G3 D283 cell lines 

and two melanoma cell lines A375 and B16F10. After obtaining excellent data on different cancer 

cell lines, it was decided to develop a synthetic route to synthesize QH II 66 (8) on large scale.  

 

Scheme  1. Initial synthetic route for QH II 66 (8)  

QH II 66 (8) previously synthesized by the Milwaukee group was a six-step process. The 2-amino 

benzophenone (1) was used as the starting material. An amide coupling reaction was carried out 
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by using bromoacetyl bromide in the presence of solid sodium bicarbonate in DCM at 0oC to room 

temperature. In the second step the so formed amide was cyclized by stirring in a saturated solution 

of ammonia in methanol. This step required at least 8 hours at reflux. In the third step the cyclized 

product was brominated by using bromine in the presence of acetic acid and concentrated sulfuric 

acid. In the fourth step a Heck-type coupling reaction was performed to replace the bromine atom 

by an ethinyl trimethyl silyl group. For this reaction palladium acetate and triphenyl phosphine 

were used as the catalyst. The silyl group was removed by using tetrabutylammonium fluoride in 

THF. In the final step the N-methylation was done by treatment of N-H amide with methyl iodide 

and sodium hydride was used as the base to provide QH II 66 (8).   

In this method there were several problems.  

1. In the second step a saturated ammonia solution in methanol was employed. The ammonia does 

an Sn2 reaction with the terminal bromine to furnish a terminal amine. This amine then attacks the 

carbonyl group to initiate the cyclization to provide the desired imine. To make a saturated solution 

of ammonia in methanol one needed a continuous flow of ammonia into the dry methanol. The 

temperature during this process must be at zero degrees Celsius.  When dissolving ammonia in 

methanol on large scale it was very difficult to control the concentration. If the saturated solution 

of ammonia in methanol was too concentrated the desired product formed an imidate impurity. 

This makes the purification of the benzodiazepine more difficult for the Rf values were very 

similar.  

2. In the third step the bromination at the 7 position was executed by using bromine. Acetic acid 

and concentrated sulfuric acid were also used. The problem with this reaction is the toxicity of the 

bromine was an undesirable trait for this reagent. 
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3. In the fourth step a Heck-type coupling reaction was carried out to replace the bromine at the 7 

position by a trimethyl silyl acetylene function. In this process palladiam aceteate and triphenyl 

phosphine were used. Triphenyl phosphine is air sensitive; it forms triphenyl phosphine oxide in 

the presence of oxygen in the air. Because of this problem, degassing is required for this process. 

Another problem was the Rf  value of the TMS protected benzodiazepine was very close to the 7-

bromo starting material (5) which made the purification very difficult on chromatography. The 

crystallization of most intermediates must be achieved.  

4. In the final step the N-methylation was done by using methyl iodide in the presence of sodium 

hydride in THF. Sodium hydride acts a base. This base is strong. It can not only remove the N-H 

proton but also abstract the proton from the C-3 position of the reactant. This provides another 

impurity in the reaction mixture which must be removed. 
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Scheme  2. Improved synthetic route to make QH II 66. 

 

To solve the above-mentioned problems the synthetic route was redesigned. The redesigned 

synthetic route contained six steps. (See Scheme 2) 

- In the first step 2-aminobenzophenone was brominated at the para position and it was done 

by treatment with N-bromosuccinamide. The reaction was done in DCM at -10oC to 0oC 

and stirred for 2 hours. The product was purified by crystallization in 5:95 ethyl acetate: 

hexanes. The best percent yield of this reaction process was 95%. The other 5% was the 

dibrominated impurity. The use of N-Bromosuccinamide solved the difficulties using 

bromine.  
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Scheme  3. Improved cyclization route  

 

- In the second step the amide coupling was done by using bromoacetyl bromide in the 

presence of sodium bicarbonate. This reaction was done in DCM at 0oC to room 

temperature. Chloroacetyl chloride works as well as bromoacetyl bromide and was much 

cheaper.  The product was purified by crystallization using (10: 90) ethyl acetate: hexanes 

to give a 95% yield.  

 

- In the third step the cyclization was done by replacing ammonia with 

hexamethylenetetramine (HMTM) developed by Dan Knutson in the presence of 

ammonium acetate. The reaction was done in isopropyl alcohol by heating to reflux for 6 

hours. The reaction is known as the Delapine reaction. This approach solved the imidate 

byproduct issue faced in the previous route. There was only one product formed. The 

benzodiazepine was purified by crystallization with 30:70 ethyl acetate: hexanes. The yield 

of pure benzodiazepine was 85%. 
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- The N-methylation was done in the fourth step of this route. There are two reasons to do it 

at the fourth step. The first one is the Heck-type coupling provides a lot of impurities if 

there is an N-H group present. If the N-H group is protected, the Heck-type coupling 

process proceeds well, which makes the purification very easy. The second reason is if this 

step is done after the installation of the acetylene function the base can abstract the 

acetylene proton which can generate one more impurity. In previous routes sodium hydride 

was used which was causing problems by producing more than two unnecessary 

byproducts. This problem was solved by using potassium tert-butoxide, a more hindered 

base than sodium hydride and one in which it was easier to control. This approach provided 

75% yield of the desired N-methyl amide.  

- In the fifth step the Heck-type coupling was done. Using ortho tolyl phosphine as the ligand 

solved the problem of forming triphenylphosphine oxide byproduct due to the presence of 

air. Ortho tolyl phosphine does not become oxidized by oxygen from the air, so degassing 

was not required in this stage. This was discovered by Greg Fu and the ortho tolyl ligand 

has a bigger bite angle. The TIPS acetylene function was used to form a greater Rf  

difference between the starting material and desired product. The TIPS group was also 

easier on chromatography to remove which reduced byproducts. The percent yield of this 

stage was 78%.  

- In the final step the TIPS group was removed by using tetrabutyl ammonium fluoride 

(TBAF) in THF at -20oC to room temperature. This step takes about 1 hour with stirring. 

QH-II-66 was crystallized from isopropanol in 90% yield.  
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2. 4. 2 Synthesis of NOR QH II 66 

Analogous to QH II 66, Nor QH II 66 also showed very good anticancer activity. It exhibited the 

most potent IC50 value in the medulloblastoma G3 cancer cell line. This compound was able to 

penetrate the blood brain barrier within 30 minutes of IP administration as is QH-II-66. Nor QH II 

66 was synthesized by following the steps in the Scheme below. The largest scale executed was 

50g scale and the overall yield was 70%. 

 

Scheme  4. Synthetic route to synthesis of Nor-QH II 66 

2. 4. 3 Synthesis of KRM II 08 and TA I 12 

KRM II 08 is the 2’F analog of QH-II-66. This compound showed very good activity in 

medulloblastoma G3 cancer cell lines. It induced a 38% apoptosis rate. TA I 12 is the 2’F analog 

of Nor QH II 66, TA I 12 is also known as Nor KRM II 08. 

The starting material for KRM II 08 was 2-amino 5-bromo 2’fluoro benzophenone. The synthesis  
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Scheme  5. Synthetic route to synthesis of KRM II 08 

 

Was similar to the route to QH II 66. It is illustrated in Scheme 5. The largest scale was done on 

50g, of starting material 2-amino 5-bromo 2’fluoro benzophenone.  

TA I 12 (Nor KRM-II-08) was also synthesized via the same route as nor QH-II-66. The largest 

scale in that case was 20 grams starting from the compound 9. (Scheme 6) 
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Scheme  6. Synthetic route to synthesize Nor KRM II 08. 

 

2. 4. 4 The synthesis of deuterated analogues of QH II 66 

2. 4. 4. 1 Synthesis of the N-CD3 analogs of QH II 66 and KRM-II-08. 

Two N-CD3 compounds were synthesized designated TA I 16 and MYM III 85. The TA I 16 can 

be synthesized from Nor KRM II 08 by treating the amide with deuterated methyl iodide in the 

presence of potassium tert-butoxide in THF at 0oC to room temperature. MYM III 85 can be 

synthesized from nor QH II 66 via a similar route. The final products can be purified by column 

chromatography with ethyl acetate-hexanes (20:80).  
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Scheme  7. Synthetic route to synthesize MYM III 85. 

 

2. 4. 4. 2 Synthesis of D2 QH II 66 

To synthesize D2 QH II 66 one needed to exchange the hydrogen atoms at the C-3 position of QH 

II 66. To do this one needed a sufficiently strong base and a deuterated solvent. The procedure was 

as follows: 

- Dissolved 50mg of QH II 66 in 1mL of D4-methanol 

- Add 1equivalent of base 

- Stir for 1 hour at room temperature 

- Filter the ppt by using a PTFE filter  

- Evaporate the D4-Methanol on a rotary evaporator under reduced pressure. Take the 1H 

NMR to confirm the exchange of three hydrogen atoms with deuterium. One deuterium 

from the acetylene and two from the C3 position. 

- Dissolve the solid in regular methanol and evaporate the solvent for 5-6 times to regenerate 

the acetylene hydrogen atom.  
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Scheme  8. Synthetic route to synthesize D2 QH II 66 (<86% D). 

 

D4-methanol was used as a solvent. In the first attempt K2CO3 was used as a base, but there was 

no deuterium exchange observed. For the next trial potassium tert-butoxide was employed. In this 

attempt 86% deuterium was present at the C3 position. Many attempts were made to increase the 

percent deuterium exchange by changing the bases and reaction temperatures, but there were no 

improvements. We concluded that if heat is applied the deuteriums after work up become 

exchanged with hydrogen. Without heat one cannot regenerate back the acetylene hydrogen. 95+% 

deuterium was required to do most in vivo assay. 

2. 4. 4. 3 Synthesis of D5-QH II 66. 

After several unsuccessful attempts to synthesize at least 95% deuterated D2 QH II 66 we decided 

to see what we observed in the case of deuteration of D3- MYM III 85. This compound contains 

an N-CD3 moiety. We followed the exact procedure for synthesis of D2-QH II 66 for the 

deuteration of MYM III 85, but the results were the same as observed in the case of D2 QH II 66. 

Potassium tert-butoxide was used as the base and D4-methanol was used as the solvent.  
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Scheme  9. Successful synthetic route to >95% D5 QH II 66 

After this result of 86% incorporation the synthetic procedure was altered slightly. The MYM III 

85 was dissolved in D4-methanol and 1.1 equivalents of potassium tert-butoxide was added. The 

mixture was sonicated at 50oC for one hour. Then 4mL of DI water was added to the mixture at 

room temperature. This solution was extracted with ethyl acetate and the solvent was removed 

under an argon flow. After this a 96% deuterium exchange at the C-3 position of MYM III  85 was 

observed and gave this 95%+ D5 QH II 66, which was assigned code number of TA III 72. (D5- 

QH-II-66) 

2. 4. 4. 3. 1 Stability of the deuteriums in TA III 72 at different pH values.  

Several different pH conditions were employed to observe the stability of the deuterium atoms in 

TA III 72. The stability was tested at pH 4, 7.4 and 8 at room temperature and at 37oC. There were 

no significant changes observed in the percentage of deuterium atoms neither at the acetylene 

position nor at the C-3 position. Observing this result, it was concluded that TA III 72 was stable 

enough in the human body that one could conduct the in vitro and in vivo anticancer assays and 

use it to treat cancer patients.  
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D5 QH II 66 Integration 

C3 H1 0.05 

C3 H2 0.06 

Acetylene H 0.94 

Table 2-3  Integration of H atom at normal temperature of QH II 66 

Sample C3 H1 C3 H2 Acetylene H 

1 hr  0.06 0.07 .92 

2 hr 0.06 0.07 0.91 

4 hr 0.07 0.08 0.90 

24 Hr 0.07 0.08 0.90 
Table 2-4 At pH 7.4 RT, No change at all. 

 

 

Sample C3 H1 C3 H2 Acetylene 

1 hr 0.06 0.06 0.93 

2 hr 0.06 0.07 0.92 

4 hr 0.07 0.08 0.92 

24 hrs 0.07 0.08 0.91 

Table 2-5 At pH 7.4 37C, No change at all. 
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Sample C3 H1 C3 H2 Acetylene H 

1 hr  0.09 0.11 0.89 

2 hr 0.09 0.11 0.88 

4 hr 0.10 0.11 0.90 

24 Hr 0.09 0.10 0.91 
Table 2-6 At pH 8.0 RT, No significant change. 

 

 

Sample C3 H1 C3 H2 Acetylene 

1 hr 0.06 0.06 0.93 

2 hr 0.06 0.07 0.92 

4 hr 0.07 0.08 0.92 

24 hrs 0.07 0.08 0.91 

Table 2-7 At pH 8.0 37oC, No significant change. 

 

Sample C3 H1 C3 H2 Acetylene H 

1 hr  0.09 0.10 0.91 

2 hr 0.09 0.11 0.91 

4 hr 0.09 0.11 0.90 

24 Hr 0.10 0.12 0.91 
Table 2-8 At pH 4.0 RT, No significant change. 
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Sample C3 H1 C3 H2 Acetylene 

1 hr 0.09 0.09 0.89 

2 hr 0.10 0.11 0.88 

4 hr 0.10 0.11 0.91 

24 hrs 0.10 0.12 0.91 

Table 2-9 At pH 4.0 37oC, No significant change. 

 

2. 4. 4. 3. 2 Solubility comparison of TA I 16 with other N-substituted QH II 66 analogs 

inD4-methanol. 

 

Figure 99. Solubility of N-CD3 and N-CH3 analogs of KRM II 08 and QH II 66 
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One observed an anomaly during deuteration of N-CH3 and N-CD3 analogs of QH II 66. The 

deuterium incorporation at the C-3 position in case of N-CD3 analogs was better than N-CH3 

analogs. It was proposed a theory that the reason for this was due to the presence of unreacted 

potassium tert-butoxide present during the work up. To prove this theory, we designed an 

experiment wherein we stirred different N-CH3 and N-CD3 analogs in the absence of any base in 

D4-methanol at room temperature for 24 hours. After the experiment we observed the N-CD3 

analogs had much better solubility in D4-methanol without the base at room temperature than the 

N-CH3 analogs in D4-methanol. We checked the 1H NMR to see any changes at the C-3 position 

of all the analogs. We did not observe any hydrogen replaced with deuterium. This indicates that 

a base is required to install deuterium at the C-3 position of a QH II 66 analog whether it is an N-

CH3 or N-CD3 analog.  

But this observation does not provide the reason for having better deuterium exchange in the case 

of N-CD3 analogs.  

However, from the Figure 99 in the previous page it is clear CD3-QH-II-66 and CD3-KRM-II-08 

(TA-I-16) are more soluble in D4-methanol than the two N-CH3 analogs. One point is that in the 

N-CH3 analogs immediately after the deuteration the percent deuteration is around 95%. It is only 

in refluxing in H4-methanol wherein the percent deuteration drops to 86% while trying to remove 

the ethinyl-D bond. Perhaps it is harder to dissolve the N-CH3 analogs, so it takes more heat and 

time to remove the ethinyl C-D bond than in CD3-analogs, hence the percent incorporation at the 

C-3 remains at >95% deuterium in the N-CD3 analogs.  

2. 4. 5 Synthesis of thio analogues of QH II 66. 

The thio analogs of QH II 66 (TA III 50) and KRM-II-08 (TA-III-52) were synthesized from the 

KRM II 08 by using Lawesson’s reagents in THF by refluxing them for an hour respectively. The 
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TA III 52 was synthesized from the QH II 66 via a similar route as stated. The percent yield of 

both processes was approximately 50% in both cases. 

 

 

Scheme  10. Synthetic route to sulfur analogs TA III 50 and TA III 52 

2. 4. 6 Synthesis of 7,9- disubstituted analogues of QH II 66 
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Scheme  11.Synthetic route to TA III 62 (part 1) 

 

During the purification stage of the bromination of 2-aminobenzophenone by using N-

bromosuccinamide it was observed that there was a dibrominated byproduct which was removed 

by ethyl acetate-hexanes 10:90. It was decided to make a diacetylated analog of QH II 66 to see if 

it can fit in the binding pocket in the H1792 cancer cell lines. One followed a similar route 

employed for the synthesis of QH II 66 to synthesize the diacetylated analog of QH II 66.  The 

code number for this analog is TA III 62.  

 

Scheme  12. Synthetic route to synthesize TA III 62 (part 2) 
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2. 5 Experimental 

2. 5. 1 (2-Amino-5-bromophenyl) (phenyl)methanone (9) 

 

 

 

To a solution of 2-aminobenzophenone 1 (50 g, 253.5 mmol) in DCM (600 mL), which was stirred 

at -10°C for 10 min, NBS (47.4 g, 266.2 mmol) was added in portions. The mixture was stirred for 

2 hours at 0oC. After the reaction progress was completed (TLC), the mixture was diluted with 

H2O (300 mL), extracted with DCM (300 mL), washed with brine (100 mL), and dried (Na2SO4). 

It was concentrated under reduced pressure. The crude bromide compound was purified by 

crystallization from EtOAc and hexanes (10:90) to give (2-amino-5 

bromophenyl)(phenyl)methanone  9 (66 g, 94.29% yield) as a yellow solid. 

1H NMR (500 MHz, CDCl3): δ 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 7.52-7.49 

(m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 6.67(d, 1H, J=8.5Hz, H-3), 6.11 (br s, 2H, NH
2
). 

13C NMR (500 MHz, CDCl
3
): 198.2, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 120.3, 119.2, 

118.8. Rf = 0.4 at 1:9 (silicagel, ethylacetate/Hexanes) The spectral properties of 2 were identical 

to those in the published reports.  
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2. 5. 2 N-(4-Methyl-2-(1- phenylethenyl) phenyl)propanamide  (10) 

 

To a mixture of (2-amino-5-bromophenyl)(phenyl) methanone (9, 60 g, 217.29 mmol), sodium 

bicarbonate (36.50 g, 434.58 mmol), and DCM (600 mL), bromoacetyl bromide (24.61 mL, 282.48 

mmol) was added dropwise over a 60 minutes period. The temperature was kept between -10oC – 

0oC with continuous stirring. The white colored reaction mixture, which resulted, was then allowed 

to stir for longer than 3 h at rt. The completion of the reaction was verified by analysis by TLC 

(silica gel) and 50% ethyl acetate / hexanes.  The reaction mixture was then slowly diluted over 30 

min with water (300 mL) as carbon dioxide bubbles evolved.  The biphasic mixture, which 

resulted, was allowed to stand for 15 min and the layers were separated. The aq layer was extracted 

with dichloromethane (300 mL) and the combined organic layers were washed with 5% aq sodium 

bicarbonate solution (300 mL) and then 10% aq sodium chloride solution (300 mL).  The organic 

layer was dried (Na2SO4).  The solvents were removed under reduced pressure and the residue was 

slurried with ethanol (300 mL) at 50 – 55oC for 30 min.  Upon cooling to rt and after holding the 

temperature for 1 h, the solid, which formed, was filtered and washed with ethanol (60 mL x 3).  

The solid was dried under vacuum at 40oC to afford the product N-(4-methyl-2-(1- 

phenylethenyl)phenyl)propanamide  3 as an off-white solid (82.6 g, 95.5%). 
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 1H NMR (500 MHz, CDCl3): δ11.60 (s,1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x 

ArH), 7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 6.67(d, 1H, J=8.5Hz, H-3), 

4.21 (s, 2H). 13C NMR (500 MHz, CDCl3): 198.2,165.21, 149.4, 139.5, 134.4, 133.4, 131.7, 

129.3, 128.5, 120.3, 119.2, 118.8, 42.3 The spectral properties of 2 were identical to the published 

values2.  

2. 5. 3 7-Bromo-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one (5). 

 

A mixture of N-(4-Methyl-2-(1- phenylethenyl) phenyl) propanamide (10) (70 g, 176.3 mmol), 

hexamethylenetetramine (HMTM, 54.38 g, 387.9 mmol), ammonium acetate (29.9 g, 387.9 

mmol), and isopropanol (700 mL) was heated to reflux (82oC).  The reaction mixture was held at 

reflux for 6 h, at which point the reaction progress was deemed complete on analysis by TLC 

(silica gel and 1:1, ethyl acetate/hexanes).  The reaction mixture was then cooled to 0 – 5oC using 

an ice bath.  The solid, which resulted, was filtered, and washed with cold isopropanol (100 mL x 

2) and then water (100mL x 4).  The solid was dried under vacuum at 40oC to afford 32 g of the 

benzodiazepine 4 as an off-white solid. The IPA was removed from the mother liquor under 

reduced pressure. The solid was then extracted with ethyl acetate. The ethyl acetate was removed 

under reduced pressure and the residue was purified by column chromatography using 1:4 ethyl 

acetate/hexanes to afford 7-bromo-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one (5). (38.9 

g, 70%) 
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 1H NMR (500 MHz, CDCl3): δ9.89 (s,1H), 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 

2H, 2 x ArH), 7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.32 (s, 2H). 13C NMR 

(500 MHz, CDCl3): 170.2,165.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 120.3, 119.2, 

118.8, 56.2. Rf = .4 (Silicagel, ethylacetate/Hexanes 1:2) The spectral properties of 2 was identical 

to the published values.3  

2. 5. 4 7-Bromo-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one (11) 

 

The 7-bromo-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 5, (38.0 g, 120.6 mmol) was 

dissolved in THF, (150 mL) and the solution was cooled to -0oC using an ice bath. Then potassium 

tert butoxide (16.23 g, 144.7 mmol), which was dissolved in 100 mL of THF, was added dropwise 

by using an addition funnel. Then methyl iodide (8.26 mL, 132.7 mmoL) was added dropwise to 

the reaction mixture over a 5 min period, while maintaining the temperature at 0oC.  Upon 

completion of the addition, the reaction mixture was allowed to warm to rt and stir for 60 min, at 

which point the reaction was deemed complete on analysis by TLC (silica gel).  The reaction 

mixture was then diluted with ethyl acetate (200 mL) and a solution of 10% aq sodium chloride 

(200 mL) was added.  The biphasic mixture, which resulted, was allowed to stand for 15 min and 

the layers were separated.  The aq layer was then extracted with ethyl acetate (100 mL) and the 

combined organic layers were washed with 10% aq sodium chloride solution (100 mL).  The 

organic layer was dried (Na2SO4). The solvent was removed under reduced pressure. The brown 

solid, which was obtained, was purified by crystallization using 15:85(ethyl acetate/hexanes), to 
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give 7-bromo-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 11 (29.76 g, 75%) as 

a brownish white solid.  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (D, 1H), 3.6(D,1H), 3.3(S,3H). 

13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 

120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.5 (silica gel, ethyl acetate/hexanes 1:2) The 

spectral properties of 5 were identical to the published values.3 

2. 5. 5 1-Methyl-5-phenyl-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-

benzodiazepin-2-one. (12) 

 

In a 500mL round bottom flask, Pd (OAc)2 (955mg, 4.25 mmol) and P(o-tolyl)3 (2.58gm, 8.45 

mmol) was added to 50 mL of acetonitrile. The mixture was stirred until a slurry appeared, which 

took about 20 min. Then 7-bromo-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 

11, (28.0 g, 85.05 mmol), triethylamine (23.63 mL, 190.34 mmol), (triisopropylylsilyl)acetylene 

(24.8 mL,110.57 mmol) and additional acetonitrile (250 mL) was added. The reaction mixture was 

then heated to reflux (75oC) and held for 6 h, at which point the reaction was deemed complete on 

analysis by TLC (silica gel).  Upon completion of the reaction progress, the mixture was cooled to 

rt and filtered through celite.  After washing with acetonitrile (100 mL x 2), the solvents were 

removed under reduced pressure and the residue was dissolved in dichloromethane (400 mL). Then 
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5% aq sodium bicarbonate (400 mL) was added.  The biphasic mixture, which resulted, was 

allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted with 

DCM (300 mL) and the combined organic layers were washed with 5% aq sodium bicarbonate 

solution (300 mL) and then 10% aq sodium chloride solution (300 mL x 3).  The organic layer was 

dried (Na2SO4) and it was purified by flash chromatography on silica gel. This process gave a dark 

orange liquid that became solidified eventually on standing to give 1-methyl-5-phenyl-7-

((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one, (12) (26g ,71% crude 

yield) as a waxy solid. 

1H NMR (300 MHz, CDCl3): 7.67(d, 3H) 7.43-7.51 (m, 4H), 7.32-7.28 (d, 1H), 4.83 (D, 1H), 

3.81(D,1H), 3.42(S,3H), 1.11(s,21H). 13C NMR (500 MHz, CDCl3): 169.8, 168.7, 143.6, 138.0, 

135.1, 133.6, 130.8, 129.7, 128.4, 121.0, 119.4, 118.8, 105.0, 92.3, 56.6, 34.8, 18.6, 11.2. Rf = 0.7 

(silica gel, ethyl acetate/hexanes 1:2) The spectral properties of 6 was identical to the published 

values.3 

2. 5. 6 7-ethynyl-1-methyl-5-phenyl-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one  (8) 

 

1-Methyl-5-phenyl-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one 12, 

(20.0 g, 60.16 mmol), water (3 mL) and tetrahydrofuran (200 mL) were cooled to -20oC using a 

dry ice / IPA bath. Then tetrabutylammonium fluoride hydrate, [1M in THF (72.19 mL, 72.19 

mmoL)] was added dropwise to the reaction mixture over a 30 min period, while maintaining the 
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temperature at -20 to -15oC.  Upon completion of the addition, the reaction mixture was allowed 

to warm to rt and stir for an additional 60 min, at which point the reaction progress was deemed 

complete on analysis by TLC (silica gel).  The reaction mixture was then diluted with ethyl acetate 

(150 mL) and 10% aq sodium chloride (150 mL).  The biphasic mixture, which resulted, was 

allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted with 

ethyl acetate (150 mL x 3) and the combined organic layers were washed with 10% aq sodium 

chloride solution (150 mL).  The organic layer was dried (Na2SO4).  The solvents were removed 

under reduced pressure. Then the mixture was dissolved in 300 mL of ethyl acetate and then stirred 

with 200gm of silica gel for 2 hours and filtered. The amount of solvent was reduced to about 40 

ml under reduced pressure. Then 200mL of hexanes was added dropwise to the mixture and it was 

allowed to stir overnight. The solid, which formed, was filtered and the grey solid was 

recrystallized from 1:4 (ethyl acetate/hexanes) to get 9 gm of cream white colored QH II 66. The 

filtrate was concentrated under reduced pressure and after purification by column chromatography 

this provided more of QH II 66 (8) (1.2 g). These solids were dried under vacuum at 40oC. (10.2 

g, 80%)  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (d, 1H), 3.6(d,1H), 3.3(S,3H), 

3.1(s,1H). 13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 

128.5, 120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.4 (silicagel, ethylacetate/hexanes 1:2) 

HRMS (ESI/IT-TOF): m/z [M + H] + calcd for C18H14N2O: 275.1179; found 275.1148. The spectral 

properties of 8 was identical to the published values.154 
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2. 5. 7 5-phenyl-7-((triisopropylsilyl)ethynyl)-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one 

(14) 

 

In a 500mL round bottom flask, Pd (OAc)2 (955mg, 4.25 mmol) and P(o-tolyl)3 (2.58gm, 8.45 

mmol) was added to 50 mL of acetonitrile. The mixture was stirred until a slurry appeared, which 

took about 20 min. Then 7-bromo-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one (5) (28.0 g, 

85.05 mmol), triethylamine (23.63 mL, 190.34 mmol), (triisopropylylsilyl)acetylene (24.8 

mL,110.57 mmol) and additional acetonitrile (250 mL) was added. The reaction mixture was then 

heated to reflux (75oC) and held for 6 h, at which point the reaction was deemed complete on 

analysis by TLC (silica gel).  Upon completion of the reaction progress, the mixture was cooled to 

rt and filtered through celite.  After washing with acetonitrile (100 mL x 2), the solvents were 

removed under reduced pressure and the residue was dissolved in dichloromethane (400 mL) and 

5% aq sodium bicarbonate (400 mL) was added.  The biphasic mixture, which resulted, was 

allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted with 

dichloromethane (300 mL) and the combined organic layers were washed with 5% aq sodium 

bicarbonate solution (300 mL) and then 10% aq sodium chloride solution (300 mL x 3).  The 

organic layer was dried (Na2SO4) and it was purified by flash chromatography on silica gel. This 

process gave a dark orange liquid that gets solidified eventually on standing to give 1-methyl-5-
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phenyl-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one 14, (32.10 g 

,87% crude yield) 

1H NMR (300 MHz, CDCl3): 7.67(d, 3H) 7.43-7.51 (m, 4H), 7.32-7.28 (d, 1H), 4.83 (D, 1H), 

3.81(D,1H), 3.42(S,3H), 1.11(s,21H). 13C NMR (500 MHz, CDCl3): 169.8, 168.7, 143.6, 138.0, 

135.1, 133.6, 130.8, 129.7, 128.4, 121.0, 119.4, 118.8, 105.0, 92.3, 56.6, 34.8, 18.6, 11.2. Rf = 0.7 

(silica gel, ethyl acetate/hexanes 1:2)  

2. 5. 8 7-ethynyl-5-phenyl-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one (7) 

 

1-Methyl-5-phenyl-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one 14, 

(20.0 g, 60.16 mmol), water (3 mL) and tetrahydrofuran (200 mL) were cooled to -20oC using a 

dry ice / IPA bath. Then tetrabutylammonium fluoride hydrate, [1M in THF (72.19 mL, 72.19 

mmoL)] was added dropwise to the reaction mixture over a 30 min period, while maintaining the 

temperature at -20 to -15oC.  Upon completion of the addition, the reaction mixture was allowed 

to warm to rt and stir for an additional 60 min at which point the reaction progress was deemed 

complete on analysis by TLC (silica gel).  The reaction mixture was then diluted with ethyl acetate 

(150 mL) and 10% aq sodium chloride (150 mL).  The biphasic mixture, which resulted, was 

allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted with 
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ethyl acetate (150 mL x 3) and the combined organic layers were washed with 10% aq sodium 

chloride solution (150 mL).  The organic layer was dried (Na2SO4).  The solvents were removed 

under reduced pressure. Then the mixture was dissolved in 300 mL of ethyl acetate and then stirred 

with 200gm of silica gel for 2 hours and filtered. The amount of solvent was reduced to about 40 

ml under reduced pressure. Then 200mL of hexanes was added dropwise to the mixture and it was 

allowed to stir overnight. The solid, which formed, was filtered and the grey solid was 

recrystallized from 1:4 (ethyl acetate/hexanes) to get 10.18 gm of cream white colored Nor QH II 

66. The filtrate was concentrated under reduced pressure and after purification by column 

chromatography provided more of Nor QH II 66 (1.19 g). These solids were dried under vacuum 

at 40oC. (11.37 g, 91%)  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (D, 1H), 3.6(D,1H), 3.3(S,3H), 

3.1(s,1H). 13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 

128.5, 120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.4 (silicagel, ethylacetate/hexanes 1:2) 

HRMS (ESI/IT-TOF): m/z [M + H]+ calcd for C17H12N2O: 260.2890; found 260.2865. The 

spectral properties of 6 was identical to the published values. 

2. 5. 9 2-bromo-N-[4-bromo-2-(2-fluorobenzoyl)phenyl]-acetamide (15) 
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To a mixture of (2-amino-5-bromophenyl)(2’ fluorophenyl) methanone (50 g, 169.99 mmol), 

sodium bicarbonate (28.56 g, 339.99 mmol), and dichloromethane (500 mL), bromoacetyl bromide 

(17.76 mL, 203.98 mmol) was added dropwise over a 60 min time period. The temperature was 

kept between -10oC – 0oC with continuous stirring. The white colored reaction mixture, which 

resulted, was then allowed to stir for longer than 3 h at rt. The completion of the reaction was 

verified by analysis by TLC (silica gel) and 50% ethyl acetate / hexanes.  The reaction mixture 

was then slowly diluted over 30 min with water (300 mL) as carbon dioxide bubbles ocurred.  The 

biphasic mixture, which resulted, was allowed to stand for 15 min and the layers were separated. 

The aq layer was extracted with dichloromethane (300 mL) and the combined organic layers were 

washed with 5% aq sodium bicarbonate solution (300 mL) and then 10% aq sodium chloride 

solution (300 mL).  The organic layer was dried (Na2SO4).  The solvents were removed under 

reduced pressure and the residue was slurried with ethanol (300 mL) at 50 – 55oC for 30 min.  

Upon cooling to rt and after holding the temperature for 1 h, the solid, which formed, was filtered, 

and washed with ethanol (60 mL x 3).  The solid was dried under vacuum at 40oC to afford the 

product 2-bromo-N-[4-bromo-2-(2-fluorobenzoyl)phenyl]-acetamide (15) as an off-white solid 

(67.73 g, 96%). 

 1H NMR (500 MHz, CDCl3): δ11.60 (s,1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x 

ArH), 7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 6.67(d, 1H, J=8.5Hz, H-3), 

4.21 (s, 2H). 13C NMR (500 MHz, CDCl3): 198.2,165.21, 149.4, 139.5, 134.4, 133.4, 131.7, 

129.3, 128.5, 120.3, 119.2, 118.8, 42.3  
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2. 5. 10 7-Bromo-5-(2-fluorophenyl)-1,3-dihydrobenzo[e]-1,4-diazepin-2-one (16) 

 

A mixture of 2-bromo-N-[4-bromo-2-(2-fluorobenzoyl)phenyl]-acetamide (15), (50 g, 120.48 

mmol), hexamethylenetetramine (HMTM, 35.47 g, 252.99 mmol), ammonium acetate (19.5 g, 

252.99 mmol), and isopropanol (500 mL) was heated to reflux (82oC).  The reaction mixture was 

held at reflux for 6 h, at which point the reaction progress was deemed complete on analysis by 

TLC (silica gel and 1:1, ethyl acetate/hexanes).  The reaction mixture was then cooled to 0 – 5oC 

using an ice bath.  The solid, which resulted, was filtered, and washed with cold isopropanol (100 

mL x 2) and then water (100mL x 4).  The solid was dried under vacuum at 40oC to afford 32 g of 

the benzodiazepine 4 as an off-white solid. The IPA was removed from the mother liquor under 

reduced pressure. The solid was then extracted with ethyl acetate. The ethyl acetate was removed 

under reduced pressure and the residue was purified by column chromatograpy using 1:4 etheyl 

acetate/hexanes to afford 7-Bromo-5-(2-fluorophenyl)-1,3-dihydrobenzo[e]-1,4-diazepin-2-

one. (16) (28.1 g, 70%) 

 1H NMR (500 MHz, CDCl3): δ9.89 (s,1H), 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 

2H, 2 x ArH), 7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.32 (s, 2H). 13C NMR 

(500 MHz, CDCl3): 170.2,165.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 120.3, 119.2, 

118.8, 56.2. Rf = .4 (silicagel, ethylacetate/hexanes 1:2)  
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2. 5. 11 7-Bromo-5-(2-fluorophenyl)-1,3-dihydro-1-methyl-2H-1,4 benzodiazepin-2-one. 

(17) 

 

The 7-Bromo-5-(2-fluorophenyl)-1,3-dihydrobenzo[e]-1,4-diazepin-2-one (16).  (25 g, 75.04 

mmol) was dissolved in THF, (150 mL) and the solution was cooled to -0oC using an ice bath. 

Then potassium tert butoxide (10.10 g, 90.00 mmol) which was dissolved in 100 mL of THF, was 

added dropwise by using an addition funnel. Then methyl iodide (5.14 mL, 82.54 mmoL) was 

added dropwise to the reaction mixture over a 5 min period, while maintaining the temperature at 

0oC.  Upon completion of the addition, the reaction mixture was allowed to warm to rt and stir for 

60 min, at which point the reaction was deemed complete on analysis by TLC (silica gel).  The 

reaction mixture was then diluted with ethyl acetate (200 mL) and a solution of 10% aq sodium 

chloride (200 mL) was added.  The biphasic mixture, which resulted, was allowed to stand for 15 

min and the layers were separated.  The aq layer was then extracted with ethyl acetate (100 mL) 

and the combined organic layers were washed with 10% aq sodium chloride solution (100 mL).  

The organic layer was dried (Na2SO4). The solvent was removed under reduced pressure. The 

brown solid which was obtained was purified by crystallization using 15:85(ethyl 

acetate/hexanes), to give 7-Bromo-5-(2-fluorophenyl)-1,3-dihydro-1-methyl-2H-1,4-

benzodiazepin-2-one (17) (18.75 g, 72%) as a brownish white solid.  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (D, 1H), 3.6(D,1H), 3.3(S,3H). 
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13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 

120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.5 (silica gel, ethyl acetate/hexanes 1:2)  

2. 5. 12 1-methyl-5-(2-fluorophenyl)-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-

benzodiazepin-2-one. (18) 

 

In a 500mL round bottom flask, Pd(OAc)2 (615mg, 2.74 mmol) and P(o-tolyl)3 (1.66 gm, 5.47 

mmol) was added to 50 mL of acetonitrile. The mixture was stirred until a slurry appeared, which 

took about 20 min. Then 7-Bromo-5-(2-fluorophenyl)-1,3-dihydro-1-methyl-2H-1,4 

benzodiazepin-2-one, (17) (18 g, 51.84 mmol), triethylamine (15.26 mL, 109.46 mmol), 

(triisopropylylsilyl)acetylene (18.4 mL,82.01 mmol) and additional acetonitrile (200 mL) was 

added. The reaction mixture was then heated to reflux (75oC) and held for 6 h, at which point the 

reaction was deemed complete on analysis by TLC (Silica gel).  Upon completion of the reaction 

progress, the mixture was cooled to rt and filtered through celite.  After washing with acetonitrile 

(100 mL x 2), the solvents were removed under reduced pressure and the residue was dissolved in 

dichloromethane (400 mL) and 5% aq sodium bicarbonate (400 mL) was added.  The biphasic 

mixture, which resulted, was allowed to stand for 15 min and the layers were separated.  The aq 

layer was then extracted with dichloromethane (300 mL) and the combined organic layers were 

washed with 5% aq sodium bicarbonate solution (300 mL) and then 10% aq sodium chloride 

solution (300 mL x 3).  The organic layer was dried (Na2SO4) and it was purified by flash 
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chromatography on silica gel. This process gave a dark orange liquid that gets solidified eventually 

on standing to give 1-methyl-5-(2-fluorophenyl)-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-

2H-1,4-benzodiazepin-2-one, (18) (16.28g ,70% crude yield) as waxy solid.  

1H NMR (300 MHz, CDCl3): 7.67(d, 3H) 7.43-7.51 (m, 4H), 7.32-7.28 (d, 1H), 4.83 (D, 1H), 

3.81(D,1H), 3.42(S,3H), 1.11(s,21H). 13C NMR (500 MHz, CDCl3): 169.8, 168.7, 143.6, 138.0, 

135.1, 133.6, 130.8, 129.7, 128.4, 121.0, 119.4, 118.8, 105.0, 92.3, 56.6, 34.8, 18.6, 11.2. Rf = 0.7 

(silica gel, ethyl acetate/hexanes 1:2)  

2. 5. 13 7-ethynyl-5-(2-fluorophenyl)-1,3-dihydro-1-methyl-2H-1,4-Benzodiazepin-2-one 

(KRM II 08) (19) 

 

1-methyl-5-(2-fluorophenyl)-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-

benzodiazepin-2-one, (18) (16.0 g, 35.66 mmol), water (3 mL) and tetrahydrofuran (200 mL) 

were cooled to -20oC using a dry ice / IPA bath. Then tetrabutylammonium fluoride hydrate, [1M 

in THF (42.79 mL, 42.79 mmoL)] was added dropwise to the reaction mixture over a 30 min 

period, while maintaining the temperature at -20 to -15oC.  Upon completion of the addition, the 

reaction mixture was allowed to warm to rt and stir for an additional 60 min, at which point the 

reaction progress was deemed complete on analysis by TLC (silica gel).  The reaction mixture was 

then diluted with ethyl acetate (150 mL) and 10% aq sodium chloride (150 mL) solution.  The 

biphasic mixture, which resulted, was allowed to stand for 15 min and the layers were separated.  
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The aq layer was then extracted with ethyl acetate (150 mL x 3) and the combined organic layers 

were washed with 10% aq sodium chloride solution (150 mL).  The organic layer was dried 

(Na2SO4).  The solvents were removed under reduced pressure. Then the mixture was dissolved in 

300 mL of ethyl acetate and then stirred with 200gm of silica gel for 2 hours and filtered. The 

amount of solvent was reduced to about 40 ml under reduced pressure. Then 200mL of hexanes 

was added dropwise to the mixture and it was allowed to stir overnight. The solid, which formed, 

was filtered and the grey solid was recrystallized from 1:4 (ethyl acetate/hexanes) to get 9.20 gm 

of cream white colored KRM II 08. The filtrate was concentrated under reduced pressure and after 

purification by column chromatography provided more of KRM II 08 (1.22 g). These solids were 

dried under vacuum at 40oC. (10.42 g, 91%)  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (D, 1H), 3.6(D,1H), 3.3(S,3H), 

3.1(s,1H). 13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 

128.5, 120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.4 (silicagel, ethylacetate/hexanes 1:2) 

HRMS (ESI/IT-TOF): m/z [M + H]+ calcd for C18H13FN2O: 292.3112; found 292.3098.  

2. 5. 14 1-methyl-5-(2-fluorophenyl)-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-

benzodiazepin-2-one. (20) 
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In a 500mL round bottom flask, Pd(OAc)2 (955mg, 4.25 mmol) and P(o-tolyl)3 (2.58gm, 8.45 

mmol) was added to 50 mL of acetonitrile. The mixture was stirred until a slurry appeared, which 

took about 20 min. Then 7-Bromo-5-(2-fluorophenyl)-1,3-dihydrobenzo[e]-1,4-diazepin-2-one 

(16), (28.0 g, 85.05 mmol), triethylamine (23.63 mL, 190.34 mmol), (triisopropylylsilyl)acetylene 

(24.8 mL,110.57 mmol) and additional acetonitrile (250 mL) was added. The reaction mixture was 

then heated to reflux (75oC) and held for 6 h, at which point the reaction was deemed complete on 

analysis by TLC (Silica gel).  Upon completion of the reaction progress, the mixture was cooled 

to rt and filtered through celite.  After washing with acetonitrile (100 mL x 2), the solvents were 

removed under reduced pressure and the residue was dissolved in dichloromethane (400 mL) and 

5% aq sodium bicarbonate (400 mL) was added.  The biphasic mixture, which resulted, was 

allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted with 

dichloromethane (300 mL) and the combined organic layers were washed with 5% aq sodium 

bicarbonate solution (300 mL) and then 10% aq sodium chloride solution (300 mL x 3).  The 

organic layer was dried (Na2SO4) and it was purified by flash chromatography on silica gel. This 

process gave a dark orange liquid that gets solidified eventually on standing to give 5-(2-

fluorophenyl)-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one 

(20,) (25.54g ,70% crude yield) 

1H NMR (300 MHz, CDCl3): 7.67(d, 3H) 7.43-7.51 (m, 4H), 7.32-7.28 (d, 1H), 4.83 (D, 1H), 

3.81(D,1H), 3.42(S,3H), 1.11(s,21H). 13C NMR (500 MHz, CDCl3): 169.8, 168.7, 143.6, 138.0, 

135.1, 133.6, 130.8, 129.7, 128.4, 121.0, 119.4, 118.8, 105.0, 92.3, 56.6, 34.8, 18.6, 11.2. Rf = 0.7 

(silica gel, ethyl acetate/hexanes 1:2) The spectral properties of 20 was identical to the published 

values. 
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2. 5. 15 7-Ethynyl-5-(2-fluorophenyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one (21) 

 

5-(2-fluorophenyl)-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one 

(20) , (20.0 g, 60.16 mmol), water (3 mL) and tetrahydrofuran (200 mL) was cooled to -20oC using 

a dry ice / IPA bath. Then tetrabutylammonium fluoride hydrate, [1M in THF (72.19 mL, 72.19 

mmoL)] was added dropwise to the reaction mixture over a 30 min period, while maintaining the 

temperature at -20 to -15oC.  Upon completion of the addition, the reaction mixture was allowed 

to warm to rt and stir for an additional 60 min at which point the reaction progress was deemed 

complete on analysis by TLC (silica gel).  The reaction mixture was then diluted with ethyl acetate 

(150 mL) and 10% aq sodium chloride (150 mL).  The biphasic mixture, which resulted, was 

allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted with 

ethyl acetate (150 mL x 3) and the combined organic layers were washed with 10% aq sodium 

chloride solution (150 mL).  The organic layer was dried (Na2SO4).  The solvents were removed 

under reduced pressure. Then the mixture was dissolved in 300 mL of ethyl acetate and then stirred 

with 200gm of silica gel for 2 hours and filtered. The amount of solvent was reduced to about 40 

ml under reduced pressure. Then 200mL of hexanes was added dropwise to the mixture and it was 

allowed to stir overnight. The solid, which formed, was filtered and the grey solid was 

recrystallized from 1:4 (ethyl acetate/hexanes) to get 9.00 gm of cream white colored Nor KRM II 
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08 (TA I 12) (21). The filtrate was concentrated under reduced pressure and after purification by 

column chromatography provided more of TA I 12 (21) (1.89 g). These solids were dried under 

vacuum at 40oC. (10.89 g, 85%)  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (D, 1H), 3.6(D,1H), 3.3(S,3H), 

3.1(s,1H). 13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 

128.5, 120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.4 (silicagel, ethylacetate/hexanes 1:2) 

HRMS (ESI/IT-TOF): m/z [M + H]+ calcd for C17H11FN2O: 278.2779; found 278.2768.  

2. 5. 16 7-ethynyl-1-(methyl-d3)-5-phenyl-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one. (22) 

 

The 5-phenyl-7-((ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one (7), (4.0 g, 15.34 mmol) was 

dissolved in THF (15 mL) and the solution was cooled to 0oC using an ice bath. Then potassium 

tert butoxide (1.90 g, 16.92 mmol), which was dissolved in 20 mL of THF, was added dropwise 

by using an addition funnel. Then deuterated methyl iodide (1.24 mL, 19.94 mmoL) was added 

dropwise to the reaction mixture over a 5 min period, while maintaining the temperature at 0oC.  

Upon completion of the addition, the reaction mixture was allowed to warm to rt and stirred for 

60 min, at which point the reaction was deemed complete on analysis by TLC (silica gel).  The 
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reaction mixture was then diluted with ethyl acetate (20 mL) and a solution of 10% aq sodium 

chloride (20 mL) was added.  The biphasic mixture, which resulted, was allowed to stand for 15 

min and the layers were separated.  The aq layer was then extracted with ethyl acetate (20 mL) and 

the combined organic layers were washed with 10% aq sodium chloride solution (20 mL).  The 

organic layer was dried (Na2SO4). The solvent was removed under reduced pressure. The brown 

solid, which was obtained was purified by crystallization using 15:85(ethyl acetate/hexanes), to 

give 7-ethynyl-1-(methyl-d3)-5-phenyl-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one (22)(3.7 g, 

86%) as a white solid.  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (D, 1H), 3.6(D,1H), 3.1(s,1H). 

13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 

120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.5 (silica gel, ethyl acetate/hexanes 1:2) HRMS 

(ESI/IT-TOF): m/z [M +H] + calcd for C18H11D3N2O: 277.3350; found 277.3329 

2. 5. 17 7-Ethynyl-1-(methyl-d3)-5-phenyl-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one-

3,3-d2 (24) 

 

The 7-ethynyl-1-(methyl-d3)-5-phenyl-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one(22), (0.5 g, 

1.8 mmol) was dissolved in d4-methanol (1 mL). Then potassium tert butoxide (0.22 g, 1.9 mmol) 
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was added to the solution. The mixture was sonicated for 45 min starting from rt to 50C. After the 

reaction was completed (checked by NMR) 5 ml of de-ionized water was added and the mixture 

was extracted with (5ml X 2) ethyl acetate. It was dried by first with blowing argon over it and 

then placing it in high vacuum. This gave 1-CD3-methyl-5-phenyl-7-ethynyl-1,3-dihydro-2d-1,4-

benzodiazepin-2-one with 97% deuteration at C-3 position via integration by NMR spectroscopy, 

to give 7-Ethynyl-1-(methyl-d3)-5-phenyl-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one-3,3-d2 

(D5 QH II 66) (24) (0.49 g, 97%) as a white solid.  

 

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 3.1(s,1H), . 13C NMR (500 MHz, 

CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 120.3, 119.2, 118.8, 82.3, 

79.2, 56.2, 34.2. Rf = 0.5 (silica gel, ethyl acetate/hexanes 1:2), HRMS (ESI/IT-TOF): m/z [M + 

H] + calcd for C18H9D5N2O: 279.3473; found 279.3422. 

2. 5. 18 (2-amino-3,5-dibromophenyl) (phenyl) methanone (27) 

 

To a solution of 2-aminobenzophenone 1 (100 g, 253.5 mmol) in DCM (600 mL), which was 

stirred at -10°C for 10 min, NBS (94.8 g, 532.4 mmol) was added in portions. The mixture was 

stirred for 2 hours at 0oC. After the reaction progress was completed, the mixture was diluted with 
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H2O (600 mL), extracted with DCM (600 mL), washed with brine (200 mL), dried over Na2SO4, 

and concentrated under reduced pressure. The crude bromide compound was purified by 

crystallization from ethylacetate and hexanes (10:90) to give (2-amino-3,5-dibromophenyl)

phenyl- methanone (27) (9 g, 5% yield) as a yellow solid. 

1
H NMR (500 MHz, CDCl

3
): δ 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 7.52-

7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 6.67(d, 1H, J=8.5Hz, H-3), 6.11 (br s, 2H, 

NH
2
). 13C NMR (500 MHz, CDCl

3
): 198.2, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 120.3, 

119.2, 118.8. Rf = 0.4 at 1:9 (silicagel, ethylacetate/Hexanes)  

2. 5. 19 N-(2-benzoyl-4,6-dibromophenyl)-2-bromoacetamide (28) 

 

To a mixture of (2-amino-3,5-dibromophenyl) (phenyl) methanone (27, 8 g, 22.53 mmol), 

sodium bicarbonate (3.79 g, 45.06 mmol), and dichloromethane (100 mL), bromoacetyl bromide 

(2.75 mL, 31.52 mmol) was added dropwise over a 60 min time period. The temperature was kept 

between -10oC – 0oC with continuous stirring. The white colored reaction mixture, which resulted, 

was then allowed to stir for longer than 3 h at rt. The completion of the reaction was verified by 

analysis by TLC (silica gel) and 50% ethyl acetate / hexanes.  The reaction mixture was then slowly 

diluted over 30 min with water (30 mL) as carbon dioxide bubbles ocurred.  The biphasic mixture, 

which resulted, was allowed to stand for 15 min and the layers were separated. The aq layer was 
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extracted with dichloromethane (30 mL) and the combined organic layers were washed with 5% 

aq sodium bicarbonate solution (30 mL) and then 10% aq sodium chloride solution (30 mL).  The 

organic layer was dried (Na2SO4).  The solvents were removed under reduced pressure and the 

residue was slurried with ethanol (30 mL) at 50 – 55oC for 30 min.  Upon cooling to rt and after 

holding the temperature for 1 h, the solid, which formed, was filtered, and washed with ethanol 

(60 mL x 3).  The solid was dried under vacuum at 40oC to afford the product N-(2-benzoyl-4,6-

dibromophenyl)-2-bromoacetamide 28 as an off-white solid (10.24 g, 95.5%). 

 1H NMR (500 MHz, CDCl3): δ11.60 (s,1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x 

ArH), 7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 6.67(d, 1H, J=8.5Hz, H-3), 

4.21 (s, 2H). 13C NMR (500 MHz, CDCl3): 198.2,165.21, 149.4, 139.5, 134.4, 133.4, 131.7, 

129.3, 128.5, 120.3, 119.2, 118.8, 42.3  

2. 5. 20 (5,7-Dibromo)-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 29 

 

A mixture of N-(2-benzoyl-4,6-dibromophenyl)-2-bromoacetamide, 28 (10 g, 21.01 mmol), 

hexamethylenetetramine (HMTM, 6.48 g, 46.22 mmol), ammonium acetate (3.56 g, 46.22 mmol), 

and isopropanol (100 mL) was heated to reflux (82oC).  The reaction mixture was held at reflux 

for 6 h, at which point the reaction progress was deemed complete on analysis by TLC (silica gel 

and 1:1, ethyl acetate/hexanes).  The reaction mixture was then cooled to 0 – 5oC using an ice bath.  



 

168 
 

The solid, which resulted, was filtered, and washed with cold isopropanol (50 mL x 2) and then 

water (50mL x 4).  The solid was dried under vacuum at 40oC to afford 4.8 g of the benzodiazepine 

4 as an off-white solid. The IPA was removed from the mother liquor under reduced pressure. The 

solid was then extracted with ethyl acetate. The ethyl acetate was removed under reduced pressure 

and the residue was purified by column chromatograpy using 1:4 etheyl acetate/hexanes to afford 

(5,7-Dibromo)-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one. 29 (5.8 g, 70%) 

 1H NMR (500 MHz, CDCl3): δ9.89 (s,1H), 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 

2H, 2 x ArH), 7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.32 (s, 2H). 13C NMR 

(500 MHz, CDCl3): 170.2,165.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 120.3, 119.2, 

118.8, 56.2. Rf = .4 (Silicagel, ethylacetate/Hexanes 1:2)  

2. 5. 21 (5, 7-Dibromo)-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 30 

 

The (5,7-Dibromo)-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one, 29 (5.0 g, 12.69 mmol) 

was dissolved in THF, (50 mL) and the solution was cooled to -0oC using an ice bath. Then 

potassium tert butoxide (1.57 g, 13.95 mmol) which was dissolved in 100 mL of THF was added 

dropwise by using an addition funnel. Then methyl iodide (0.87 mL, 13.95 mmoL) was added 

dropwise to the reaction mixture over a 5 min period, while maintaining the temperature at 0oC.  

Upon completion of the addition, the reaction mixture was allowed to warm to rt and stir for 60 
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min, at which point the reaction was deemed complete on analysis by TLC (silica gel).  The 

reaction mixture was then diluted with ethyl acetate (20 mL) and a solution of 10% aq sodium 

chloride (20 mL) was added.  The biphasic mixture, which resulted, was allowed to stand for 15 

min and the layers were separated.  The aq layer was then extracted with ethyl acetate (50 mL) and 

the combined organic layers were washed with 10% aq sodium chloride solution (50 mL).  The 

organic layer was dried (Na2SO4). The solvent was removed under reduced pressure. The brown 

solid which was obtained was purified by crystallization using 15:85(ethyl acetate/hexanes), to 

give (5, 7-Dibromo)-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 30 (3.88 g, 

75%) as a brownish white solid.  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (D, 1H), 3.6(D,1H), 3.3(S,3H). 

13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 128.5, 

120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.5 (silica gel, ethyl acetate/hexanes 1:2) The 

spectral properties of 5 was identical to the published values. 

2. 5. 22 1-Methyl-5-phenyl-(5.7-((ditripropan-2-ylsilyl) bisethynyl)-1,3-dihydro-2H-1,4-

benzodiazepin-2-one 
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In a 500mL round bottom flask, Pd(OAc)2 (213 mg, 0.95 mmol) and P(o-tolyl)3 (578mg, 1.9 

mmol) was added to 50 mL of acetonitrile. The mixture was stirred until a slurry appeared, which 

took about 20 min. Then 7-bromo-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 

29, (3.88 g, 9.5 mmol), triethylamine (2.66 mL, 19 mmol), (triisopropylylsilyl)acetylene (6.4 

mL,28.5 mmol) and additional acetonitrile (50 mL) was added. The reaction mixture was then 

heated to reflux (75oC) and held for 6 h, at which point the reaction was deemed complete on 

analysis by TLC (Silica gel).  Upon completion of the reaction progress, the mixture was cooled 

to rt and filtered through celite.  After washing with acetonitrile (20 mL x 2), the solvents were 

removed under reduced pressure and the residue was dissolved in dichloromethane (40 mL) and 

5% aq sodium bicarbonate (40 mL) was added.  The biphasic mixture, which resulted, was allowed 

to stand for 15 min and the layers were separated.  The aq layer was then extracted with 

dichloromethane (30 mL) and the combined organic layers were washed with 5% aq sodium 

bicarbonate solution (30 mL) and then 10% aq sodium chloride solution (30 mL x 3).  The organic 

layer was dried (Na2SO4) and it was purified by flash chromatography on silica gel. This process 

gave a dark orange liquid that gets solidified eventually on standing to give 1-Methyl-5-phenyl-

(5.7-((ditripropan-2-ylsilyl) bisethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one 31, (4.12 g 

,71% crude yield) This material was used in the next step without further purification.  

Rf = 0.7 (silica gel, ethyl acetate/hexanes 1:2)  
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2. 5. 23 7,9-diethynyl-1-methyl-5-phenyl-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one 

 

1-Methyl-5-phenyl-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one 31, 

(4.12 g, 6.74 mmol), water (3 mL) and tetrahydrofuran (200 mL) were cooled to -20oC using a dry 

ice / IPA bath. Then tetrabutylammonium fluoride hydrate, [1M in THF (13.48 mL, 13.48 mmoL)] 

was added dropwise to the reaction mixture over a 30 min period, while maintaining the 

temperature at -20 to -15oC.  Upon completion of the addition, the reaction mixture was allowed 

to warm to rt and stir for an additional 60 min at which point the reaction progress was deemed 

complete on analysis by TLC (silica gel).  The reaction mixture was then diluted with ethyl acetate 

(50 mL) and 10% aq sodium chloride (50 mL).  The biphasic mixture, which resulted, was allowed 

to stand for 15 min and the layers were separated.  The aq layer was then extracted with ethyl 

acetate (50 mL x 3) and the combined organic layers were washed with 10% aq sodium chloride 

solution (50 mL).  The organic layer was dried (Na2SO4).  The solvents were removed under 

reduced pressure. Then the mixture was dissolved in 30 mL of ethyl acetate and then stirred with 

20gm of silica gel for 2 hours and filtered. The amount of solvent was reduced to about 40 ml 

under reduced pressure. Then 40mL of hexanes was added dropwise to the mixture and it was 

allowed to stir overnight. The solid, which formed, was filtered and the grey solid was 

recrystallized from 1:4 (ethyl acetate/hexanes) to get 1.3 gm of cream white colored QH II 66. The 
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filtrate was concentrated under reduced pressure and after purification by column chromatography 

provided more of QH II 66 (0.5 g). These solids were dried under vacuum at 40oC. (1.8 g, 80%)  

1H NMR (500 MHz, CDCl3): 7.82(d, 1H) 7.66-7.64 (m, 2H, 2 x ArH), 7.60-7.57 (m, 2H, 2 x ArH), 

7.52-7.49 (m, 2H, 2xArH), 7.38 (dd, 1H, J=8.5, 2.0Hz,H-4), 4.6 (D, 1H), 3.6(D,1H), 3.3(S,3H), 

3.1(s,1H). 13C NMR (500 MHz, CDCl3): 171.2, 168.21, 149.4, 139.5, 134.4, 133.4, 131.7, 129.3, 

128.5, 120.3, 119.2, 118.8, 82.3, 79.2, 56.2, 34.2. Rf = 0.4 (silicagel, ethylacetate/hexanes 1:2) 

HRMS (ESI/IT-TOF): m/z [M + H]+ calcd for C20H14N2O: 298.3367; found 298.3352.  

Chapter 3 Synthesis of QH II 66 analogues 

3. 1 Synthesis of 7-Br NOR QH II 66 analogues. 

3. 1. 1 BISCHLER-NAPIERLSKI Approach 

3. 1. 1. 1 Chemistry 

The plan to the targets was to start with p-bromoaniline. An amide coupling reaction would be 

carried out by using a Boc protected chiral or non-chiral amino acid. This reaction could be done 

using DCC as a coupling reagent in DCM at room temperature. In the next step deprotection of 

the Boc group would be done via stirring in trifluoracetic acid in DCM at room temperature. Then 

the amine group would be re-protected by using a ortho substituted benzoyl chloride in the 

presence of sodium bicarbonate in DCM at room temperature. In the next step the product would 

be cyclized by using polyphosphoric acid or phosphorous oxychloride and heat. After that using a 

copper free sonogashira coupling reaction would be used to install a silyl protected ethinyl group 

at the c-7 position. In the next step the silyl group would be deprotected by using the tetra butyl 
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ammonium fluoride (TBAF) reagent. In the final step the N-H group would be N-methylated by 

using methyl iodide in presence of sodium tert-butoxide to be furnished the final product. See the 

scheme 13. 

The first step was done on 20-gram scale. The para bromoaniline (33) was reacted with the Boc 

protected glycine (34) in the presence of DCC in DCM. This reaction was started at 0oC and it 

was allowed to warm to room temperature. This reaction mixture was stirred for 12 hours. After 

the reaction was completed (TLC). The white colored urea byproduct was removed by filtration. 

The solvent was removed under reduced pressure and the solid was crystallized by using 20:80 

(Ethyl acetate: Hexanes). After recrystallization an 80% yield of amide (35) was achieved. In the 

next step deprotection of the Boc group was carried out in the presence of trifluoroacetic acid in 

DCM at room temperature. This mixture was stirred for 12 hours. 

 

Scheme  13. Proposed synthetic route for KRM II 08 analogues (part 1) 

 

After the completion of the reaction the solvent was removed under reduced pressure. The solid 

which remained was dissolved by using ethyl acetate and washed with sat. sodium bicarbonate 
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solution. The product was crystallized from 50:50 (Ethylacetate: Hexanes) to furnish 95% yield. 

The amine function of the product was protected by a benzoyl group. Benzoyl chloride was used 

to do this reaction. The reaction process was done in DCM in the presence of sodium bicarbonate 

at room temperature. The reaction process was completed in 30 minutes and the solid was purified 

by crystallization in 30:70 (Ethyl acetate: Hexanes) to give a 95% yield of the benzamide (40, 41). 

Cyclization of the benzamide (40) was attempted in the presence of phosphorous oxychloride and 

polyphosphoric acid with extreme heat. In the first approach phosphorous oxychloride was 

employed. This process was done in toluene, acetonitrile at reflux and with no solvent at extreme 

heat.  

 

Scheme  14. Proposed synthetic route for KRM II 08 analogues (part 2) 

 

Table 3-1 Optimization of cyclization of amide 40 
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The mixture was refluxed for 6-8 hours. In all the trials the percentage yield was very low, 

approximately 25% (See Table 2). The product was purified by column chromatography in 30:70 

(Ethyl acetate : Hexanes).   

The same trials were carried out in polyphosphoric acid, but there was no reaction. A few different 

types of substituted benzoyl chlorides were used later on but there was still no reaction in poly 

phosphoric acid. (See scheme 15)  
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Scheme  15. Proposed synthetic rout of 43 and 16. 

 

3. 1. 2 Gate’s method to synthesize Diazepam. 

Marshall Gates published a route to prepare diazepam in 1980. It was a six-step route. He started 

from 5-chloro isatoic anhydride (54). In the first step the N-H group was protected by converting 

it into an N-CH3 compound. The reaction process was done in DMF, methyl iodide was used as 

methylating agent. In the next step a seven membered diazepine ring was synthesized from a six 

membered anhydride (55). Glycine was used in this step. The next step was protection of the N-H 

group in the seven membered diazepine ring. This step was carried out with an excess of acetic 

anhydride by refluxing for two- and one-half hours. The next step was to perform Grignard reaction 

to obtain the desired benzophenone 58. The deprotection of the amide function was done in the 
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next step to furnish a terminal amine function with hydroxyl amine. In the last step a cyclization 

was carried out in presence of sodium bisulfite. (Scheme 16) 

 

Scheme  16. The Gate’s method for the synthesis of diazepam 60.  

 

3. 1. 2. 1 Chemistry 

The synthetic route presented in Scheme 16 was proposed the synthesis of TA II 73 (74), 2’CH3 

analog of QH II 66 which is a very important compound in the study of cancer. It was an eight-

step process. The Gate’s method for diazepam was adopted to prepare TA II 73 (74).  
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The 2-amino 5-bromo benzoic acid 45 was used as the staring material for the proposed route. In 

the first step 5-bromo isatoic anhydride 46 was synthesized by treating 2-amino 5-bromo benzoic 

acid 45 with triphosgene in THF at 70oC. The reaction mixture was allowed to stir for 2 hours.  

 

Scheme  17. Proposed synthesis route to synthesize TA II 59, 2’CH3 analog of 7-Br QH II 66. 

A saturated solution of sodium hydroxide was used to trap the unreacted phosgene gas during the 

reaction process in a phosgene gas trapping vessel. After complete conversion to the anhydride 46 

reaction process was stopped and allowed to cool down to room temperature. The anhydride 46 

precipitated as a white solid. It was separated by filtration and washed with methanol to furnish 
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the pure 5-bromo isatoic anhydride 46. The yield of this step was 95%. The largest scale was done 

on 50-gram to provide a large amount of the anhydride 46.  

The methylation was done in the second step at the N-H position by using methyl iodide, sodium 

hydride used as the base and DMF was used as the solvent. The reaction mixture was stirred at 

room temperature for 16 hours. The reaction was quenched by adding water at 0oC and extracted 

with DCM. The N-methyl amide 47 was crystallized by adding hexane dropwise at 0oC to 10oC to 

DCM solution. The percentage yield at this stage was 85%.  

In the third step a ring expansion reaction was done to form the diazepine system. Acetic acid was 

used as the solvent. The N-methyl 5-bromo isotoic anhydride 47 was treated with glycine in acetic 

acid. This mixture was heated to reflux for 2.5 hours. After the reaction was completed (TLC) the 

hot solution was added directly to an ice-water mixture. The white precipitate which formed was 

filtered to furnish the diazepine 48. The yield was 65% at this stage.  

The N-H group of the 7-membered diazepine ring 48 was protected by installing an acetyl group. 

This was done by refluxing the starting material in an excess amount of acetic anhydride for four 

hours. After four hours the rection mixture was allowed to cool down to room temperature. The 

acetamide 49 crystallized and was filtered to furnish the product. The yield was 70%.   

After this step the acetyl protected 7 membered diazepine ring 49 was treated with ortho tolyl 

magnesium chloride in THF at room temperature analogous to the method of Gate’s. At first the 

Grignard reagent was prepared by adding metallic magnesium to a solution of ortho tolylchloride 

in THF by refluxing for an hour. A solution was made of the reactant in THF, and the temperature 

was cooled to -20oC. Then freshly prepared Grignard reagent was added dropwise for 20 minutes 

at a rate of 1mL per minute. After completing the addition, the temperature was increased to room 

temperature it was allowed to stir for an hour. After consuming all the staring material, the reaction 
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progress was stopped by using a saturated ammonium chloride solution. After workup with ethyl 

acetate a white product was collected. After characterization by 1H NMR it was confirmed that 

the product which formed, was not the desired benzophenone. The product was the corresponding 

tertiary alcohol 62.  

 

Scheme  18. Grignard reaction of 49. 

 

This reaction was repeated several times, but the results were the same, and the product was always 

a tertiary alcohol.  

 

Scheme  19. Product of Grignard reaction with 49 
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After getting similar results in several trials, we decided to stop trying this route and moved 

forward to a different route.   

3. 2 Synthesis of 5-bromo 2-amino benzophenone analogues. 

3. 2. 1 Weijian Zhang’s Method. 

 

Scheme  20. Proposed synthesis for 68 and it’s analogues. 

3. 2. 1. 1 Chemistry 

According to the proposed route of Weijiang Zhang in Milwaukee, in the first step 6-bromo-2-

phenyl-4H-benzo[d] [1,3] oxazin-4-one 64 was synthesized. 5 bromo 2 amino benzoic acid 45 and 

benzoyl chloride 63 were used as starting materials. This reaction was carried out in pyridine. 5 

bromo 2 amino benzoic acid 45 was dissolved in pyridine. A second solution of benzoyl chloride 

63 in pyridine was made and added dropwise into the first solution over 15 minutes at 0oC. After 

addition of benzoyl chloride 63, the reaction process was completed within 10 minutes with 
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stirring. The precipitate which formed was filtered and collected. The product was washed with 

enough water used to remove the excess amount of pyridine several times.  

In the second step the required Grignard reagent was made. To make the Grignard reagent a 

solution in a solution of ortho substituted bromobenzene in THF, dry Mg turnings were added. 

The mixture was allowed to heat to reflux until all the magnesium metal was consumed. To the 

other solution of 6-bromo-2-phenyl-4H-benzo[d] [1,3] oxazin-4-one 64 in THF the freshly 

prepared Grignard reagent was added at -20oC over a period of 20 minutes. The reaction mixture 

was then allowed to stir at room temperature for an hour. The reaction was quenched by adding 

ammonium chloride. Ethyl acetate was used to extract the product. One of the products, the tertiary 

alcohol precipitated from a solution of 20% ethyl acetate in hexane. Only about 20% of desired 

product was collected by chromatography.    

This Grignard reaction was done for four other analogs of ortho substituted bromobenzenes. On 

all occasions the respective tertiary alcohol was found as major product. (See Table 3) 

Table 3-2 Reaction of 64 with different Grignard reagents.  
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In order to increase the amount of the desired product (N-(4-bromo-2-(2-methylbenzoyl) phenyl) 

benzamide) the Grignard reaction attempts were made to optimize the process by altering the 

Grignard solvent, reaction solvent, temperature, and duration. In the table 2 data is shown for the 

ortho tolyl ligand. The data indicated to get rid of the formation of the tertiary alcohol the Grignard 

reagent should be added at -40oC and let solution slowly climb to room temperature. The yield of 

the desired product from this process was less than 20% but no alcohol was formed. 

The similar yields were obtained for the 2’6’ difluoro analogue. In this case the tertiary alcohol 

was not formed if the Grignard reagent was added at -40oC but the desired product (N-(4-bromo-

2-(2-methylbenzoyl) phenyl) benzamide) was formed in lower yield, which was less than 20%. 

(See table 4) 

Table 3-3 Optimization of the Grignard reaction of 64 with o-tolyl magnesium bromide 
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Table 3-4 Optimization of the Grignard reaction of 64 with o-tolyl magnesium bromide 

 

In the final step of the proposed route the N-(4-bromo-2-(2-methylbenzoyl) phenyl) benzamide 

was treated with 10N hydrochloric acid to remove the benzoyl group. The reaction was 

unsuccessful. Later, the acid was changed to Hydrobromic acid and refluxed for 17 hours, but also 

in this trial the benzoyl group was not get removed. 

3. 2. 2 Friedel crafts acylation. 

3. 2. 2. 1 Chemistry 

3. 2. 2. 1. 1 Synthesis of 2’CH3 5-Br 2-aminobenzophenone 68. 

Friedel crafts acylation method was applied to synthesize the 2’CH3 5-Br 2-aminobenzophenone 

68. In the first trial para bromoaniline 33 was used as the starting material. The starting material 

was treated with 2 equivalents of ortho tolyl benzoyl chloride 67. (See Scheme 21) 



 

185 
 

 

Scheme  21.  Synthetic route for 2’CH3 5-Br 2-aminobenzophenone 68.  

 

The reaction was done under neat conditions analogous to extensive work done by Farjana Rashid 

and Yeunus Mian. Zinc chloride was used as a catalyst. In the first step a mixture of para 

bromoaniline 33 and ortho tolyl benzoyl chloride 67 was heated until the mixture turned to a liquid 

phase. When the temperature reached 180oC, the zinc chloride was added under a flow of argon. 

Then the temperature was increased to 220oC and maintained at this temperature for 12 hours. 

After 12 hours the reaction was allowed to cool to room temperature. Acetic acid, sulfuric acid, 

and water in a ratio of 2:1.5:1 was added to the cooled mixture and temperature was raised until 

the mixture began to reflux. The reflux was carried on for 17 hours. After 17 hours the reaction 

mixture was allowed to cool to room temperature and was poured into a large amount of a mixture 

of ice-water. Then diethyl ether was used to extract the ketone. It was then washed with a saturated 

sodium chloride solution (x3). Then sodium sulfate was used to furnish a moisture free diethyl 

ether extract. The solvent was evaporated to get a crude mixture of 2’CH3 5-bromo 2-

aminobenzophenone 68. The crude material was purified by column chromatography by using a 

mixture of 5:95 ethyl acetate and hexane on silica gel. This process was done on 10 gram in scale 

and the yield was only 22%. However, this attempt gave enough starting material of 68 to continue.  



 

186 
 

This reaction has three steps. In the first step the para bromoaniline 33 was protected by forming 

para bromophenyl N-benzamide 69. In the second step the Friedel Craft acylation reaction took 

place and formed the benzophenone 68. In the third step a mixture of acetic acid, sulfuric acid and 

water in a ratio of 2:1.5:1 used to deprotect the benzamide to form the 2’CH3 5-Bromo 2-

Aminobenzophenone.  

 

Scheme  22. Synthesis of para bromophenyl N-benzamide 69. 

It was decided to follow these three different steps to get rid of additional impurities and improve 

the overall percentage yield.  

N-(4-bromophenyl)-2-methylbenzamide 69 was synthesized by treating para bromoaniline 33 with 

ortho tolyl benzoyl chloride 67 in DCM in the presence of solid Sodium bicarbonate at room 

temperature. The mixture was stirred for two hours. After confirming the consumption of starting 

material by TLC the reaction was quenched by adding water. A white precipitate was formed and 

filtered out to get the purified N-(4-bromophenyl)-2-methylbenzamide 69. The amide 69 was dried 

under the air for 24 hours to furnish a moisture free product. This step was performed for two more 

times. The overall yield was 95%. 
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Scheme  23. Synthetic route of N-(4-bromo-2-(2-methylbenzoyl) phenyl) benzamide 70. 

 

In the second step the Friedel Crafts acylation reaction was carried out. One equivalent of ortho 

tolyl benzoyl chloride 67 was used at this stage. The reaction was done in neat conditions. The 

ZnCl2 was added at 180oC. The mixture was heated at 220oC for 12 hours. After this the mixture 

was allowed to cool to room temperature. Excess water was added to the mixture and the mixture 

which resulted clots heated to reflux at 100oC. The hot water was cooled to about 70oC and 

decanted. This process was done 3-5 times. This process removes the unreacted ZnCl2 from the 

product which is not required in the final step of this process where in the benzoyl group is 

removed. This provides a much cleaner reaction product and is a significant progress. The product 

formed in this step was not purified. 
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Scheme  24. Deprotection of benzoyl group from 70 to furnish 68.  

 

To a mixture of acetic acid, sulfuric acid, and water in a ratio of 2:1.5:1 the crude 70 was added. 

This mixture was allowed to heat to reflux for 17 hours. After the reaction is done (TLC) the 

mixture was transferred into an ice-water mixture and extracted with diethyl ether. The extract was 

brought to alkaline pH by using 3M potassium hydroxide to remove the excess amount of acid 

from the diethyl eth mixture. The diethyl ether was removed under reduced pressure to furnish a 

crude mixture of the 2’CH3 5-bromo 2-bminobenzophenone 68. The product was purified by using 

5:95 ratio of ethyl acetate and hexanes mixture on column chromatography.   
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Figure 100. Effect of removal of  ZnCl2 from the reaction mixture in the second step of the synthesis of 2’CH3 

5-bromo 2-bminobenzophenone 68. Left image shows the hard mass formation due to the solidification of ZnCl2 

after wet loading in column chromatography. Right picture shows the effect of complete removal of ZnCl2 from 

the reaction mixture.  

 

This process was repeated two times as mentioned. From the benzamide step, the highest yield 

was 44%. The product was characterized by 1H NMR and C13 NMR. This is better yield than 

(<25%) yield via other methods.  
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3. 2. 2. 1. 2 Synthesis of 2’CF3 5-Br 2-aminobenzophenone and 2’,6’-difluoro 5-Br 2-

aminobenzophenone. 

By following a similar synthetic route for the synthesis of 2’CH3 5-Br 2-aminobenzophenone 68, 

attempts were made to synthesize 2’CF3 5-Br 2-aminobenzophenone and 2’,6’-difluoro 5-Br 2-

aminobenzophenone. 

After synthesizing these other benzophenones via this route, we went forward to make their 7-

bromo NOR QH II 66 analogs with a trace amount of solvent remaining because in both cases it 

was impossible to get rid of the solvent totally. After synthesizing the analogs in both cases, we 

observed eight hydrogen atoms in the 1H NMR spectrum in the aromatic regions which is similar 

to that of 7-bromo NOR QH II 66. It was decided to take 19F NMR to confirm the presence of 

fluorine. KRM II 08 was used as a standard because it has a fluorine atom at the 2’ position.  

The 19F NMR indicated that in both fluorine cases there was an absence of fluorine atoms. The 

standard and the starting materials 2-trifluoromethyl benzoyl chloride and 2,6 difluoro benzoyl 

chloride did contain the fluorine peak in the 19F NMR spectrum at -112 ppm. By conducting the 

synthesis one more time it was found one was losing the fluorine atoms during the deprotection of 

the benzamide group due to the harsh condition. We found several published articles to support 

for this phenomenon.  

It was decided to perform the deprotection of the benzoyl group by using hydrazine monohydrate 

but in both cases the reactions were unsuccessful.  
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3. 2. 2. 1. 3 Synthesis of TA II 73 (74), 2’CH3 analogue of QH II 66. 

After the synthesis of 2’CH3 5-Bromo 2-Aminobenzophenone 68, the synthesis TA II 73 74 was 

carried out by following the same route employed for the preparation of QH II 66. (See Scheme 

25) The route employed consisted of five steps from the starting material 68. The largest scale was 

on 10-gram scale began with the 2’CH3 5-bromo 2-aminobenzophenone 68. Overall of TA II 73 

(74) was 29%.  

 

 

Scheme  25. Synthetic route for TA II 73 (74). 
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3. 2. 2. 1. 4 Synthesis of TA IV 46 (77). 

The related imidazobenzodiazepine for studies of SAR TA IV 46 was synthesized from the 

bromide TA II 59 (72). The imidazole part was installed by executing two steps. In the first step 

TA II 59 (72) was treated with diethyl chlorophosphate in the presence of potassium tert-butoxide 

in THF. A solution of diethyl chlorophosphate in THF was added to the reaction vessel at -50oC 

dropwise for 5 minutes. This was analogous to Li’s, Poe’s and Sharmin’s procedure. Then the 

temperature was allowed to rise to room temperature and the mixture was allowed to stir until all 

the starting material 72 had been consumed. After this the mixture was cooled down to -50oC, 

potassium tert butoxide and ethyl isocyanoacetate were added to the the mixture and let the 

temperature allowed to rise to the room temperature. This mixture was allowed to stir overnight. 

After completion of the reaction on confirmation by TLC (silica gel), a saturated solution of 

sodium bicarbonate was added to the reaction mixture.  

 

Scheme  26. Synthetic route for TA IV 46 (77). 
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Ethyl acetate was used to extract the product (TA-IV-42, 75) and it was purified by column 

chromatography with a 50:50 ethyl acetate and hexanes mixture.  

In the next step a copper free sonogashira coupling reaction was performed to install the TIPS 

acetylene in the 7-Br position. In the final step the TIPS protected TA-IV-42 (76) was treated with 

TBAF to deprotect the TIPS group to get the final product TA-IV-46 (77). The product was 

purified by column chromatography with a solution of 50% ethyl acetate in hexanes. The overall 

yield from TA II 59 to TA-IV-46 was 30%. The largest scale from TA-II-59 was 5 grams. This 

material 75 and 77 was immediately sent out for PDSP, rotorod, righting reflex for the results will 

be important regarding SAR.   
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3. 3 Experimental 

3. 3. 1 tert-butyl (2-((4-bromophenyl) amino)-2-oxoethyl) carbamate. (35) 

 

 

The parabromoaniline (33, 50 g, 290.0 mmol) and Boc-D-alanine (34, 84.5 g, 482.5 mmol) were 

dissolved in dry DCM (300 mL) and stirred at 0 oC. Then dicyclohexylcarbodiimide (DCC; 104.7 

g, 507.5 mmol) was dissolved in dry DCM (150 mL) to form a homogenous solution, which was 

added to the former mixture dropwise over a 30 min period at 0oC. The solution was allowed to 

stir for 22 h at rt. The dicyclohexyl urea byproduct which was formed was filtered off and washed 

with DCM until the solid was colorless. The organic layers were combined and concentrated under 

reduced pressure. The crude solid was dissolved in hexane at 45oC, and the Boc analog was 

recrystallized when cooled down to rt after adding seed crystals. The crystals were further washed 

with hexane to afford the majority of Boc analog. The filtrate was combined, concentrated, and 

purified on a flash column chromatography (silica gel, DCM/hexane 1:1) to yield additional 

product (76.4 g, 80 %):  

1H NMR (300 MHz, CDCl3) δ 9.41 (s, 2H), 7.58-7.61 (d, J = 9.0 Hz, 2H), 7.23– 7.27 (d, J = 9.0 

Hz 2H), 4.15 (s, 2H), 0.74 (s, 9H), 1.45 (m, 1H); 13C NMR (300 MHz, CDCl3) δ 172.73 (s), 
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169.03 (s), 131.75 (s), 130.16 (s), 126.66 (s),  122.75(s), 78.43 (s), 47.73 (s), 25.52 (s); This was 

used in the next step without further characterization. 

3. 3. 2 2-amino-N-(4-bromophenyl) acetamide (37) 

 

In a two neck round bottom flask the tert-butyl (2-((4-bromophenyl) amino)-2-oxoethyl) 

carbamate (35, 16.0 g, 48.6 mmol) was dissolved in dry DCM (100 mL) and stirred at 0oC. Then 

trifluoroacetic acid (36; 44.6 mL, 583.2 mmol) was dissolved in dry DCM (100 mL) was added to 

the former solution dropwise over a 30 min period at 0oC. An outlet pipe was added to get rid of 

the produced carbon dioxide. The solution was allowed to stir for 12 h at rt. After completion of 

the reaction confirmed by TLC the reaction was stopped. The solvent was evaporated, and the 

crude was extracted by using a saturated sodium bicarbonate and ethyl acetate. The organic part 

was washed with saturated sodium chloride. The solvent was evaporated to get the crude. The 

product 2-amino-N-(4-bromophenyl) acetamide was crystallized by using 20% ethyl acetate 

solution in hexanes. (10.56 g, 95 %):  

1H NMR (300 MHz, CDCl3) δ 9.31 (s, 1H), 7.48-7.11 (d, J = 9.0 Hz, 2H), 7.22– 7.25 (d, J = 9.0 

Hz 2H), 5.36 (s, 3H) 3.47 (s, 2H); 13C NMR (300 MHz, CDCl3) δ 172.23 (s), 131.55 (s, 2C), 

130.35 (s, 2C), 126.86 (s), 122.75(s), 45.32 (s); This was used in the next step without further 

characterization. 
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3. 3. 3 N-(2-((4-bromophenyl) amino)-2-oxoethyl)-2-fluorobenzamide (40) 

 

To a mixture of 2-amino-N-(4-bromophenyl) acetamide (5.0 g, 21.83 mmol), sodium bicarbonate 

(3.67 g, 43.66 mmol), and dichloromethane (60 mL), ortho fluoro benzoyl chloride (3.13 mL, 26.2 

mmol) was added. The temperature was kept between -10oC – 0oC with continuous stirring. The 

white colored reaction mixture, which resulted, was then allowed to stir for longer than 2 h at rt. 

The completion of the reaction was verified by analysis by TLC (silica gel) and 50% ethyl acetate 

/ hexanes.  The reaction mixture was then slowly diluted over 30 min with water (100 mL) as 

carbon dioxide bubbles occurred.  The biphasic mixture, which resulted, was allowed to stand for 

15 min and the layers were separated. The aq layer was extracted with dichloromethane (50 mL) 

and the combined organic layers were washed with 5% aq sodium bicarbonate solution (50 mL) 

and then 10% aq sodium chloride solution (30 mL).  The organic layer was dried (Na2SO4).  The 

solvents were removed under reduced pressure and the residue was slurried with ethanol (30 mL) 

at 50 – 55oC for 30 min.  Upon cooling to rt and after holding the temperature for 1 h, the solid, 

which formed, was filtered, and washed with ethanol (50 mL x 3).  The solid was dried under 

vacuum at 40oC to afford the product N-(2-((4-bromophenyl) amino)-2-oxoethyl)-2-

fluorobenzamide 40 as an off-white solid (7.28 g, 95%). 

1H NMR (300 MHz, CDCl3) δ 9.11 (s, 2H), 7.66-7.70 (dd, 2H), 7.38-7.51 (m, 2H), 7.31-7.36 

(dd,2H), 7.18-7.31 (ddd, 1H), 7.14-7.21 (ddd, 1H),  3.96 (s, 2H); 13C NMR (300 MHz, CDCl3) δ 
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172.73 (s), 163.03 (d, J= 250Hz), 135.15 (s), 131.75 (s), 130.16 (s), 129.86(s), 126.16 (s),  

122.45(s), 120.97 (s), 114.65 (s), 42.43 (s); This was used in the next step without further 

characterization. 

3. 3. 4 N-(2-((4-bromophenyl) amino)-2-oxoethyl)-2-chlorobenzamide (41) 

 

It was synthesized by following the procedure as N-(2-((4-bromophenyl) amino)-2-oxoethyl)-2-

fluorobenzamide. 

1H NMR (300 MHz, CDCl3) δ 9.41 (s, 2H), 7.58-7.61 (d, J = 9.0 Hz, 2H), 7.23– 7.27 (d, J = 9.0 

Hz 2H), 4.15 (s, 2H), 0.74 (s, 9H), 1.45 (s, 9H); 13C NMR (300 MHz, CDCl3) δ 174.23 (s) 172.73 

(s), 134.85 (s), 134.46 (s), 134.36 (s), 131.75 (s), 130.16 (s), 129.56(s), 128.05 (s), 126.66 (s), 

122.65(s), 42.53 (s); This was used in the next step without further characterization. 

3. 3. 5 6-bromo-2H-benzo[d][1,3] oxazine-2,4(1H)-dione (46) 

 

In a 1L 3-neck round bottom flask 5-bromo 2- aminobenzoic acid (50 g, 231.4 mmol) was 

dissolved in dry DCM (300 mL) and stirred at 0oC. Then triphosgene (25.22 g, 85 mmol) was 
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added and stirred for 30 minutes to form a homogenous solution. A trap was added by using 

saturated sodium hydroxide to neutralize excess phosgene gas. Temperature raised to 70oC 

gradually in 30 minutes. The solution was allowed to stir for 12 hrs at 70oC. By confirming with 

TLC the reaction was stopped and let it cool down to room temperature. After cooling down a 

white precipitate was formed which is the product. The filtrate was collected and concentrated by 

using rotary evaporator. The crude was then first washed with 5% sodium hydroxide and later with 

brine. Ethyl acetate was used as the extraction solvent. The organic ethyl acetate part was 

concentrated and crystallized to product 6-bromo-2H-benzo[d][1,3] oxazine-2,4(1H)-dione by 

using 20% ethyl acetate in hexanes solution (55 g, 98%):  

1H NMR (300 MHz, CDCl3) δ 13.05 (s, 1H), 8.05-8.10 (d, 1H), 8.03-8.11 (dd, 1H), 7.31-7.38 (dd, 

1H), 13C NMR (300 MHz, CDCl3) δ 184.03 (s), 176.60 (s), 148.08 (s), 139.10 (s), 128.30 (s), 

125.38 (s), 122.73 (s); HRMS (ESI/IT-TOF) m/z: [M + H]+ Calcd for C8H4BrNO3 242.0257; 

found 242.0243. 

3. 3. 6 6-bromo-1-methyl-2H-benzo[d] [1,3] oxazine-2,4(1H)-dione (47) 

 

In a 1L three neck round bottom flask 6-bromo-2H-benzo[d][1,3] oxazine-2,4(1H)-dione (50 g, 

290.0 mmol) was dissolved in dry DMF (300 mL) and stirred at 0oC. The flask was degassed for 

three times to make sure the reaction mixture remains under argon. Sodium hydride 60% dispersed 

in mineral oil () was added in portions. During addition the temperature kept under 0oC. The 
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temperature raised to room temperature and was stirred for 16 hours. After confirming reaction 

completion by using TLC the reaction was stopped by adding ice water. The mixture was extracted 

by using ethyl acetate. The organic layer was washed with brine. The extract was concentrated by 

evaporating ethyl acetate. The crude was then crystallized by using 20% ethylacetate in hexanes 

solution gives brown solid as product 6-bromo-1-methyl-2H-benzo[d] [1,3] oxazine-2,4(1H)-

dione. 47 (44.5 gm, 84%)    

1H NMR (300 MHz, CDCl3) δ 7.85-7.93 (dd, 1H), 7.86– 7.92 (dd, 1H), 7.22-7.29 (dd, 1H), 3.45 

(s, 3H); 13C NMR (300 MHz, CDCl3) δ 168.28 (s), 147.45 (s), 142.21 (s), 140.05 (s), 131.79 (s), 

118.24(s), 116.33 (s), 113.28 (s), 33.43 (s); This was used in the next step without further 

characterization. 

3. 3. 7 7-bromo-1-methyl-3,4-dihydro-1H-benzo[e] [1,4] diazepine-2,5-dione (48) 

 

In a three neck round bottom flask 6-bromo-1-methyl-2H-benzo[d] [1,3] oxazine-2,4(1H)-dione 

(20 g, 78.1 mmol) and glycine (8.8 g, 117.2 mmol) were dissolved in acetic acid (100 mL) and 

stirred at room temperature. The mixture was heated to reflux for 3 hours. After 3 hours the 

reaction was stopped. In a beaker filled with ice water, the hot reaction mixture was added and 

stirred for 30 minutes. The slurry which was produced was filtered to collect the white solid which 
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is the product, 7-bromo-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione 48. The 

solid was dried under air overnight to get dry product. (16.5 gm, 64%) 

 1H NMR (300 MHz, CDCl3) δ 8.11 (s, 1H), 7.78 (s, 1H), 7.68 (d, 1H), 7.11 (d, 1H), 3.85 (d, 2H), 

3.41 (s, 3H); 13C NMR (300 MHz, CDCl3) δ 169.21 (s), 167.92 (s), 135.73 (s), 133.51 (s), 128.71 

(s),  123.48(s), 118.82 (s), 46.21 (s), 36.42 (s); This was used in the next step without further 

characterization. 

3. 3. 8 4-acetyl-7-bromo-1-methyl-3,4-dihydro-1H-benzo[e] [1,4]diazepine-2,5-dione (49) 

 

In a three neck round bottom flask 7-bromo-1-methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-

2,5-dione 48 (15 g, 55.8 mmol) was dissolved in acetic anhydride (50 mL) and stirred at room 

temperature. The mixture was heated to reflux for 3 hours. After 3 hours the reaction was stopped. 

In a beaker filled with ice water, the hot reaction mixture was added and stirred for 30 minutes. 

Ethyl acetate was used to extract the product. The extract was the washed with brine. The organic 

part was concentrated by rotary evaporator to get the crude product. The product, 7-bromo-1-

methyl-3,4-dihydro-1H-benzo[e][1,4]diazepine-2,5-dione 49 was crystallized by using a 40% 

ethyl acetate solution in hexanes to get it as a white solid. The solid was dried under air overnight 

to get dry product. (11.2 gm, 65%) 
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1H NMR (300 MHz, CDCl3) δ 8.11 (s, 1H), 7.78 (d, 1H), 7.21 (d, 1H), 5.71 (d, 1H), 3.76 (d, 1H), 

3.47 (s, 3H), 2.73 (s, 3H); 13C NMR (300 MHz, CDCl3) δ172.41 (s), 166.21 (s), 164.76 (s), 141.11 

(s), 136.22 (s), 134.51 (s), 131.11 (s), 123.92 (s), 117.51 (s), 45.72 (s), 35.91 (s), 27.85 (s) ; This 

was used in the next step without further characterization. 

3. 3. 9 6-bromo-2-methyl-4H-benzo[d] [1,3] oxazin-4-one 

 

In a three neck round bottom flask 5-bromo 2- aminobenzoic acid 45 (5 g, 23.14 mmol) was 

dissolved in Pyridine (50 mL) and stirred at room temperature. NaHCO3 (3.88 g, 46.23 mmol) was 

also added to the solution. Acetyl chloride (1.98 mL, 27.77 mmol) was added dropwise to the 

mixture. The mixture was stirred for 10 minutes and checked by TLC. When the reaction was 

completed, cold water was added to mixture. The white solid which precipitated was filtered and 

collected which is the product 6-bromo-2-methyl-4H-benzo[d] [1,3] oxazin-4-one. The collected 

solid was washed with water and dried overnight.  (5.27 gm, 95%) 

1H NMR (300 MHz, CDCl3) δ 8.03-8.10 (dd, 1H), 8.05– 8.10 (dd, 1H), 7.10– 7.20 (dd, 1H) 1.77 

(s, 3H); 13C NMR (300 MHz, CDCl3) δ 185.90 (s), 184.09 (s), 148.08 (s), 139.12 (s), 125.40 (s), 

122.12 (s), 19.82 (s); This was used in the next step without further characterization. 
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3. 3. 10 6-bromo-2-phenyl-4H-benzo[d] [1,3] oxazin-4-one (64) 

 

In a three neck round bottom flask 5-bromo 2- aminobenzoic acid 45 (5 g, 23.14 mmol) was 

dissolved in Pyridine (50 mL) and stirred at room temperature. NaHCO3 (3.88 g, 46.23 mmol) was 

also added to the solution. Benzoyl chloride 63 (3.22 mL, 27.77 mmol) was added dropwise to the 

mixture. The mixture was stirred for 10 minutes and checked by TLC. When the reaction was 

completed, cold water was added to mixture. The white solid which precipitated was filtered and 

collected which is the product 6-bromo-2-phenyl-4H-benzo[d][1,3]oxazin-4-one, 64. The 

collected solid was washed with water and dried overnight.  (6.64 gm, 95%) 

1H NMR (300 MHz, CDCl3) δ 8.12-8.20 (dd, 1H), 8.14– 8.18 (dd, 1H), 8.06– 8.14 (dd, 2H); 7.63-

7.78 (m, 1H), 7.52– 7.68 (t, 2H), 7.48– 7.55 (d, 1H) 13C NMR (300 MHz, CDCl3) δ 189.61 (s), 

184.52 (s), 148.58 (s), 142.57 (s), 139.12 (s), 129.05 (s), 126.55 (s), 126.31(s), 125.46(s). 

124.38(s), 122.75(s); This was used in the next step without further characterization. 
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3. 3. 11 N-(4-bromophenyl)-2-methylbenzamide (69) 

 

To a mixture of parabromoaniline 33 (50 g, 290.7 mmol), sodium bicarbonate (48.83 g, 581.3 

mmol), and dichloromethane (500 mL), benzoyl chloride (37.15 mL, 319.77 mmol) was added 

dropwise. The temperature was maintained between -10oC – 0oC with continuous stirring. The 

white colored reaction mixture, which resulted, was then allowed to stir for longer than 2 h at rt. 

The completion of the reaction was verified by analysis by TLC (silica gel) and a solution of 50% 

ethyl acetate / hexanes.  The reaction mixture was then slowly diluted over 30 min with water (300 

mL) as carbon dioxide bubbles occurred.  The biphasic mixture, which resulted, was allowed to 

stand for 15 min and the layers were separated. The aq layer was extracted with dichloromethane 

(300 mL) and the combined organic layers were washed with 5% aq sodium bicarbonate solution 

(300 mL) and then 10% aq sodium chloride solution (300 mL).  The organic layer was dried 

(Na2SO4).  The solvents were removed under reduced pressure and the residue was slurried with 

ethanol (300 mL) at 50 – 55oC for 30 min.  Upon cooling to rt and after holding the temperature 

for 1 h, the solid, which formed, was filtered, and washed with ethanol (60 mL x 3).  The solid 

was dried under vacuum at 40oC to afford the product N-(4-bromophenyl)-2-methylbenzamide 

69 as an off-white solid (80.12 g, 95%). 

1H NMR (300 MHz, CDCl3) δ 10.56 (s, 1H), 7.65-7.72 (dd, 2H), 7.41– 7.51 (dd, 2H), 7.41-7.54 

(tt, 1H), 7.41-7.53 (ddd, 2H), 7.30-7.37 (dd, 2H); 13C NMR (300 MHz, CDCl3) δ 169.73 (s), 

133.96 (s), 133.55 (s), 131.75 (s), 130.16 (s), 128.25 (s, 2C), 127.62 (s, 2C), 126.66 (s), 122.75 (s) 
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3. 3. 12 (2-amino-5-bromophenyl) (o-tolyl) methanone (68) 

 

In a 500 mL 3-neck round bottom flask N-(4-bromophenyl)-2-methylbenzamide 69 (50 gm, 

172.32 mmol) was charged at room temperature. Under argon flow ortho toluoyl benzoyl chloride 

69 (24.8 mL, 189.5mmol) was added. A condenser and a thermometer were added to the round 

bottom flask. The temperature of the mixture was raised to 180oC. ZnCl2 was added to the hot 

liquid. After that the temperature was allowed to rise to 220oC and kept the temperature at that 

point for 3 hours. After 3 hours the reaction mixture was cooled down to room temperature and 

water was added to it. The reaction mixture was refluxed for an hour and cooled down to 50oC. 

The liquid was decanted. A mixture of sulfuric acid, Acetic acid and water in a ratio of 2:1.5:1 was 

added to the mixture and refluxed for 17 hours. After 17 hours the hot mixture was transferred to 

an ice-water mixture and extracted with diethyl ether. The organic part was then washed with a 

saturated sodium bicarbonate solution and with brine. The solvent was evaporated to get a crude 

mixture. The product (2-amino-5-bromophenyl) (o-tolyl) methanone 68 was purified by column 

chromatography as yellow solid (20.7 g, 39%). A 2% ethyl acetate solution in hexanes was used.  

1H NMR (300 MHz, CDCl3) δ 8.07- 8.11 (dd, 1H), 7.96- 8.07 (ddd, 1H), 7.70-7.79 (dd, 1H), 7.61-

7.75 (ddd, 1H), 7.34-7.43 (m, 2H), 6.64-6.72 (dd, 1H) 5.35 (s, 2H), 2.23 (s, 3H); 13C NMR (300 

MHz, CDCl3) δ 190.64 (s), 145.46 (s), 138.47 (s), 137.96 (s), 133.16 (s),  129.35(s), 128.85 (s), 
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128.66 (s), 128.67 (s), 125.65 (s), 124.35 (s), 117.76 (s), 113.26 (s), 19.82 (s); HRMS (ESI/IT-

TOF) m/z: [M + H]+ Calcd for C14H12BrNO 290.1543; found 290.1528. 

3. 3. 13 2-bromo-N-(4-bromo-2-(2-methylbenzoyl) phenyl) acetamide (71) 

 

To a mixture of (2-amino-5-bromophenyl) (o-tolyl) methanone 68 (10 g, 34.46 mmol), sodium 

bicarbonate (5.79 g, 68.92 mmol), and dichloromethane (100 mL), bromoacetyl bromide (3.60 

mL, 41.35 mmol) was added dropwise. The temperature was kept between -10oC – 0oC with 

continuous stirring. The white colored reaction mixture, which resulted, was then allowed to stir 

for longer than 3 h at rt. The completion of the reaction was verified by analysis by TLC (silica 

gel) and 50% ethyl acetate / hexanes.  The reaction mixture was then slowly diluted over 30 min 

with water (100 mL) as carbon dioxide bubbles occurred.  The biphasic mixture, which resulted, 

was allowed to stand for 15 min and the layers were separated. The aq layer was extracted with 

dichloromethane (100 mL) and the combined organic layers were washed with 5% aq sodium 

bicarbonate solution (100 mL) and then 10% aq sodium chloride solution (300 mL).  The organic 

layer was dried (Na2SO4).  The solvents were removed under reduced pressure and the residue was 

slurried with ethanol (100 mL) at 50 – 55oC for 30 min.  Upon cooling to rt and after holding the 

temperature for 1 h, the solid, which formed, was filtered, and washed with ethanol (60 mL x 3).  
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The solid was dried under vacuum at 40oC to afford the product 2-bromo-N-(4-bromo-2-(2-

methylbenzoyl) phenyl) acetamide as an off-white solid (13.56 g, 95.5%). 

1H NMR (300 MHz, CDCl3) δ 12.01 (s, 1H), 8.66 (d, J = 9.0 Hz, 1H), 7.71 (d, J = 9.0 Hz, 1H), 

7.55 (s, 1H), 7.44 (s, 1H), 7.35 (s, 2H), 4.07 (s, 2H), 2.35 (s, 3H).13C NMR (300 MHz, CDCl3) δ 

190.64 (s), 172.73 (s), 139.27 (s), 138.47 (s), 137.96 (s),  131.86 (s), 130.16 (s), 129.35 (s), 128.66 

(s), 127.56 (s), 125.65(s). 124.35(s), 122.76(s), 36.02 (s), 19.82(s); HRMS (ESI/IT-TOF) m/z: [M 

+ H]+ Calcd for C16H13BrNO2 411.0869; found 411.0851. 

3. 3. 14 7-bromo-5-(o-tolyl)-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one (72) 

 

A mixture of 2-bromo-N-(4-bromo-2-(2-methylbenzoyl) phenyl) acetamide, 71 (10 g, 24.3 mmol), 

hexamethylenetetramine (HMTM, 7.50 g, 53.5 mmol), ammonium acetate (4.12 g, 53.5 mmol), 

and isopropanol (100 mL) was heated to reflux (82oC).  The reaction mixture was held at reflux 

for 6 h, at which point the reaction progress was deemed complete on analysis by TLC (silica gel 

and 1:1, ethyl acetate/hexanes).  The reaction mixture was then cooled to 0 – 5oC using an ice bath.  

The solid, which resulted, was filtered, and washed with cold isopropanol (100 mL x 2) and then 

water (100mL x 4).  The solid was dried under vacuum at 40oC to afford 3.2 g of the 

benzodiazepine 72 as an off-white solid. The IPA was removed from the mother liquor under 
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reduced pressure. The solid was then extracted with ethyl acetate. The ethyl acetate was removed 

under reduced pressure and the residue was purified by column chromatograpy using 1:4 etheyl 

acetate/hexanes to afford 2.01 grams more of 7-bromo-5-(o-tolyl)-1,3-dihydro-2H-benzo[e] 

[1,4] diazepin-2-one 72 (5.21 g, 65%) 

1H NMR (300 MHz, CDCl3) δ 11.95 (s, 1H), 8.68 (d, J = 9.0 Hz, 1H), 7.65 (d, J = 9.0 Hz, 1H), 

7.45 (d, J = 22.1 Hz, 2H), 7.27 – 7.17 (m, 2H), 7.14 (d, J = 7.6 Hz, 1H), 3.65 (s, 2H), 2.23 (s, 3H). 

13C NMR (75 MHz, CDCl3) δ 200.64, 170.52, 139.35, 138.24, 137.51, 136.52, 136.16, 131.20, 

130.77, 128.31, 125.50, 122.95, 115.09, 53.65, 19.80. HRMS (ESI/IT-TOF) m/z: [M + H]+ Calcd 

for C17H15BrN2O 329.1892; found 329.1922. 

3. 3. 15 7-bromo-1-methyl-5-(o-tolyl)-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one (52) 

 

The 7-bromo-5-(o-tolyl)-1,3-dihydro-2H-benzo[e] [1,4]diazepin-2-one 72, (5.0 g, 15.2 mmol) 

was dissolved in THF,  (30 mL) and the solution was cooled to -0oC using an ice bath. Then 

potassium tert butoxide (1.87 g, 16.7 mmol) which was dissolved in 30 mL of THF was added 

dropwise by using an addition funnel. Then methyl iodide (1.14 mL, 18.2 mmoL) was added 

dropwise to the reaction mixture over an 1 min period, while maintaining the temperature at 0oC.  

Upon completion of the addition, the reaction mixture was allowed to warm to rt and stir for 60 

min, at which point the reaction was deemed complete on analysis by TLC (silica gel).  The 
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reaction mixture was then diluted with ethyl acetate (20 mL) and a solution of 10% aq sodium 

chloride (200 mL) was added.  The biphasic mixture, which resulted, was allowed to stand for 15 

min and the layers were separated.  The aq layer was then extracted with ethyl acetate (50 mL) and 

the combined organic layers were washed with 10% aq sodium chloride solution (50 mL).  The 

organic layer was dried (Na2SO4). The solvent was removed under reduced pressure. The brown 

solid which was obtained was purified by crystallization using 15:85(ethyl acetate/hexanes), to 

give 7-bromo-1-methyl-5-(o-tolyl)-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one 52 (3.91 g, 

75%) as a brownish white solid.   

1H NMR (300 MHz, CDCl3) δ 7.42 (d, J = 6.4 Hz, 4H), 7.28 (d, J = 4.1 Hz, 1H), 7.17 (d, J = 8.1 

Hz, 1H), 7.01 (d, J = 2.2 Hz, 1H), 4.33 (s, 2H), 3.87 (s, 3H), 2.10 (s, 3H). 13C NMR (126 MHz, 

CDCl3) δ 169.93, 168.86, 143.10, 138.19, 134.37, 132.89, 130.73, 129.50, 128.45, 122.79, 116.82, 

56.94, 34.85, 19.98.; HRMS (ESI/IT-TOF) m/z: [M + H] + Calcd for C17H15BrN2O 343.2169; 

found 343.2152. 

3. 3. 16 1-methyl-5-(o-tolyl)-7-((triisopropylsilyl)ethynyl)-1,3-dihydro-2H-benzo[e] [1,4] 

diazepin-2-one (73) 

 

In a 500mL round bottom flask, Pd (OAc)2 (112 mg, 0.5 mmol) and P(o-tolyl)3 (304.37 mg, 1.0 

mmol) was added to 50 mL of acetonitrile. The mixture was stirred until a slurry appeared, which 
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took about 20 min. Then 7-bromo-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 

52, (3.50 g, 10.2 mmol), triethylamine (4.26 mL, 30.6 mmol), (triisopropylylsilyl)acetylene (3.43 

mL,15.3 mmol) and additional acetonitrile (50 mL) was added. The reaction mixture was then 

heated to reflux (75oC) and held for 6 h, at which point the reaction was deemed complete on 

analysis by TLC (Silica gel).  Upon completion of the reaction progress, the mixture was cooled 

to rt and filtered through celite.  After washing with acetonitrile (100 mL x 2), the solvents were 

removed under reduced pressure and the residue was dissolved in dichloromethane (400 mL) and 

5% aq sodium bicarbonate (400 mL) was added.  The biphasic mixture, which resulted, was 

allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted with 

dichloromethane (300 mL) and the combined organic layers were washed with 5% aq sodium 

bicarbonate solution (300 mL) and then 10% aq sodium chloride solution (300 mL x 3).  The 

organic layer was dried (Na2SO4) and was evaporated under reduced pressure. This process gave 

a dark orange liquid that gets solidified eventually on standing to give 1-methyl-5-phenyl-7-

((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one, 73 (3.4 gm ,71% crude 

yield). This material was used in the next step without further purification.  

 

3. 3. 17 7-ethynyl-1-methyl-5-(o-tolyl)-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one (74) 
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1-Methyl-5-phenyl-7-((tripropan-2-ylsilyl) ethynyl)-1,3-dihydro-2H-1,4-benzodiazepin-2-one 73, 

(3.40 g, 7.6 mmol), water (0.5 mL) and tetrahydrofuran (30 mL) were cooled to -20oC using a dry 

ice / IPA bath. Then tetrabutylammonium fluoride hydrate, [1M in THF (10.9 mL, 10.9 mmoL)] 

was added dropwise to the reaction mixture over a 30 min period, while maintaining the 

temperature at -20 to -15oC.  Upon completion of the addition, the reaction mixture was allowed 

to warm to rt and stir for an additional 60 min at which point the reaction progress was deemed 

complete on analysis by TLC (silica gel).  The reaction mixture was then diluted with ethyl acetate 

(50 mL) and 10% aq sodium chloride (50 mL).  The biphasic mixture, which resulted, was allowed 

to stand for 15 min and the layers were separated.  The aq layer was then extracted with ethyl 

acetate (50 mL x 3) and the combined organic layers were washed with 10% aq sodium chloride 

solution (150 mL).  The organic layer was dried (Na2SO4).  The solvents were removed under 

reduced pressure. Then the mixture was dissolved in 50 mL of ethyl acetate and then stirred with 

20gm of silica gel for 2 hours and filtered. The amount of solvent was reduced to about 40 ml 

under reduced pressure. Then 20mL of hexanes was added dropwise to the mixture and it was 

allowed to stir overnight. The solid, which formed, was filtered and the grey solid was 

recrystallized from 1:4 (ethyl acetate/hexanes) to obtain cream white colored TA II 73. (1.98 g, 

90%)  

1H NMR (500 MHz, CDCl3) δ 7.63 – 7.60 (m, 1H), 7.38 – 7.27 (m, 4H), 7.24 – 7.18 (m, 2H), 4.86 

(t, J = 11.4 Hz, 1H), 3.81 (dd, J = 18.3, 10.8 Hz, 1H), 3.46 (s, 3H), 3.05 (s, 1H), 1.99 (d, J = 8.0 

Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.32, 169.86, 143.10, 138.91, 136.26, 134.67, 133.12, 

130.84, 130.49, 129.67, 128.39, 125.97, 121.12, 118.19, 81.95, 78.27, 56.79, 34.72, 19.94. HRMS 

(ESI/IT-TOF) m/z: [M + H] + Calcd for C19H16N2O 288.3420; found 288.3406. 
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3. 3. 18 ethyl 8-bromo-6-(o-tolyl)-4H-benzo[f]imidazo[1,5-a] [1,4] diazepine-3-carboxylate 

(75) 

 

7-bromo-5-(o-tolyl)-1,3-dihydro-2H-benzo[e] [1,4] diazepin-2-one (72) (10 g, 30.3 mmol) was 

suspended in dry THF (150 mL) and cooled to -50 °C using a dry ice bath, after which potassium 

t-butoxide (4.1 g, 36.5 mmol) was added in one portion. The reaction mixture was stirred until it 

reached 0 °C and then stirred for 0.5 h at 0 °C. The mixture was then cooled to -50 °C, after which 

diethyl chlorophosphate (6.15 mL, 42.4 mmol) was added dropwise with an addition funnel. The 

dry ice bath was removed to allow the temperature to rise to 0 °C, after which it was allowed to 

stir for 2 h with an ice-water bath. The solution was then cooled to -78 °C with a dry-ice bath and 

ethyl isocyanoacetate (4.63 g, 42.4 mmol) was added, immediately followed by a second portion 

of potassium t-butoxide (4.1 g, 36.5 mmol). This solution was allowed to stir overnight during 

which period it was allowed to warm to rt. The reaction was completed after 14 h on analysis by 

TLC (silica gel, EtOAc/hexanes, 1:1). The reaction mixture was quenched by addition of a cold 

saturated aq solution of NaHCO3 (50 mL) and extracted with EtOAc. The organic layers were 

combined and washed with brine (2 x 20 mL), and dried (Na2SO4). The solvent was removed under 

reduced pressure to obtain a dark brown solid residue. The solid was washed with Et2O/EtOAc 

(9:1) to remove most of the impurities and the solid was further recrystallized from EtOAc and 
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hexane (1:4), and this was followed by washing the solid with cold Et2O to afford the majority of 

the pure ethyl ester 75. The remaining filtrate was combined and purified by flash chromatography 

to obtain additional ethyl ester 75 (silica gel, EtOAc/ hexanes=1:1) as an off-white solid (7.22 g, 

56% yield) 

 1H NMR (500 MHz, CDCl3): δ = 8.60 (d, J = 4.4 Hz, 1H), 8.11 (d, J = 7.9 Hz, 1H), 8.00 (s, 1H), 

7.86 (td, J = 8.0, 1.7 Hz, 1H), 7.80 (dd, J = 8.6, 2.2 Hz, 1H), 7.60 (d, J = 2.1 Hz, 1H), 7.51 (d, J 

= 8.6 Hz, 1H), 7.41 (dd, J = 7.1, 5.2 Hz, 1H), 6.13 (d, J = 10.4 Hz, 1H), 4.51 – 4.33 (m, 2H), 4.17 

(d, J = 11.6 Hz, 1H), 1.44 (t, J = 7.1 Hz, 3H); 13C NMR (500 MHz, CDCl3): δ = 167.0, 162.9, 

156.2, 148.7, 138.4, 136.9, 135.3, 135.0, 134.5, 134.4, 129.3, 128.5, 124.9, 124.3, 123.9, 120.5, 

60.7, 45.0, 14.4; HRMS (ESI/IT-TOF): m/z [M + H]+ calcd for C21H18BrN3O2: 424.2892; found: 

424.2881. 

3. 3. 19 ethyl 6-(o-tolyl)-8-((triisopropylsilyl)ethynyl)-4H-benzo[f]imidazo[1,5-a] [1,4] 

diazepine-3-carboxylate (76) 

 

In a 500mL round bottom flask, Pd (OAc)2 (132mg, 0.59 mmol) and P(o-tolyl)3 (359 mg, 1.18 

mmol) was added to 50 mL of acetonitrile. The mixture was stirred until a slurry appeared, which 

took about 20 min. Then 7-bromo-1-methyl-5-phenyl-1,3-dihydro-2H-1,4-benzodiazepin-2-one 5, 

(5.0 g, 11.8 mmol), triethylamine (3.62 mL, 25.96 mmol), (triisopropylylsilyl)acetylene (3.44 
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mL,15.34 mmol) and additional acetonitrile (50 mL) was added. The reaction mixture was then 

heated to reflux (75oC) and held for 6 h, at which point the reaction was deemed complete on 

analysis by TLC (Silica gel).  Upon completion of the reaction progress, the mixture was cooled 

to rt and filtered through celite.  After washing with acetonitrile (100 mL x 2), the solvents were 

removed under reduced pressure and the residue was dissolved in dichloromethane (100 mL) and 

5% aq sodium bicarbonate (100 mL) was added.  The biphasic mixture, which resulted, was 

allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted with 

dichloromethane (100 mL) and the combined organic layers were washed with 5% aq sodium 

bicarbonate solution (100 mL) and then 10% aq sodium chloride solution (100 mL x 3).  The 

organic layer was dried (Na2SO4) and was evaporated under reduced pressure. This process gave 

a dark orange liquid that gets solidified eventually on standing to give ethyl 6-(o-tolyl)-8-

((triisopropylsilyl)ethynyl)-4H-benzo[f]imidazo[1,5-a] [1,4] diazepine-3-carboxylate, 76 

(4.39g ,71% crude yield). This material was used at the next step without purification.  

3. 3. 20 ethyl 8-ethynyl-6-(o-tolyl)-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-carboxylate 

(77) 

 

ethyl 6-(o-tolyl)-8-((triisopropylsilyl)ethynyl)-4H-benzo[f]imidazo[1,5-a] [1,4] diazepine-3-

carboxylate 76, (4.39 g, 8.35 mmol), water (0.5 mL) and tetrahydrofuran (30 mL) were cooled to 
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-20oC using a dry ice / IPA bath. Then tetrabutylammonium fluoride hydrate, [1M in THF (10.9 

mL, 10.9 mmoL)] was added dropwise to the reaction mixture over a 30 min period, while 

maintaining the temperature at -20 to -15oC.  Upon completion of the addition, the reaction mixture 

was allowed to warm to rt and stir for an additional 60 min at which point the reaction progress 

was deemed complete on analysis by TLC (silica gel).  The reaction mixture was then diluted with 

ethyl acetate (50 mL) and 10% aq sodium chloride (50 mL).  The biphasic mixture, which resulted, 

was allowed to stand for 15 min and the layers were separated.  The aq layer was then extracted 

with ethyl acetate (50 mL x 3) and the combined organic layers were washed with 10% aq sodium 

chloride solution (150 mL).  The organic layer was dried (Na2SO4).  The solvents were removed 

under reduced pressure. Then the mixture was dissolved in 50 mL of ethyl acetate and then stirred 

with 20gm of silica gel for 2 hours and filtered. The amount of solvent was reduced to about 40 

ml under reduced pressure. Then 20mL of hexanes was added dropwise to the mixture and it was 

allowed to stir overnight. The solid, which formed, was filtered and the grey solid was 

recrystallized from 1:4 (ethyl acetate/hexanes) to obtain cream white colored TA IV 46 (77). (2.77 

g, 90%)  

1H NMR (500 MHz, CDCl3) δ 7.97 (s, 1H), 7.74 (dd, J = 8.3, 1.8 Hz, 1H), 7.58 (d, J = 8.3 Hz, 

1H), 7.37 (d, J = 1.8 Hz, 1H), 7.33 (dd, J = 14.0, 6.7 Hz, 2H), 7.26 (t, J = 7.2 Hz, 1H), 7.17 (d, J 

= 7.5 Hz, 1H), 6.09 (s, 1H), 4.43 (s, 2H), 4.14 (s, 1H), 3.16 (s, 1H), 1.89 (s, 3H), 1.44 (t, J = 7.1 

Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 170.24, 162.82, 139.57, 138.71, 135.83, 135.28, 134.79, 

134.52, 134.10, 130.90, 129.68, 129.60, 129.56, 129.47, 126.03, 122.50, 121.97, 81.36, 79.92, 

60.86, 44.81, 19.83, 14.45. HRMS (ESI/IT-TOF) m/z: [M + H] + Calcd for C23H19BN3O2 

369.4145; found 369.4105. 
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Chapter 5 Appendix 

5. 1 Appendix I  

5. 1. 1 Testing New Compounds from Dr Cook’s Lab 

 

Testing New Compounds from Dr Cook’s Lab 
(Donatien Kamdem Toukam, Roman Caceres and Laura Kallay) 

 

Compound Cell line tested** ≈ IC50* 

QH-II-066 

LN18 2.8 µM 

H1792 4.5 µM 
B16F10 10.7 µM 

NOR-QH-II-066 LN18 0.69 µM 

MYM-III-85 

LN18 2.2 µM  
H1792 3.3 µM 

U-87 MG-Luc2 4 µM 

MB002 2.2 µM 

B16F10 12.4 µM 
MYM-V-17 LN18 5.17 µM 
MYM-I-43 LN18 ∞ 
MYM-I-59 LN18 ∞ 

MYM-IV-95 LN18 ∞ 

 

*IC50 was determined using CellTiter96R Aqueous One Solution Cell Proliferation Assay kit (#G3581) from 

Promega. 

** - LN18: Human Glioma cell line from ATCC# CRL-2610 (https://www.biocompare.com/20260-

Miscellaneous-Human-Cell-Lines/893528-LN18/). 

    - U-87 MG-Luc2: Human Glioma cell line, from ATCC? #HTB-14-LUC2 

(https://www.atcc.org/products/htb-14-luc2). 

    - MB002: Human Medulloblastoma cell line, from Expasy, Accession# CVCL_VU79, 

(https://web.expasy.org/cellosaurus/CVCL_VU79). 

    - H1792: Human Lung Adenocacinoma cell line from ATCC #CRL-5895 

(https://www.atcc.org/search#q=h1792&sort=relevancy&numberOfResults=24). 

    - B16F10: Mouse melanoma cell line from ATCC # CRL-6475 (https://www.atcc.org/products/crl-

6475). 

 

 

https://www.biocompare.com/20260-Miscellaneous-Human-Cell-Lines/893528-LN18/
https://www.biocompare.com/20260-Miscellaneous-Human-Cell-Lines/893528-LN18/
https://www.atcc.org/products/htb-14-luc2
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5. 1. 2 Testing TA II 73 

 

 

 
 
TA II 73 on LN18 

DMSO 0.79738 0.71308 0.71678 0.76128 0.77088 0.08788 0.08188 0.06958 0.04798 0.07698 7.5 

0.3125 0.43788 0.56838 0.59078 0.63608 0.58798 0.08338 0.07178 0.08438 0.09148 0.07468 10 

0.625 0.42728 0.45918 0.43968 0.49238 0.54278 0.08268 0.10608 0.09398 0.11098 0.08668 15 

1.25 0.21338 0.31858 0.31448 0.34768 0.33348 0.11718 0.10668 0.10358 0.14068 0.11228 20 

2.5 0.11648 0.15718 0.15728 0.18288 0.23838 0.14598 0.11648 0.15788 0.07518 0.12578 25 

5 0.04388 0.05778 0.06138 0.05568 0.08528 0.13098 0.12248 0.14708 0.10368 0.09418 30 

 

TA II 73 on H1792 

  

 

               

S mmary  A II  3

Cell line  A II  3

A3 5 2.05   

  1 0.92   

H1  2 2.1   

DMSO 1.58404 1.65584 1.71794 1.72644 1.77764 0.28504 0.29484 0.26484 0.25964 0.25844 7.5 

0.3125 1.54154 1.52874 1.50564 1.59624 1.61804 0.21664 0.21494 0.19754 0.20434 0.24524 10 

0.625 1.54914 1.55654 1.50524 1.57904 1.51644 0.18434 0.19124 0.21484 0.21114 0.20084 15 

1.25 1.29904 1.43074 1.47874 1.50414 1.42144 0.20064 0.23784 0.25524 0.23584 0.20244 20 

2.5 0.69724 0.75054 0.69564 0.70614 0.72114 0.22834 0.22464 0.22004 0.20404 0.17034 25 

5 0.24154 0.30614 0.29524 0.31604 0.36194 0.26834 0.23474 0.25354 0.20394 0.25714 30 
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 TA II 73 on A375 

 

  

 

DMSO 1.19146 1.21346 1.18086 1.19776 1.18076 0.05826 0.07006 0.09006 0.05506 0.08366 7.5 

0.3125 1.13266 1.10766 1.11936 1.14546 1.12706 0.05016 0.05306 0.07306 0.05046 0.09976 10 

0.625 1.11026 1.08856 1.09196 1.08156 1.20366 0.08146 0.08386 0.08446 0.08536 0.10306 15 

1.25 0.86086 0.87436 0.85906 0.95756 0.91066 0.10966 0.13626 0.12866 0.10386 0.10416 20 

2.5 0.46826 0.46726 0.45916 0.47156 0.46426 0.13136 0.12406 0.13466 0.11146 0.11436 25 

5 0.13236 0.13706 0.13556 0.13906 0.13396 0.13086 0.13496 0.11316 0.11566 0.14136 30 
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5. 1. 3 Testing deuterated analogues of Diazepam, QH II 66 and KRM II 08 

 

 

 

 

 

 

                                           

Compo n  

DiD3 QHD3    D3

DiD5 QHD5    D5

Synt e i 

DiD3 DiD5
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A3 5   man melanoma cell line

DiD3 QHD3    D3

DiD5 QHD5    D5

DiD3 QHD3    D3

DiD5 QHD5    D5

H1  2   man non   mall cell l ng cancer line
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5. 1. 4 Cytotoxicity Methods 

 

1- Drug Preparation: 

Each compound powder was weighed and dissolved in DMSO to a concentration of 40mM. 

Dissolved compounds were stored at 4°C. 

 

2- Drug dilutions: 

Eleven dilutions were used with preparation protocol was as follow:  

 

Drug Concentration 

(µM) 

Volume of 

medium 

Volume of 

40 mM 

stock 

Volume of 

prediluted drug 

30 2 mL 1.5 µL / 

25 2 mL 1.25 µL / 

20 2 mL 1.0 µL / 

15 1 mL / 1mL of 30 µM 

10 1 mL / 1 mL of 20 µM 

7.5 1 mL / 1mL of 15 µM 

5 1 mL / 1 mL of 10 µM 

2.5 1 mL / 1 mL of 5 µM 

1.25 1 mL / 1 mL of 2.5 µM 

0.625 1 mL / 1 mL of 1.25 

µM 

0.3125 1 mL / 1 mL of 0.625 

µM 

DMSO 2 mL / 1.5 µL of 

DMSO 

    

 

3- Cell culture process: 

Prior to cell proliferation assay, optimum cell number for each cell line was determined and the 

cell number giving about 1.0 OD value after one hour of incubation with the CellTiter 96® 

AQueous One Solution Cell Proliferation Assay reagent (Promega) was choose for cell 

proliferation experiments. 
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Day1: Cells were trypsinized, count and diluted to: 

- A375 Human melanoma cells: 30000 cells/mL (3000 cells/100 µL or 3000 cells/well) 

- LN18 Human Glioma cells: 50000 cells/mL (5000 cells/100 µL or 5000 cells/well) 

- H1792 Human NSCLC cells: 12000 cells/mL (1200 cells/100 µL or 1200 cells/well) 

100 µL of cell suspension was added to 96 well plate: Rows B to G and columns 2 to 11 were 

seeded with cells, outer wells around the plate were filled with 100 µL PBS except wells A2 to A6 

filled with medium without cells. Cells were then incubated 24 hours and allowed to attach. 

 Day2: Addition of drug and controls to plated cells: 

- Background control: Medium in wells A2 to A6 was aspirated and replaced with 100 

µL fresh medium 

- Control DMSO and each drug dilution was added to 5 consecutive wells in the same 

raw. Medium was carefully sucked out and 100 µL of control or diluted drug added. 

- After drug addition, plates were returned into incubator for 48 to 72 hours. 

Day 5 or 6: 20 µL of CellTiter 96® AQueous One Solution Cell Proliferation Assay 

reagent (Promega) was added to each control or test well, incubated 1 to 2 hours, then OD was 

acquired at 490 nm. 

4- Data analysis: 

- The average OD from the five wells containing medium and no cells (A2 to A6) was 

calculated and the value subtracted from each individual OD reading. 

- The OD readings for each drug dilution was normalized to DMSO control, set as 100 % 

cell viability / proliferation.  

- Log drug concentration versus percentage viability is then plotted using GraphPad 

Prism. 
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Summary: 

Cells were counted and dispensed in 96 well plates. Plates were incubated 24 hours for cells to 

attach. Drugs and DMSO were diluted to desired concentrations in phenol free medium. Medium 

on cells was aspirated and replaced with 100 µL of fresh phenol free medium containing drug, and 

the plate returned to incubator for 48 to 72 hours. The CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (Promega) reagent was reconstituted following manufacturer’s instructions. 

Aliquots were stored at -20° C. Reconstituted reagent was thawed, vortexed and 20 µL dispensed 

to each well, then the plate incubated at 37°C for 1 to 2 hours. OD at 490 nm was acquired and the 

readings from test wells were corrected by subtracting the average OD obtained of wells containing 

medium only. OD readings were then normalized to DMSO and the Log concentration versus 

percentage cell viability plotted using GraphPad Prism software. 
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5. 1. 5 Cytotoxicity raw data for deuterium analogues of Diazepam, QH II 66 and KRM II 

08. 
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5. 1. 6 MTS Analysis of metabolites of QH II 66 analogues. 

 

 

 

 

                                            

Compo n IC5     IC5   ange    

 H    66      6.027  6.563

        85      5.903  7.460

 A     72      5.069  6.483

        70      4.474  6.107

            70  n   2             34.56  49.27

 A     70      100.3  212 771

      43 95.70 63.19  179.3

      59 3.320e 35  n n ty   n n ty

       95 694.9 391.8  2643

      17 20.32 18.01  22.97
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5. 1. 7 Development of QHii066 as a Potentiator of Temozolomide in GBMs By Aniruddha 

S. Karve, Advisor: Pankaj B. Desai, PhD 
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5. 1. 8 Genes In Heatmap 

 



 

287 
 

 



 

288 
 

 



 

289 
 

 

 

 

 

 



 

290 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

291 
 

5. 1. 9 Cook Lab Compounds Data Summary for TA-III-50, TA-III-52, TA-III-56, TA-III-

62 

Cell Viability Studies by Dr. Laura Kallay  
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5. 1. 10 Data of lead compounds and their metabolites on cancer cell lines. 
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5. 2 Patent Disclosures:  

 

5. 2. 1 Brain Penetrant Chemosensitizer to Treat Lung Cancer & Small brain penetrant 

molecule to potentiate TMZ for glioblastoma  
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5. 2. 2 Small brain penetrant molecule to potentiate TMZ for glioblastoma 
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5. 2. 3 Novel deuterated benzodiazepine analogs for cancer use 

Inventors 

Daniel Krummel, University of Cincinnati College of Medicine; Soma Sengupta, University of 

Cincinnati College of Medicine; James Cook, University of Wisconsin-Milwaukee; Taukir Ahmed, 

University of Wisconsin-Milwaukee 

 

Background 

Deuterium (D) is an isotope of hydrogen that occupies a smaller volume, is less lipophilic, and 
forms a shorter and thus stronger bond with Carbon. These attributes contribute to reducing the 
metabolization of molecules with deuterium incorporated and thus improve their pharmacokinetic 
profile1. This may serve to lower the therapeutic doses needed to achieve efficacy, thereby 
reducing the molecules potential side-effects or toxicity. As well as enhancing the bioavailability 
of molecules, deuterium may also be used for imaging in medical applications. Deuterated 
molecules can be imaged and quantified using magnetic resonance. For example, deuterium in 
vivo [2H] MR spectroscopic imaging has been used to quantify metabolic differences of tumors 
versus healthy tissue in an animal model as well as in humans by using deuterium labeled glucose 
and following deuterated products of glycolysis2. This research has opened the way for using 
deuterated compounds to image tumors as well as investigate tumor biology in vivo. 

Type-A GABA neurotransmitter receptors are a major inhibitory neurotransmitter receptor in the 
mammalian central nervous system. Type-A GABA neurotransmitter receptors are also present 
outside of the CNS. In addition, genes coding for subunits of Type-A GABA neurotransmitter 
receptors are expressed in disparate cancer cells and we have contributed to establishing that 
cancer cells possess intrinsic functional Type-A GABA neurotransmitter receptors3-7.  

Type-A GABA neurotransmitter receptors are significant pharmacologic targets to treat various 
neurological disorders, including anxiety and epilepsy. Amongst the pharmacologics that work 
through acting on the Type-A GABA neurotransmitter receptors are the benzodiazepines, which 
bind at the interface between its alpha and gamma subunits of the pentameric structure (Figure 
2A). We have previously reported that a class of benzodiazepines are also effective in impairing 
the viability of cancer cells3-7. Benzodiazepines function to enhance the effectiveness (chloride 
anion transport) of the natural ligand Type-A GABA neurotransmitter receptors GABA (Figure 2B). 
In cancer cells we have found that our novel class of benzodiazepines enhance in cancer cells a 
chloride anion efflux which initiates a cascade of events that impairs cancer cell viability3-7. 

We have synthesized new deuterated benzodiazepine analogs for targeted binding to the Type-
A GABA neurotransmitter receptor (Figure 1). We have assayed MYM-III-85 to impair viability of 
disparate cancer cells, using to assess efficacy an established technique (CellTiter96R Aqueous 
One Solution Cell Proliferation Assay, Promega). The human cell lines tested: glioma line LN18 
(ATCC CRL-2610, which is mutated TP53); glioma line U87 (ATCC HTB-14); non-small cell lung 
cancer line H1792 (ATCC CRL-5895); medulloblastoma MB002 (available via Expasy Accession# 
CVCL_VU79). The growth of these lines is impaired by incubation with MYM-III-85 with IC50 
values of 2-4 micromolar (Table 1; Figure 3). The novel deuterated variant MYM-III-85 is as potent 
as the non-deuterated variant. 
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 Figure 1. Synthesis of deuterated benzodiazepine analogues. 
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Figure 2. (A) Type-  G                                             w  α   w  β      γ 

subunits. Type-A GABA receptors consists of five subunit transmembrane segments which 

create the chloride (Cl
-
) conduction pore. Inter-subunit binding sites for GABA (cyan) and 

                            w                   αβαβɣ subunit stoichiometry. (B) Binding of 

GABA (agonist) to Type-A GABA receptors leads to Cl- transport. Binding of benzodiazepine to 

Type-A GABA receptors enhanced Cl- transport, 

Figure 3. Dose response curve of MYM-III-85 and QH-II-066 in human glioma line LN18. 
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Table 1. IC50 values of benzodiazepine analogs with disparate human cancer cell lines. 
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5. 2. 4 Small brain penetrant molecule to potentiate TMZ for glioblastoma 

 

OVERVIEW OF INVENTION 

Glioblastoma multiforme (GBM) is a highly malignant (Grade IV) primary brain tumor. Standard-

of-care for GBM includes radiotherapy with concomitant administration of a DNA alkylator, 

temozolomide (TMZ). This approach shows a degree of effectiveness if GBM cells are adequately 

MGMT promoter methylated (~50% of GBM tumors), as reduction in MGMT protein leads to 

diminished ability to reverse TMZ-induced DNA damage. Histone deacetylase inhibitors have 

recently been employed to improve TMZ effectiveness, but unfortunately result in bone marrow 

toxicity without contributing to durable responses. TMZ is also not without its own debilitating 

and life-threatening side-effects, including leukopenia. Tragically, survival remains only 12-15 

months under this treatment regimen. There is an urgent need to increase the effectiveness of TMZ 

for MGMT methylated GBMs, identify a treatment approach that is effective for MGMT 

unmethylated GBMs, and reduce TMZ side-effects. 

Our goal is to identify an approach capable of potentiating current GBM standard-of-care 

treatment irrespective of MGMT methylation status, as well as mitigate side effects. We have 

shown that by targeting a unique electrochemical vulnerability in GBMs with a non-toxic brain-

penetrant small molecule, GBM tumor cells can be sensitized to TMZ irrespective of MGMT 

methylation status. The rationale that underlies this proposal is our finding that GBM cells as well 

as tumor cells from a subgroup of patients of the pediatric brain cancer medulloblastoma and 

melanomas possess functional Type-A GABA receptors (GABAARs), chloride ion channels, that 

when targeted with members of a novel class of benzodiazepine analogs (BZDs), ion dynamics in 

these disparate cancer cells is altered and apoptotic responses elicited (1-4). We have found using 
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medulloblastoma and melanoma mouse models that BZD on its own can induce apoptosis and 

regress tumor volume (2,4). In a syngeneic melanoma mouse model, we find that a particular BZD 

(termed QH-II-066) when combined with radiation, even at suboptimal-doses, results in complete 

tumor loss in most mice. In our studies on GBM, QH-II-066 can potentiate TMZ irrespective of 

the MGMT methylation status. This effect is dramatic and synergistic. Our central hypothesis is 

that QH-II-066 can be an effective ‘add-on’ therapeutic to potentiate TMZ irrespective of MGMT 

methylation status.  

Highlights 

• QH-II-066 enhances Cl- anion transport via GABAAR, thereby altering ion dynamics, 

inhibiting the drug efflux transporter P-glycoprotein, and inducing apoptotic responses.  

• QH-II-066 triggered electrochemical changes in the cancer cells potentiates TMZ significantly 

and synergistically, irrespective of the MGMT status of GBM cells.  

 

BACKGROUND 

Glioblastoma. GBM is one of the deadliest human cancers and highly challenging to treat. GBM 

tumor cells interact with diverse cells in a complex microenvironment (5,6). Further, the Blood-

Brain Barrier (BBB) acts to limit drug bioavailability and facilitate immune evasion. 

Unfortunately, GBM cells frequently subvert the physiological function of the cerebrovascular 

tissue and turn the BBB into an effective Blood-Tumor Barrier (BTB) capable of protecting the 

cancer tissue from drugs as well as systemic immunity. Despite increasing knowledge of genetic 

and epigenetic changes underlying GBM tumor initiation and growth, GBM prognosis remains 

poor.  
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GABAAR structure-function. GABA receptors (GABAARs) form pentameric chloride (Cl-) 

channels, composed most commonly of two α, two β, and γ subunits encoded by GABR genes 

GABRA (1-6), GABRB (1-3), and GABRG (1-3), respectively (7,8) (Fig. 1a). GABAARs are 

fundamental in determining an excitation/inhibition balance in the central nervous system. As a 

receptor mediating Cl- flux, GABAARs predominantly function to hyperpolarize neural cells, 

following binding of its ligand GABA (Fig. 1b).  

GABAAR activation. GABAARs have been an important therapeutic target since the clinical 

introduction of benzodiazepines in the 1960s. Benzodiazepines bind at the γ-α interface of 

GABAAR (Fig. 1a) and act to increase effectiveness of GABA and thus enhance Cl- flux (Fig. 1b). 

FDA approved benzodiazepines consist most commonly of fusion of diazepine and benzene rings 

(1,4-benzodiazepine) and a phenol ring (5-phenyl-1H-benzo[e]) (Fig. 1c). J. Cook and his team 

(Univ. Wisconsin-Milwaukee) introduced an ethinyl bond at R7 in place of a chlorine in Valium 

(Fig. 1c). which confers anti-cancer activity. 

 

DATA 

Fig. 1. GABAARs. (A) A GABAAR, looking down 

the chloride ion conduction pore. (B) Binding of 

two GABA ligands opens the channel, binding of 

a benzodiazepine enhances chloride ion flux. 

(C) Structure of the classic benzodiazepine 

Valium (left) and the novel benzodiazepine 

analog used in proposed studies (right; QH-II-

066 or BZD-1). Key difference is an ethinyl bond 

in place of a chlorine.  
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BZD-1 potentiates TMZ, irrespective of MGMT methylation status. In vitro cytotoxicity 

studies of methylated and unmethylated GBM cells treated with QH-II-066 and TMZ as single 

agents or in combination demonstrates that 

the combined therapy overcomes TMZ 

resistance in unmethylated GBM cell lines 

and is significantly more potent than TMZ 

alone in killing GBM cells, irrespective of 

methylation status (Table 1). Using the 

Chou-Talay Combination Index Equation 

for quantitative synergy determination in 

two-drug combinations, we find that QH-

II-066 and TMZ act synergistically. We 

also conducted spheroid assays using two 

unmethylated GBM lines to qualitatively assess the effect of QH-II-066+TMZ. This assay revealed 

a very significant disaggregation in response to combination therapy, suggestive of a disruption in 

tumor-initiating activity (Fig. 2).  

Formulated QH-II-066 is metabolically stable and rapidly penetrates and accumulates in the 

brain. We have explored different approaches to formulate QH-II-066. We identified a co-solvent 

based injectable formulation (already U.S. FDA approved for benzodiazepines) as satisfactory. In 

this co-solvent formulation, QH-II-066 is highly soluble (10 mg/mL); stable at room temperature 

for up to 6 months; shows no visible adverse effects in rats 12 hrs after single dose i.p. 

administration. We also conducted metabolic stability studies using human liver microsomes and 

found no breakdown products within 1 hr, in contrast to the FDA approved benzodiazepine 

Table 1. Cytotoxic responses of GBM cell lines treated with BZD-1±TMZ. 

Fig. 2. Cytotoxicity of unmethylated GBM cell lines treated with BZD-

1±TMZ. Spheroids of unmethylated GBM lines BT142-GFP (A) and G43 (B) 

were treated with TMZ, BZD-1, or BZD-1+TMZ. 
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Midazolam. Pharmacokinetics of QH-II-066 show a rapid penetration into the brain (within ~5 

minutes) and significant accumulation of QH-II-066 (161.3 ng/mL) into brain extracellular fluid . 

SUMMARY  

TMZ is used to treat all GBMs. But it shows a degree of effectiveness for only half of GBMs, 

those MGMT methylated. TMZ is associated with debilitating and life-threatening side-effects. We 

are advancing a brain-penetrant benzodiazepine analog that potentiates TMZ synergistically, 

irrespective of GBM methylation status.  
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5. 2. 5 Brain penetrant chemosensitizer to treat lung cancer 

 

 

OVERVIEW OF INVENTION 

Non-small cell lung cancer (NSCLC) accounts for a majority (80%-85%) of lung cancer cases. 

The most common NSCLC histological subtype (40-50%) is lung adenocarcinoma. A great 

majority of NSCLC patients with advanced stage of the disease face local and/or distant 

recurrences, including metastasis to the brain, in the first 2 years after the completion of primary 

treatment. More effective therapies are needed to boost tumor control, prevent metastasis, and 

improve overall survival while mitigating side-effects.  

We find that Type-A GABA neurotransmitter receptors (GABAARs) are expressed in not only 

cancers of the central nervous system, but also systemic cancers. In previous studies we reported 

that by activating GABAAR function and signaling with a new class of benzodiazepine analogs, 

tumor cells can be sensitized to radiation resulting in significant tumor regression in mouse 

models of medulloblastoma and melanoma (1-4). Our analysis of patient data has revealed that 

GABAAR expression is present in both lung adenocarcinoma and squamous carcinoma subtypes. 

Leveraging this finding, we have investigated if potentiating GABAAR in lung adenocarcinoma 

cells with a novel benzodiazepine analog called QH-II-066 as well as other compounds of similar 

structure can impair tumor growth. We find that QH-II-066 treatment induces apoptosis in patient-

derived adenocarcinoma cells. We also find that QH-II-066 synergistically can potentiate the 

chemotherapeutic docetaxel, even at an ineffective dose. We have generated a flank xenograft 

mouse model using patient derived adenocarcinoma cells to evaluate the efficacy of QH-II-066 

and will utilize this model to evaluate the ability of QH-II-066 to sensitize tumor cells to docetaxel 

such that this drugs toxicity profile is reduced while it retains its potency. Our long-term goal is to 

establish that the novel benzodiazepine analog QH-II-066 can function to potentiate 

chemotherapeutic for treatment of NSCLC, thereby increasing its effectiveness and mitigating 

toxic side-effects. 

BACKGROUND 

GABAAR structure-function. GABA receptors (GABAARs) form pentameric chloride (Cl-) 

                                     w  α   w  β      γ                     G          

GABRA (1-6), GABRB (1-3), and GABRG (1-3), respectively (7,8) (Fig. 1a). GABAARs are 

fundamental in determining an excitation/inhibition balance in the central nervous system. As a 

receptor mediating Cl- flux, GABAARs predominantly function to hyperpolarize neural cells, 

following binding of its ligand GABA (Fig. 1b).  

GABAAR activation. GABAARs have been an important therapeutic target since the clinical 

                                                                          γ-α              
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GABAAR (Fig. 1a) and act to increase effectiveness of GABA and thus enhance Cl- flux (Fig. 1b). 

FDA approved benzodiazepines consist most commonly of fusion of diazepine and benzene rings 

(1,4-benzodiazepine) and a phenol ring (5-phenyl-1H-benzo[e]) (Fig. 1c). J. Cook and his team 

(Univ. Wisconsin-Milwaukee) introduced an ethinyl bond at R7 in place of a chlorine in Valium 

(Fig. 1c). which confers anti-cancer activity. 
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Fig. 1. GABAARs. (A) A GABAAR, looking 

down the chloride ion conduction pore. (B) 

Binding of two GABA ligands opens the 

channel, binding of a benzodiazepine 

enhances chloride ion flux. (C) Structure of 

the classic benzodiazepine Valium (left) and 

the novel benzodiazepine analog used in 

proposed studies (right; QH-II-066 or BZD-

1). Key difference is an ethinyl bond in place 

of a chlorine.  
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5. 3 Paper published on QH II 66 

 

5. 3. 1 Paper 1: Modulation of a5 Subunit-Containing GABAA Receptors Alters Alcohol 

Drinking by Rhesus Monkeys.  

 



 

362 
 

5. 3. 2 Paper 2: [3H] RY- 80: A High-Affinity, Selective Ligand for g-Aminobutyric AcidA 

Receptors Containing Alpha-5 Subunits 
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5. 3. 3 Paper 3: Glutamatergic and GABAergic modulations of ultrasonic vocalizations 

during maternal separation distress in mouse pups. 
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5. 3. 4 Paper 4: Contribution of 1GABAA and 5GABAA Receptor Subtypes to the 

Discriminative Stimulus Effects of Ethanol in Squirrel Monkeys
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5. 3. 5 Paper 5: Modulating native GABAA receptors in medulloblastoma with positive 

allosteric benzodiazepine-derivatives induces cell death. 
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5. 3. 6 Paper 6: α5‑GABAA receptors negatively regulate MYC‑amplified medulloblastoma 

growth. 
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5. 4 Posters and other publications 

5. 4. 1 Melanoma cell intrinsic gabaa receptor enhancement potentiates radiation and 

immune checkpoint inhibitor response by promoting direct and t cell-mediated anti-tumor 

activity 
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5. 4. 2 Targeting a unique electrochemical vulnerability in a pediatric brain tumor to 

potentiate proton beam radiotherapy. 

 

AACR Virtual Special Conference on Radiation Science and Medicine 

March 2-3, 2021 • Virtual Meeting  

 

Targeting a unique electrochemical vulnerability in a pediatric brain tumor to potentiate 

proton beam radiotherapy 

 

Daniel A. Pomeranz Krummel1, Laura Kallay1, Debanjan Bhattacharya1, Vaibhavkumar Gawali1, 

Kamdem T. Donatien1, Taukir Ahmed2, James M. Cook2, Michael Lamba3, Susanne Wells4, 

Ralph E. Vatner4, Mathieu Sertorio4, Dan Ionascu3, and Soma Sengupta1 

 

1Department of Neurology & Rehabilitation Medicine, University of Cincinnati College of 

Medicine, Cincinnati, OH, USA. 2Department of Chemistry & Biochemistry, Univ. of Wisconsin-

Milwaukee, Milwaukee, WI, USA. 3Department of Radiation Oncology, University of Cincinnati 

College of Medicine, Cincinnati, OH, USA. 4Department of Pediatrics, University of Cincinnati 

College of Medicine, Cincinnati, OH, USA.  

 

Medulloblastoma (MB) is the most common malignant (WHO Grade IV) primary brain cancer in 

children, adolescents, and young adults. Radiotherapy (RT) is a mainstay of MB treatment, as it is 

for most childhood and adult cancers. RT dose and frequency needed to achieve efficacy in MB 

patients severely impacts survival outcomes and is the cause of long-term cognitive deficits. To 
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improve on short-term side effects and long-term complications, scanning beam proton therapy is 

employed, when available. While this recent technological advance significantly reduces damage 

to surrounding healthy brain tissue, survivors continue to experience induced radiation damage, 

including neurocognitive sequelae. To impact survivors’ health-related quality of life and 

caregivers’ emotional and financial burden, it is critical to identify approaches that reduce RT dose 

to mitigate side-effects without impacting RT effectiveness.  

We are investigating targeting a unique MB electrochemical vulnerability as a means to 

sensitize MB tumor cells to RT. There are four MB molecular subgroups: wingless, sonic-

hedgehog, Group 3, and Group 4. Our analysis of 763 MB tumor transcriptomes reveals that all 

Group 3 MB tumors share an enhanced expression of genes-coding for subunits of the Type-A 

GABA receptor (GABAAR), a chloride channel. Using patch-clamp electrophysiology, we found 

that GABAARs conduct Cl- in MB cells and that a brain-penetrant benzodiazepine (BZ) enhances 

this effect and triggers cytotoxic responses commensurate with mitochondrial depolarization. We 

find that BZ combined with RT, even at a sub-lethal dose, is highly effective in impairing the 

viability of MB tumor cells, greater than RT alone. Our BZ is capable of penetrating the blood-

brain barrier in minutes, is metabolically stable, and showed no toxicity in a primate model. We 

are investigating its suitability to be used concomitant with proton beam radiotherapy, replacing 

standard of care vincristine, to reduce radiation-induced brain toxicity experienced by MB patients 

and survivors while not decreasing RT effectiveness.  
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5. 4. 3 Modulating native GABAA receptors in medulloblastoma with positive allosteric 

benzodiazepine-derivatives induces cell death 

Modulating native GABAA receptors in medulloblastoma with positive allosteric 

benzodiazepine-derivatives induces cell death 

J. Neuro-Oncol. 2019, 142, 411.                              DOI: https://doi.org/10.1007/s11060-019-

03115-0 
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Guanguan Li; Taukir Ahmed; Farjana Rashid; Michael Rajesh Stephen; Kirsten A. Cottril; T. 
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Soma Sengupta. 
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Abstract: 

Purpose Pediatric brain cancer medulloblastoma (MB) standard-of-care results in numerous 

comorbidities. MB is comprised of distinct molecular subgroups. Group 3 molecular subgroup 

patients have the highest relapse rates and after standard-of-care have a 20% survival. Group 3 

tumors have high expression of GABRA5, which codes for the α5 subunit of the γ-aminobutyric 

acid type A receptor (GABAAR). We are advancing a therapeutic approach for group 3 based on 

GABAAR modulation using benzodiazepine-derivatives. 

Methods We performed analysis of GABR and MYC expression in MB tumors and used 

molecular, cell biological, and whole-cell electrophysiology approaches to establish presence of a 

functional ‘druggable’ GABAAR in group 3 cells. 
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Results Analysis of expression of 763 MB tumors reveals that group 3 tumors share high 

subgroup-specifc and correlative expression of GABR genes, which code for GABAAR subunits 

α5, β3 and γ2 and 3. There are ~1000 functional α5-GABAARs per group 3 patient-derived cell 

that mediate a basal chloride-anion efux of 2 × 109 ions/s. Benzodiazepines, designed to 

prefer α5-GABAAR, impair group 3 cell viability by enhancing chloride-anion efux with subtle 

changes in their structure having signifcant impact on potency. A potent, non-toxic benzodiazepine 

(‘KRM-II-08’) binds to the α5-GABAAR (0.8 µM EC50) enhancing a chloride-anion efux that 

induces mitochondrial membrane depolarization and in response, TP53 

upregulation and p53, constitutively phosphorylated at S392, cytoplasmic localization. This 

correlates with pro-apoptotic Bcl-2-associated death promoter protein localization. 

 

Conclusion GABRA5 expression can serve as a diagnostic biomarker for group 3 tumors, while 

α5-GABAAR is a therapeutic target for benzodiazepine binding, enhancing an ion imbalance that 

induces apoptosis. 

 

Keywords Benzodiazepine · Medulloblastoma · GABAA receptor · Apoptosis · TP53 
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5. 4. 4 PDTM-45. POSITIVE MODULATION OF NATIVE GABAA RECEPTORS IN 

MEDULLOBLASTOMA CANCER CELLS WITH BENZODIAZEPINES INDUCES 

RAPID MITOCHONDRIAL FRAGMENTATION AND TP53-DEPENDENT, CELL 

CYCLE-INDEPENDENT APOPTOSIS. 
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5. 4. 5  QH-II-66, a potential drug candidate for the treatment of Melanoma. 
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5. 5 Curriculum Vitae 

5. 5. 1 Profile 

Experienced chemist with a demonstrated history of working in analytical chemistry sector. 

Currently pursuing PhD in Organic and Medicinal Chemistry. Skilled in Organic Chemistry, 

Organic Synthesis, Molecule characterization (NMRs, GC-MS, GC-ECD, Liquid 

Chromatography-Mass Spectrometry (LC-MS), HPLC, FTIR, UV-Vis, ICP-MS, ICP-OES, AAS), 

Process Development and Purification. 

5. 5. 2 Education 

PhD candidate in Organic Chemistry. 

University of Wisconsin – Milwaukee - Milwaukee, WI 

August 2015 to May 2022 (expected) 

Master’s in applied chemistry and Chemical Engineering. 

University of Dhaka - Dhaka, Bangladesh. 

January 2011 to June 2012 

Bachelor’s in applied chemistry and Chemical Engineering. 

University of Dhaka - Dhaka, Bangladesh. 

April 2006 to December 2010  

5. 5. 3 Experience 

 
Graduate Research Assistant (GRA) | University of Wisconsin-Milwaukee - Milwaukee, WI 

August 2015 to Present  
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• Synthesizes new benzodiazepine analogues to treat medulloblastoma, melanoma and lung 

cancer. 

• Synthesizes alpha5 subtype selective GABA(A) receptor agonists, antagonists as well as 

inverse agonists to find a suitable drug to treat schizophrenia and depression. 

• Develops and optimizes synthetic routes to synthesize lead compound analogues by using 

conventional and microwave reaction techniques.  

• Performs multistep synthesis of chiral and non-chiral compounds by using required metal 

catalysts. 

• Performs purification by using appropriate chromatography (such as TLC, Column 

Chromatography), crystallization and distillation techniques 

• Performs characterization of intermediates and products of a reaction by using NMR, IR 

spectroscopy, Mass spectrometry and Elemental analysis. 

• Demonstrates excellent writing skills and performs literature searches using scifinder.com, 

reaxys.com, pubmed.com etc.  

Senior Officer – Analytical Laboratory | TUV – SUD Bangladesh Pvt. Ltd. - Dhaka, 

Bangladesh 

August 2013 to July 2015 

• Detection and quantification of 26 banned disperse dyes by using Agilent UPLC-MS  

• Detection and quantification of Alkyl phenol ethoxylates (APEOs) by using UPLC-

MS/MS, Waters Technologies with Photodiode Array Detector (PDA). 

• Preparation of proper documentation to release test results.  

• Performed routine maintenance and troubleshooting of analytical equipment. 

Executive – Lab analyst, RSTS Laboratory | SGS Bangladesh Pvt. Ltd. - Dhaka, Bangladesh. 

August 2012 to July 2013  
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• Detection and analysis of restricted azo dye compounds by using Agilent 6890 GC with 

Agilent 5973 Mass Spectrometer. 

• Confirmation of the spectrum of azo dye compound by using Agilent UPLC 1290 (DAD). 

• Quantification of Formaldehyde and Chromium hexavalent compounds by using Shimadzu 

UV-VIS Spectrophotometer UV-3600. 

• Performed routine maintenance and troubleshooting of analytical equipment. 

Assistant Executive – Lab analyst, RSTS Laboratory | SGS Bangladesh Pvt. Ltd. - Dhaka, 

Bangladesh. 

August 2011 to July 2012  

• Conducted routine analytical studies of samples, preparation and extraction following 

laboratory Standard Operating Procedures (SOPs) and protocols. 

• Preparation of sample (including extraction) for the detection of carcinogenic Azo dyes, 

Disperse dyes, pthalates, APEOs, NPEOs Formaldehyde in finished garments products. 

• Preparation of stock solutions in different concentrations for instruments like GCMS, 

UPLC, ICP-OES, AAS etc. 

• Preparation of different buffer solutions for HPLC and UPLC for different experiments. 

• Maintained logbook for sample preparation. Maintenance and calibration of instruments 

like UV-Vis, pH meter, mechanical shaker, rotary evaporators etc. 

5. 5. 4 Awards & Affiliations 

• Chancellor’s Graduate Student Award (fall’15 to spring’20) 

• Member of American Chemical society (ACS) since 2016. 
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5. 5. 5 Publications 

• Modulating native GABAA receptors in medulloblastoma with positive allosteric 

benzodiazepine-derivatives induces cell death. J Neurooncol. 2019 May;142(3):411-

422. doi: 10.1007/s11060-019-03115-0. Epub 2019 Feb 6. PMID: 30725256; PMCID: 

PMC6478651.Kallay L, Keskin H, Ross A, Rupji M, Moody OA, Wang X, Li G, Ahmed 

T, Rashid F, Stephen MR, Cottrill KA, Nuckols TA, Xu M, Martinson DE, Tranghese F, 

Pei Y, Cook JM, Kowalski J, Taylor MD, Jenkins A, Pomeranz Krummel DA, Sengupta 

S. 

 

• Melanoma Cell Intrinsic GABAA Receptor Enhancement Potentiates Radiation and 

Immune Checkpoint Inhibitor Response by Promoting Direct and T Cell-Mediated 

Antitumor Activity. Int J Radiat Oncol Biol Phys. 2021 Mar 15;109(4):1040-1053. doi: 

10.1016/j.ijrobp.2020.10.025. Epub 2020 Oct 24. PMID: 33289666; PMCID: 

PMC8329598. Pomeranz Krummel DA, Nasti TH, Kaluzova M, Kallay L, Bhattacharya 

D, Melms JC, Izar B, Xu M, Burnham A, Ahmed T, Li G, Lawson D, Kowalski J, Cao Y, 

Switchenko JM, Ionascu D, Cook JM, Medvedovic M, Jenkins A, Khan MK, Sengupta S. 

 

• Design, synthesis and characterization of novel gamma-aminobutyric acid type A 

receptor ligands. ARKIVOC. 2020;2020(Pt 7):242-256. doi: 

10.24820/ark.5550190.p011.398. Epub 2020 Dec 2. PMID: 33642954; PMCID: 

PMC7909486. Pandey KP, Khan ZA, Golani LK, Mondal P, Mian Y, Rashid F, 

Tiruveedhula VVNPB, Knutson DE, Sharmin D, Ahmed T, Rezvanian S, Zahn NM, 

Arnold LA, Witkin JM, Cook JM. 
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• Rationalizing the binding and α subtype selectivity of synthesized imidazodiazepines 

and benzodiazepines at GABAA receptors by using molecular docking studies. 

Bioorganic & Medicinal Chemistry Letters, Volume 62, 2022,128637, ISSN 0960-894X, 

https://doi.org/10.1016/j.bmcl.2022.128637. Lalit K Golani, Md Yeunus Mian, Taukir 

Ahmed, Kamal P Pandey, Prithu Mondal, Dishary Sharmin, Sepideh Rezvanian, Jeffrey 

M Witkin, James M Cook, 

5. 5. 6 Patents 

• Cook, J. M.; Ahmed, T.; Tiruveedhula, V. V. N. P. B.; Jahan, R.; Golani, L. K.; Li, G.; 

Rashid, F.; GABA(A)ergic Subtype Selective Ligands as Anxiolytic, Antinociceptive, 

Anticonvulsant and Antidepressant Agents via Deuterium Exchange. PCT Patent filed on 

January 3, 2019. 

• Sengupta, S.; Krummel, D. P.; Cook, J. M.; Ahmed, T.; Karve, A.; Kallay, L.; Desai, P.  

US Provision patent filing 2021 for Glioblastoma combination therapy. PCT Patent filed 

on June 3, 2021. 

• Brain penetrant chemosensitizer to treat lung cancer. 

• Novel deuterated benzodiazepine analogs for cancer use. 

• Development of a new class of small molecule autophagy modulators for treatment of 

cancers. 


