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Previously, we discovered a novel class of salicylhydrazide 
compounds with remarkable activity in hormone-dependent and 
-independent human cancer cells. We then designed and synthesized 
numerous analogues. Among these analogues, a quinoxalinhydrazide 
compound, SC144, exhibited desirable physicochemical and drug-
like properties and therefore, was selected for further preclinical 
investigation. In the present study, we evaluated the in vitro activity 
of SC144 in a range of drug-sensitive and -resistant cancer cell lines 
as well as its in vivo efficacy in MDA-MB-435 and HT29 mice 
xenograft models. The broad-spectrum cytotoxicity of SC144 is 
especially highlighted by its potency in ovarian cancer cells resistant 
to cisplatin, breast-cancer cells resistant to doxorubicin, and colon 
cancer cells resistant to oxaliplatin. Furthermore, its activity was 
independent of p53, HER-2, estrogen and androgen receptor expres-
sions. We also examined the effect of SC144 on cell cycle progression 
and apoptosis in select cell lines. Considering its cytotoxicity profile 
in a variety of in vitro and in vivo cancer models as well as its effects 
on cell cycle regulation and apoptosis, SC144 appears to represent a 
promising agent for further clinical development.

Introduction

Traditionally, most small molecule anticancer drugs were discov-
ered by high throughput screening (HTS) with cytotoxicity as the 
end-point measurement.1 In general, most, if not all, of these drugs 
have multiple mechanisms of action and hence multiple mechanisms 
of resistance.2 With few exceptions, their mechanisms are usually 
identified much later than their discovery. And the actual mecha-
nisms of certain drugs were often found to be different than what had 
been originally anticipated. Although various strategies have been 
used to identify drug targets, it is becoming appreciated that there are 

no easy and straightforward ways to do so with current technologies. 
Two reasons can be presented to explain this. The first has to do with 
the intrinsic physicochemical natures of small molecule drugs (e.g., 
membrane permeability in many cell types) coupled with their lack 
of selectivity and specificity as compared to, for example, antibody-
antigen recognition. Second, there is an overwhelming amount of 
redundancy, resulted from sequence and structural homology, built 
into biological systems serving as targets. This might explain why 
in many cases messy cytotoxic drugs, despite their off-target effects, 
work just as well or better than targeted therapeutics. Whatever 
the mechanism is, the initial and critical step in any drug discovery 
program is lead identification.

All 26 FDA approved drugs for HIV-1 infection are used in 
various combinations. By contrast, of over 100 FDA approved 
anticancer drugs, fewer than 25 are widely used due to their lack 
of drug-like properties.3 Drug-like properties usually refer to favor-
able absorption and bioavailability features that a drug must have to 
succeed in human clinical trials. Although some drugs can be rescued 
by proper formulation, in most cases, a bad drug is destined to fail. 
Therefore, prior to lead optimization, we always carry out extensive 
in silico- and knowledge-based ADMET calculations to address 
the possible problematic properties of our novel compounds. It is 
also important to note that even with the best in vitro and in silico 
predictive models, it is still very difficult to correctly envisage drug 
failures due to pharmacogenomics reasons and adverse physiological 
responses such as QT prolongation.4-8

For targeted cancer therapeutics, identification of lead compounds 
with novel mechanisms of action, lower toxicity and enhanced activity 
profiles is of paramount importance.9 Using pharmacophore models 
to distinguish antiviral compounds from anticancer compounds, we 
successfully identified a new class of leads with remarkable activity 
both in vitro and in vivo. Two members of these new compounds, 
SC21 and SC23, were previously evaluated against a range of human 
tumor derived cancer cell lines.10 In an effort to optimize the physi-
cochemical properties of these novel cytotoxic compounds, we have 
synthesized numerous analogues and selected SC144 for further 
development based on its desirable ADMET profiles. In the present 
study, we provided evidence that SC144 is a novel potent agent with 
broad-spectrum cytotoxic activities in a number of tumor cells with 
different characteristics. We also reported the effects of SC144 on cell 
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Preclinical evaluation of quinoxalinhydrazide

cycle regulation and apoptosis. Finally, we evalu-
ated its in vivo efficacy in both breast cancer and 
colon cancer mice xenograft models.

Results

Chemistry. Previously, we reported on the 
discovery of a novel class of compounds with 
remarkable potency in a broad panel of cell lines. 
Two members of these compounds, SC21 and 
SC23, were further evaluated against a battery 
of hormone-receptor positive and negative cell 
lines and showed excellent in vitro and in vivo 
efficacy in human cancer models.10 Encouraged 
by these results, we designed and built a large 
library of analogues. After in silico calculation of 
a host of parameters, including physicochemical, 
pharmacokinetics and drug-like properties for 
oral absorption, using ADMET Predictor soft-
ware package (Simulations Plus, Inc., Lancaster, 
CA), we synthesized several closely related 
analogues with desirable ADMET properties 
for our initial studies on structure-activity relationships (SAR).11 
Among these analogues, SC144 showed excellent potency in many 
human cancer cell lines and, therefore, was selected for in-depth 
preclinical studies.

The synthesis of SC144 was accomplished by using commercially 
available 2,4-difluoroaniline, bearing a fluorine atom at position 
2 as leaving group, as starting material. This was subjected to 
Clauson-Kaas reaction with 2,5-dimetoxytetrahydofuran to give 
1-(2,4-difluorophenyl)-1H-pyrrole, which was transformed into the 
corresponding 2-carbonitrile by a one-pot modified Vilsmeier-Haack 
reaction.12 The nitrile was directly cyclised to 7-fluoropyrrolo[1,2-a]
quinoxalin-4(5H)-one by potassium hydroxide in tert-butanol. The 
lactam obtained was subsequently transformed into 4-chloro-7-
fluoro-1H-pyrrolo[1,2-a]quinoxaline by treatment with phosphoryl 
chloride. This chloro derivative was then converted into the desired 
1-(7-fluoro-1H-pyrrolo[1,2-a]quinoxalin-4-yl)hydrazine, which was 
reacted with pyrazinecarboxylic acid in the presence of triph-
enylphosphine and 2,2'-dipyridyldisulfide to give the expected 
N’-(7-fluoroH-pyrrolo[1,2-a]quinoxalin-4-yl)pyrazine-2-carbohy-
drazide (SC144) (Scheme 1).

SC144 shows excellent potency against a panel of human cancer 
cell lines. The sensitivity of a panel of 14 human cancer cell lines to 
SC144 was assessed by MTT assay. SC144 showed excellent activity 
in these cancer cell lines from different tumor origins, with IC50 
values range from 0.14 to 4.0 μM (Table 1). The sensitivity towards 
SC144 was time- (data not shown) and dose-dependent (Fig. 1). 
Thus, the in vitro cell death increased with increasing concentra-
tions and exposure time of SC144. Furthermore, the cytotoxicity of 
SC144 in these cell lines seems to be independent of HR, p53, pRb, 
p21, HER-2 and p16 status but a careful study is required to provide 
direct evidence to support this prediction (Table 1). For example, 
SC144 was equally potent in parental LNCaP and LNCaP HER-2-
overexpressing clone, suggesting that its activity is independent of 
HER-2 expression. It is noteworthy that SC144 showed an excellent 
activity in HEY cells (IC50 = 1.0 ± 0.06 μM) considering that this cell 
line is resistant to cisplatin, the most commonly used drug in ovarian 
cancer. The cytotoxicity of SC144 is also prominent in human lung 

adenocarcinoma cells, CRL5908 and H1299, with IC50 values of 3.5 
± 0.3 and 1.67 ± 0.05 μM, respectively. In HR positive (MCF-7 and 
MDA-MB-468) and negative (MDA-MB-435) human breast cancer 
cells, SC144 exhibited a good activity. Interestingly, ER-positive cells 
exhibited a 5.5-fold (MDA-MB-468, IC50 = 0.7 ± 0.1 μM) and 
2.3-fold (MCF-7, IC50 = 1.7 ± 0.3 μM) higher sensitivity to SC144 
than ER-negative cell line (MDA-MB-435, IC50 = 4.0 ± 0.1 μM) 
(Table 1). Furthermore, SC144 showed excellent activity against 
paclitaxel/doxorubicin-resistant NCI/ADR-RES cells, which overex-
press multi-drug resistance transporters and P-glycoproteins. Finally, 
SC144 showed excellent activity in both oxaliplatin-sensitive (HT29) 
and -resistant (HTOXAR3) colorectal cancer cells with IC50 values 
less than 1 μM. Considering its activity in drug-resistant ovarian 
cancer NCI/ADR-RES and HEY cells as well as oxaliplatin-resistant 
colorectal HTOXAR3 cells, SC144 demonstrated promising thera-
peutic potentials for treatment of human cancers that are refractory 
to current treatment regimes.

SC144 disrupts cell cycle progression. Cell cycle perturbations 
induced by SC144 were examined in asynchronous breast cancer 
MDA-MB-435 cells and colorectal cancer HT29 cells. The analysis 
of DNA profiles by flow cytometry indicated that SC144 induced 
cell cycle arrest in G0/G1-phase in both cell lines (Fig. 2). Specifically, 
at 48 h, there was an increase of 16% and 13% of cells retained 
at G0/G1-phase in MDA-MB-435 and HT29 cells, respectively, 
compared to the corresponding untreated control cells. In a time 
course experiment, the maximum arrest in HT29 cells was observed 
24 h after SC144 exposure. It is worth to mention that at higher cell 
seeding densities under the same treatment conditions, SC144 causes 
S-phase accumulation in a comparable manner to CPT-11 (data not 
shown), suggesting a possible concentration-dependent mechanism 
for its action. The property of SC144 to induce cell cycle arrest has 
made it an ideal agent for combination chemotherapy with agents 
acting at different stages of cell cycle, such as taxanes.

SC144 induces apoptosis. SC144-induced apoptosis was measured 
by flow cytometry. At its IC50, SC144 caused 15%  apoptosis in 
MDA-MB-435 cells as indicated by sub-G0/G1 population (Fig. 
3A). An early event in apoptotic cell death is the translocation of 
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Scheme 1. Synthesis of SC144.
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the phosphatidyl-serine residues to the outer part of the cell 
membrane. This event precedes nuclear breakdown, DNA 
fragmentation and the appearance of most of the apoptosis-
associated molecules and is readily measured by annexin 
V binding assay. By using this method, we measured the 
percentage of early and late apoptotic cells in HEY cells treated 
with SC144. As shown in Figure 3B, SC144 triggered early 
apoptosis and the percentage of early-apoptotic cells increased 
to 37% at 48 h. A 16% increase in late-apoptosis/necrosis was 
also observed for SC144 at 48 h.

SC144 moderately inhibits cytochrome P450. The inves-
tigation of cytochrome P450 enzyme inhibition by potential 
drug candidates can aid in predicting drug-drug interactions 
and/or unfavorable pharmacokinetics profiles produced upon 
dosing. Competitive inhibition of drug metabolism medi-
ated by important cytochrome P450 enzymes may result in 
undesirable elevations in plasma drug concentrations, which 
is of clinical importance for both therapeutic and toxicological 
reasons. To determine if SC144 inhibits human cytochrome 
P450 catalytic activity, we performed an in vitro assay specific 
for CYP3A4 and compared its inhibitory activity with keto-
conazole, a well-known substrate as a positive control. As 
shown in Figure 4, SC21, an analogue of SC144, did not 
significantly inhibit CYP3A4 activity, while SC144 exhibited 
moderate CYP3A4 inhibitory activity at its IC50 even though 
it possesses favorable calculated ADMET properties. It is 
important to bear in mind that many drugs including anti-
cancer agents undergo CYP450-mediated hepatic metabolism 
before excretion. Understanding this activity is critical for 

Figure 1. Cytotoxicity of SC144 in representative ovarian, breast, 
prostate, NSCLC and colon cancer cell lines. (A) The cytotoxicity of 
SC144 was evaluated in a number of cancer cell lines using MTT 
assay. (B) Two representative colony formation assays in HT29 and 
H1299 cells are shown.

Table 1 Cytotoxicity of SC144 in various cancer cell lines

Cell line Origin bHR p53 pRb p16 p21 IC50 (μM)a

DU-145 Prostate AR- Mut Null Mut Mut 3.0 ± 0.3
LNCaP Prostate AR+ Wt Wt Wt Wt 0.39 ± 0.06
LCCaP/Her2 Prostate AR+ Wt Wt Wt Wt 0.4 ± 0.06
HEY Ovarian AR+ Wt ND Wt ND 1.0 ± 0.1
CRL5908 Lung ND ND ND ND ND 3.5 ± 0.7
H1299 Lung EGFR+ Null Wt ND ND 1.67 ± 0.05
CRL5908 Lung ND ND ND ND ND 3.5 ± 0.7
MDA-MB-435 Breast ER- Mut Wt Wt Wt 4.0 ± 0.1
MDA-MB-468 Breast ER- Mut Null ND Wt 0.7 ± 0.1
SKBR-3 Breast ND ND ND ND ND 3.6 ± 0.5
MCF-7 Breast ER+ Wt Wt Wt Wt 1.7 ± 0.3
NCI/ADR-RES Ovarian ER- Mut Wt ND Wt 0.14
HCT116 p53+/+ Colorectal ND Wt Wt ND ND 0.58 ± 0.07
HCT116 p53-/- Colorectal ND Null Wt ND ND 0.94 ± 0.04
HT29 Colorectal ND Mut Wt ND Null 0.9 ± 0.06
HTOXAR3 Colorectal ND Mut ND ND Null 0.5 ± 0.1

aIC50 is defined as drug concentration causing a 50% decrease in cell population. bHR, hormone receptor; AR, androgen receptor; ER, estrogen receptor; Wt, wild-type; Mut, mutant; ND, not-determined.
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Figure 2. Flow cytometry analysis of the cell 
cycle profiles of MDA-MB-435 and HT29 cells 
treated with SC144. Cells were treated for 16 
h, 24 h and 48 h with SC144, stained with PI 
and analyzed for their effect on the cell cycle.

individualized cancer therapy,13,14 since 
many anticancer drugs inhibit CYP3A4 in 
low micromolar concentrations (reviewed 
in ref. 15). Because of its moderate inhi-
bition on P450 activity, the toxicity and 
tolerance of SC144 will be monitored 
carefully in our future in vivo studies. 
Detailed kinetics studies are under way to 
understand the pharmacokinetics profiles 
of SC144.

SC144 shows in vivo efficacy in mice 
xenograft models. The in vivo efficacy of 
SC144 was first evaluated in nude mice 
xenograft model of human breast cancer 
MDA-MB-435. A schematic outline of 
the experimental procedure is shown in 
Figure 5A. Animals were treated with daily 
I.P. injections of sesame oil (controls) or SC144 at 0.3 mg/kg, 0.8 
mg/kg and 4 mg/kg. After fifteen-days of dosing, the drug treatment 
was discontinued and the animals were monitored biweekly for five 
weeks. Figure 5B shows the volume (mean ± SD) of SC144-treated 
MDA-MB-435 xenografts over time. For statistical analysis, the 
%T/C value was calculated on day 31 of dosing and is plotted for 
all treatment groups (Fig. 5C). A moderate but significant reduction 
was observed at the lowest dose in breast cancer xenografts (p < 0.05 
at day 31). Significant reduction in tumor growth was observed at 
higher doses and SC144 inhibited tumor growth by 60% at 4 mg/Kg 
(p < 0.001). A representative image of mice with and without SC144 
treatment at the end of the study is shown in Figure 5D. Compared 
to control tumors, SC144-treated tumors were markedly smaller in 
size, less vascularized and remained localized (Fig. 5E).

The in vivo efficacy of SC144 was also evaluated in human colon 
cancer HT29 xenograft models. Unfortunately, SC144 is practically 
insoluble in numerous formulations we tried. To increase the solu-
bility of SC144, various salts were prepared and HCl salt was selected 
for this particular study. Animals were therefore treated with daily 
I.P. injections of sesame oil (controls) or HCl salt of SC144 at 10 
mg/kg, 25 mg/kg, 50 mg/kg, 100 mg/kg, 125 mg/kg and 150 mg/
kg. Similar to the findings in MDA-MB-435 xenograft model using 
SC144 in a base form, SC144.HCl was able to inhibit the tumor 
growth at doses above 25 mg/kg in in vivo colorectal cancer HT29 
model (Fig. 6). However, at the end of the experiments we observed 
a significant amount of drug had precipitated and formed a white 
film. This lack of drug absorption is perhaps responsible for the 
lower efficacy of SC144.HCl in HT29 xenograft model. Under these 
conditions the treatment with SC144 was well tolerated in HT29 
xenograft model and did not result in any body weight loss (data not 
shown) or drug-related deaths even at doses of 150 mg/kg.

Discussion

The need to develop novel drugs with better efficacy and safety 
profiles is pressing. Herein, we synthesized a series of analogues of 
previously reported SC21 and SC23. Among these analogues, SC144, 

Figure 3. SC144 triggers apoptosis in select cancer cell lines. (A) Percentage 
of apoptosis induced by SC144 in MDA-MB-435 cells was calculated by 
measuring sub-G0/G1 population using flow cytometry. Apoptotic popula-
tion increased with time, reaching to 15% in SC144 treated cells. Percent 
errors were between 2–7%. (B) Apoptosis analysis of HEY cells treated with 
SC144 (IC80). Cells were stained with annexin V/propidium iodide and 
analyzed by flow cytometry. Cells in the bottom left quadrant of each panel 
(Annexin V-negative, propidium iodide-negative) are viable, whereas cells 
in the bottom right quadrant (Annexin V-positive, propidium iodide-negative) 
are in the early stages of apoptosis, and cells in the top right quadrant 
(Annexin V-positive, propidium iodide-positive) are in later stages of apop-
tosis and necrosis.©
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that can only be prepared in low yield due to multiple synthetic 
steps.

In conclusion, our preclinical evaluation suggests that SC144 
represents a novel class of anticancer drugs. As a prototype of quinox-
alinehydrazides, SC144 demonstrates significant in vitro and in vivo 
activity and its potency in a number of drug-resistant cancer cell lines 
makes it an attractive agent for further development. We recently 
carried out a lead optimization based on a structure-activity relation-
ship study and discovered SC161 with better potency in cancer cell 
lines.23 The future perspective of this work is to discern the mecha-
nisms of the anticancer activity of SC144 by DNA microarray and 
proteomics analysis. The results of these studies will be reported in 
due course.

Materials and Methods

Chemistry. All reactions were carried out under a nitrogen 
atmosphere. Progress of the reaction was monitored by thin layer 
chromatography on silica gel plates (Merck 60, F254, 0.2 mm). 
Melting points were measured using a Gallenkamp apparatus and 
are uncorrected. IR spectra were recorded as thin films on Perkin-
Elmer 398 and FT 1600 spectrophotometers. 1H NMR spectra 
were recorded on a Brüker 300-MHz spectrometer with TMS as an 
internal standard: chemical shifts are expressed in d values (ppm) and 
coupling constants (J) in Hz. Mass spectral data were determined by 
direct insertion at 70 eV with a VG70 spectrometer. Merck silica gel 
(Kieselgel 60/230–400 mesh) was used for flash chromatography 
columns. Elemental analyses were performed on a Perkin-Elmer 
240C elemental analyzer, and the results were within ± 0.4% of the 
theoretical values.

Synthesis of 4-chloro-7-fluoropyrrolo[1,2-a]quinoxaline (5). A 
mixture of 7-fluoro-5H-pyrrolo[1,2-a]quinoxalin-4-one (101 mg, 
0.5 mmol) prepared as previously described12 and phosphoryl chlo-
ride (0.46 mL, 5 mmol) was refluxed for 4 h under nitrogen. After 
cooling, the mixture was poured into crushed ice and extracted with 
dichloromethane. The organic layer was washed with brine, dried 
and evaporated. The residue obtained was purified by flash-chro-
matography (ethyl acetate) to give the title compound as colorless 
prisms (100 mg, 90% yield); (cyclohexane); mp 193°C; 1H NMR 
(CDCl3) 6.86 (m, 1 H), 7.03 (m, 1 H), 7.25 (m, 1 H), 7.56 (dd, 1 
H, J = 8.8, 2.9 Hz), 7.76 (m, 1 H), 7.90 (d, 1 H, J = 3.3 Hz). MS 
(CI) m/z 221 (MH+). Anal. Calcd for C11H6ClFN2: C, H, N.

Synthesis of 7-fluoro-4-hydrazinopyrrolo[1,2-a]quinoxaline (6). 
A mixture of 7-fluoro-4-chloropyrrolo[1,2-a]quinoxaline 5 (100 
mg, 0.45 mmol) and hydrazine monohydrate (5 mL) in DMF (2 
mL) was heated at 70–80°C for 1 h. Crushed ice was then added 
and the mixture was extracted with ethyl acetate. The organic layer 
was separated and shaken with water and brine successively. After 
evaporation of the solvents, compound 6 was obtained as a solid 
(84 mg, 86% yield) and used in the subsequent step without further 
purification. An analytical sample was obtained by crystallization; 
(dichloromethane/light petroleum); mp 158°C (dec.); IR (KBr) 
3,300 cm-1; 1H NMR (DMSO-d6) 4.56 (bs, 2 H), 6.66 (t, 1 H, J = 
3.2 Hz), 7.03 (m, 2 H), 7.18 (dd, 1 H, J = 10.6, 2.7 Hz), 8.02 (dd, 
1 H, J = 8.9, 5.6 Hz), 8.15 (s, 1 H), 8.87 (bs, 1 H). Anal. Calcd. for 
C11H9FN4: C, H, N.

which exhibits favorable physicochemical properties as predicted by 
ADMET calculation software, was selected for further evaluation on 
its efficacy against a panel of human tumor-derived cancer cell lines. 
SC144 inhibited cancer cell growth in a time- and dose-dependent 
manner in several hormone-dependent and -independent tumor 
cells, suggesting its potential for the treatment of hormone receptor-
positive and -negative cancers. It is now widely appreciated that a 
major obstacle in combating cancers is the acquired resistance by 
cancer cells after exposure to chemotherapeutic agents.16 As a lead 
anticancer agent, the broad therapeutic potential of SC144 was 
further underscored by its potency in drug-resistant cancer cells, 
including NCI/ADR-RES, HEY and HTOXAR3 cells, demon-
strated in the current study. Recently, we explored the combination 
effect of SC144 with select cytotoxic anticancer agents and found 
that SC144 elicits synergism with 5-flurouracil, oxaliplatin and pacli-
taxel in relevant cancer settings,17 pointing out a promising future 
direction for its clinical development in combination therapy.

Consistent with its effects on cell growth inhibition, we also 
demonstrated that SC144 disrupted cell cycle progression and 
induced apoptosis in select cancer cells. It is known that most anti-
cancer drugs induce apoptosis.18 Considering the profound effect 
of apoptosis on cancer progression and response to chemotherapy, 
reactivating apoptotic pathway appears to be an attractive strategy 
for anticancer drug therapy.19-22 Based on annexin V/propidium 
iodide staining and sub-G0/G1 fractions, we concluded that SC144 
elicited its cytotoxicity, at least in part, through apoptosis signaling. 
The potent in vitro efficacy of SC144 was also confirmed by its in 
vivo antitumor activity in both MDA-MB-435 and HT29 mice 
xenograft models, further suggesting its potential application as a 
novel anticancer agent.

A number of characteristics of SC144 indicate that this compound 
has promising potentials as possible anticancer chemotherapeutics. 
As a small-molecule compound, SC144 is stable under physiological 
conditions and readily crosses cell membranes, which provides a clear 
advantage over peptide or oligonucleotide agents that typically require 
significant modifications to enhance stability and cell-permeability. 
Furthermore, SC144 possesses the essential drug-like properties, in 
contrast to many lead compounds that need significant chemical 
modifications to obtain desirable physicochemical properties. In 
addition to these favorable properties, the simple and straightforward 
synthesis of SC144 also makes it more  advantageous over compounds 

Figure 4. Inhibition of human CYP3A4 by ketoconazole, SC144, and SC21 
in MDA-MB-435 cells. The metabolism of fluorescent substrates by human 
cDNA-expressed CYP3A4 was assessed by incubation in a 96-well plate at 
37°C. Metabolism of 7-benzyloxy-4-trifluoromethylcoumarin was assayed by 
measuring the production of the corresponding 7-hydroxy-4-trifluoro-methyl 
coumarin.
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Preclinical evaluation of quinoxalinhydrazidew

Human ovarian carcinoma cell line (HEY) naturally resistant to 
cisplatin (CDDP) was kindly provided by Dr. Louis Dubeau (USC 
Norris Cancer Center).24,25 SKBR-3 cells were kindly provided by 
Dr. Alan Epstein (USC, Department of Pathology). HTOXAR3 cells 
were generated by growing HT-29 cells in the presence of oxaliplatin 
for a year as described previously.26 The LNCaP/HER-2 cells were 
a gift from Dr. Richard Cote (USC, Department of Pathology). 

Synthesis of N’-(7-fluoropyrrolo[1,2-a]quinoxalin-4-yl)
pyrazine-2-carbohydrazide (SC144). To a stirred suspen-
sion of  2-pyrazinecarboxylic acid (62 mg, 0.50 mmol) in dry, 
dichloromethane (2 mL) were added portion-wise within 1 h, 
triphenylphosphine (262 mg, 1.00 mmol) and 2,2'-dipyridyl 
disulfide (220 mg, 1.00 mmol). When the starting material 
disappeared, a solution of 7-fluoro-4-hydrazinopyrrolo[1,2-a]
quinoxaline (108 mg, 0.50 mmol) in the same solvent (6 
mL) was added and the resulting mixture was stirred at room 
temperature overnight. The solvent was removed and the 
residue was partitioned between ethyl acetate and water. The 
organic layer was separated, shaken with brine and dried over 
MgSO4. The resulting residue was purified by flash-chro-
matography (chloroform:methanol:ammonium hydroxide, 
89:10:1) to afford SC144 as a pale yellow solid (56 mg, 35% 
yield); (methanol/ethyl acetate); mp 195°C (dec.); IR (KBr) 
3255, 1,690 cm-1; 1H NMR (DMSO-d6) 3.75 (bs, 1 H), 6.96 
(m, 1 H), 7.35 (t, 1 H, J = 8.7 Hz), 7.68 (m, 2 H), 8.30 (dd, 
1 H, J = 8.7, 4.8 Hz), 8.60 (s, 1 H), 8.82 (m, 1 H), 8.94 (d, 1 
H, J = 2.7 Hz), 9.22 (s, 1 H), 11.67 (bs, 1 H). MS (MALDI, 
TOF/TOF) m/z 323.0983 (MH+) requires 323.1056. Anal. 
Calcd. for C16H11FN6O: C, H, N.

Cell culture. Human prostate cancer cells (PC-3: p53-/-, AR-; 
DU-145: p53 mutant, AR-; and LNCaP: p53 wild-type, AR+), 
breast cancer cells (MCF-7: overexpressed wild-type p53, ER+; 
MDA-MB-468: p53 mutant, ER+; and MDA-MB-435: p53 mutant, 
ER-), non-small cell lung cancer cells H1299 (p53-/-, EGFR+) were 
purchased from the American Type Cell Culture (Manassas, VA). 

Figure 5. In vivo efficacy of SC144 in MDA-MB-435 xenograft model. (A) Schematic outline of tumor growth and dosing in breast cancer xenograft model. 
Athymic nude mice (n = 10) implanted with MDA-MB-435 cells were treated with the indicated doses of SC144 by daily I.P. administration for 15 days. (B) 
SC144 reduced the sizes of tumors all doses tested. Values represent the median tumor weight for each group. (C) The %T/C for each treatment group was 
calculated on day 31 of the experiment (Mean ± SD). (D) A representative comparison image of the control and SC144-treated mice. (E) A representative 
image of the incised control and treated tumor.

Figure 6. In vivo efficacy of SC144 in HT29 xenograft model. SC144.HCl inhibited 
the growth of tumors at doses above 25 mg/Kg in colon cancer mice xenograft 
model.
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The resulting fluorescence (FLH-1 channel for green fluorescence 
and FLH-2 channel for red fluorescence) was measured by flow 
cytometry using a FACScan flow cytometer (Becton Dickinson, San 
Jose, CA). According to this method, the lower left quadrant shows 
the viable cells, the upper left quadrant shows cell debris, the lower 
right quadrant shows the early apoptotic cells, and the upper right 
quadrant shows the late apoptotic and necrotic cells.

Inhibition of cytochrome P450 CYP3A4. The inhibitory effect 
of SC144 on cytochrome P450 was examined by measuring the 
metabolism of fluorescent substrates mediated by human cDNA-
expressed CYP3A4. Incubation was performed in a 96-well plate 
format at 37°C, using 7-benzyloxy-4-trifluoromethylcoumarin as 
fluorescent substrates. Metabolism of the model substrate was assayed 
by measuring the production of the corresponding 3-[2-(N,N-dieth-
ylamino)ethyl]-7-hydroxy-4-methyl coumarin metabolite, which was 
detected by fluorescence using a microplate reader.

Animals. 100 female virgin athymic nude (nu/nu) mice (Charles 
River Laboratories, Wilmington, MA) were used for in vivo efficacy 
testing with 2 select cell lines. The animals were fed ad libitum and 
kept in air-conditioned rooms at 20 ± 2°C with a 12 h light-dark 
period. Animal care and manipulation were in agreement with the 
USC institutional guidelines, which were in accordance with the 
Guidelines for the Care and Use of Laboratory Animals.

In Vivo mice xenograft studies. Human breast cancer 
MDA-MB-435 cells in logarithmic growth phase from in vitro 
cell culture were inoculated subcutaneously in the flank of athymic 
nude mice (2 x 106 cells/mouse) under aseptic conditions. Tumor 
growth was assessed by biweekly measurement of tumor diameters 
with a Vernier caliper (length x width). Tumor weight was calcu-
lated according to the formula: TW (mg) = tumor volume (mm3) 
= d2 x D/2, where d and D are the shortest and longest diameters, 
respectively. Tumors were allowed to grow to an average volume of 
100 mm3. Animals were then randomly assigned as control and 
treatment groups, to receive control vehicle or SC144 (0.3, 0.8 and 
4 mg/kg, dissolved in sesame oil) via I.P. injections once a day for 15 
days. Treatment of each animal was based on individual body weight. 
After treatment, tumor volumes in each group were measured once 
a week for 4 weeks. The percentage of tumor growth inhibition was 
calculated as T/C% = 100 x (mean TW of treated group)/(mean TW 
of control group).

Human colon cancer HT-29 cells in logarithmic growth phase 
were inoculated subcutaneously in the flank of athymic nude mice 
(5 x 106 cells/mouse) under aseptic conditions. Tumor growth was 
assessed and monitored as described above. When tumor sizes reached 
an average volume of 300 mm3, animals were randomly assigned to 
control and treatment groups to received control vehicle or SC144.
HCl (10, 25, 50, 100, 125 and 150 mg/kg) via I.P. injection for 15 
days. The tumor volumes in each group were measured once a week 
until the control tumor reached 2,000 mm3. Treated animals were 
checked daily for treatment-related toxicity/mortality.

Statistical analysis. In vitro assays were set up in triplicates and 
the results were expressed as means ± SD. Statistical analysis and 
p-value determination were done by two-tailed paired t test with 
a confidence interval of 95% for determination of the significant 
differences between treatment groups. p < 0.05 was considered to 

HCT116 p53+/+ and HCT116 p53-/- cells were kindly provided by 
Dr. Bert Vogelstein (Johns Hopkins Medical Institutions, Baltimore, 
MD). Cells were maintained as monolayer cultures in the appro-
priate media: RPMI 1640, McCoy’s 5A (SKBR-3) or DMEM 
(MDA-MB-435 and MDA-MB-468) supplemented with 10% fetal 
bovine serum (FBS) (Gemini-Bioproducts, Woodland, CA) and 
2 mmol/L L-Glutamine at 37°C in a humidified atmosphere of 
5% CO2. To remove the adherent cells from the flask for subcul-
ture and counting, cells were washed with PBS without calcium or 
magnesium, incubated in a small volume of 0.25% trypsin-EDTA 
solution (Sigma-Aldrich, St. Louis, MO) for 5 min, resuspended 
with culture medium and centrifuged at 1,200 rpm for 5 min. All 
experiments were performed using cells in exponential growth phase. 
Cells were routinely checked for Mycoplasma contamination using 
PlasmoTest (InvivoGen, San Diego, CA).

Drug dilutions. 10 mM stock solutions of all compounds were 
prepared in DMSO and stored at -20°C. Further dilutions were 
freshly made in PBS or cell-culture media.

Cytotoxicity assays. Cytotoxicity was assessed by 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as 
previously described.27 Briefly, cells were seeded in 96-well micro-
titer plates and allowed to attach overnight. Cells were subsequently 
treated with continuous exposure to corresponding drugs for 72 h. 
An MTT solution (at a final concentration of 0.5 mg/mL) was added 
to each well and cells were incubated for 4 h at 37°C. After removal 
of the supernatant, DMSO was added and the absorbance was read 
at 570 nm. All assays were done in triplicate. The IC50 was then 
determined for each drug from a plot of log (drug concentration) 
versus percentage of cell killed.

Cell cycle analysis. Cell cycle perturbation was analyzed by 
propidium iodide (PI) DNA staining. Briefly, exponentially growing 
cells (MDA-MB-435 and HT29) were treated with corresponding 
IC50 doses of SC144 for various times. At the end of each treat-
ment, cells were collected and washed with PBS followed by a 
gentle centrifugation at 1,200 xg for 5 min. Cells were thoroughly 
resuspended in 0.5 mL of PBS and fixed in 70% ethanol overnight 
at -20°C. Ethanol-resuspended cells were then centrifuged at 1,200 
xg for 5 min and washed twice in PBS to remove residual ethanol. 
For cell cycle analysis, the pellets were resuspended in 1 mL of PBS 
containing 0.02 mg/mL of propidium iodide and 0.5 mg/mL of 
DNase-free RNase A and incubated at room temperature for 30 min. 
Cell cycle profiles were obtained using a BD LSRII flow cytometer 
(BD Biosciences, San Jose, CA) and data were analyzed by ModFit 
LT software (Verity Software House, Inc., Topsham, ME).

Apoptosis assay. To quantify drug-induced apoptosis, cells were 
stained with annexin V/propidium iodide and counted by flow 
cytometry. Briefly, after drug treatments (IC80 of each drug for up to 
48 h), both floating and attached cells were collected and subjected 
to annexin V/propidium iodide staining using annexin V-FITC 
apoptosis detection kit (Oncogene Research Products, San Diego, 
CA) according to manufacturer’s recommendation. Untreated cells 
(24 and 48 h) were maintained in parallel with the treated group. In 
cells undergoing apoptosis, annexin V binds to phosphatidylserine, 
which is then translocated from the inner to the outer leaflet of 
the cytoplasmic membrane. Double staining is used to distinguish 
between viable, early apoptotic and necrotic or late apoptotic cells.28 ©
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be statistically significant. ANOVA was used to test for significance 
among groups. The SAS statistical software package (SAS Institute, 
Cary, NC) was used for statistical analysis.
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