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Abstract

Synthetic small molecule tubulin inhibitors have many advantages as novel anti-cancer agents compared to the current tubulin inhibitors
generated from natural products. Our previous studies led to the design and synthesis of a series of novel tubulin inhibitors. Some of
these compounds also inhibited heat shock protein 27 (Hsp27), and showed promising in vitro anti-cancer activities in several breast
cancer cell lines at sub nano-molar concentrations. However, whether these compounds could suppress tumor growth in animals was
not investigated yet. In the current study, to identify the best drug candidates, therapeutic efficacy of the representative compounds from
previous analyses was evaluated using non-small cell lung cancer preclinical models. These agents dose-dependently inhibited the growth
of lung cancer cells in both monolayer cultures and three-dimensional multicellular spheroids. Several compounds also showed promising

tumor growth suppressive activity in nude mice xenograft model.

Keywords: tubulin; Hsp27; spheroid; xenograft

Introduction

Tubulin-containing structures are important for many
cellular functions, including chromosome segregation
during cell division, intracellular transport, development
and maintenance of cell shape, cell motility, and
distribution of molecules on cell membranes [1]. Tubulin
inhibitors are classical cancer chemotherapeutic agents,
well documented to cause cell cycle arrest and induce
apoptosis. The most well-known tubulin targeting agent
taxol binds to the g-tubulin sub-unit, disrupts microtubules,
arrests cells at the G2/M checkpoint, prevents cell division,
and ultimately triggers apoptosis [2, 3]. Currently, taxol is
used as a first line chemotherapeutic agent for metastatic
breast cancer, ovarian cancer, lung cancer, head and
neck cancer, and advanced forms of Kaposi's sarcoma.
Although treatment with taxol has improved the duration
and quality of life for cancer patients, majority of them
eventually develop progressive disease after their initial
response to the drug. Drug resistance represents a major
obstacle forimproving the long-term response and survival
of cancer patients [4]. Several potential mechanisms have
been proposed to account for the resistance to taxol
observed in human tumors and tumor cell lines. These
mechanisms include over-expression of the multidrug
transporter P-glycoprotein, altered metabolism of the drug,
decreased sensitivity to death-inducing stimuli, changes in
microtubule dynamics due to over-expression of kinestin

and altered binding of taxol to microtubules [4-8]. Other
FDA approved tubulin inhibitors with complex structures
including epothilones analogs and vinca alkaloids
analogs have similar drawbacks as taxol. Synthetic small
molecule tubulin inhibitors that are not substrates of
P-glycoprotein would strongly increase treatment efficacy
of a number of malignancies. These agents could also
potentially overcome taxol resistance caused by rapid
taxol metabolism, P-glycoprotein excretion, and altered
taxol tubulin binding. The advantages of synthetic small
molecule tubulin inhibitors over tubulin inhibitors derived
from natural products, make them attractive anti-cancer
agents.
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Heat shock proteins (Hsp) have been shown to be
significantly elevated in cancers, and have been associated
with cancer progression and drug resistance [9-11].
A small (27 kDa) member of this family, Hsp27, is well
established to be particularly adept at protecting cancer
cells from various anti-cancer therapeutic agents [12].
Such protection is conferred by enhanced proliferation
[11, 13] and suppressed apoptosis in cancer cells [14-16].
Increased expression of Hsp27 is found in various cancer
types [9, 10, 17-21], supporting the hypothesis that Hsp27
is a therapeutic target in a broad spectrum of cancers. In
fact, several agents that modulate Hsp27 have already
exhibited promising anti-tumor activity in preclinical
models of a variety of tumors, particularly those expressing
high levels of Hsp27 [17, 22, 23].

Previously we developed a series of novel anti-cancer
agents [24-26]. Some of these agents interfere with tubulin
and Hsp27 to suppress proliferation of cancer cells. These
dual inhibitors represent a class of new agents that can
block two anti-cancer targets [24-26]. They showed
different selectivity on inhibiting tubulin polymerization
and Hsp27 chaperone function, however decreased cancer
cell proliferation with ICsos around sub nano-molar level.
It is difficult to identify the best drug candidates from the
compound pool for further drug development based only
on their cytotoxicity in monolayer cell proliferation assays.
Herein, we used two-dimensional (2D) monolayer cell
proliferation assay, three-dimensional (3D) multicellular
spheroid model and in vivo xenograft to evaluate the
representative drug candidates, and identified the most
promising drug candidate. All these assays were based on
non-small cell lung cancer cell line H292 [27] and the in vivo
toxicity of these compounds was determined in mice.

Methods and materials

Chemicals, regents and cell line

The sulfonamide tubulin and Hsp27 inhibitors 1 to 8 were
synthesized in our lab previously [24, 26]. Matrigel Matrix
was purchased from BD Biosciences (San Jose, CA). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) was from Sigma-Aldrich (Milwaukee, WI). H292 lung
cancer cells were obtained from ATCC (Rockville, MD). The
cellswere maintained in RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS), 2 mmol/L L-Glutamine,
and 100 U/mL penicillin-streptomycin. FBS was heat
inactivated for 30 min in a 56°C water bath before use. Cell
cultures were grown at 37°C, in a humidified atmosphere
of 5% CO, in a Hereaus CO, incubator.

Cell viability analysis

The effects of the tubulin inhibitors on H292 cell
proliferation in the 2D monolayer culture were assessed
using MTT assay in four replicates. 3,000 cells per well
were seeded using RPMI1640 medium in 96-well, flat-
bottomed plates for 24 h, and were exposed to various
concentrations of tubulin inhibitors dissolved in DMSO
(final concentration <0.1%) in medium for 72h. Controls

received DMSO vehicle at a concentration equal to that in
drug-treated cells. The medium was removed, replaced
by 200 ul of 0.5 mg/ml of MTT reagent in fresh medium,
and cells were incubated in the CO, incubator at 37°C for
2 h. Supernatants were removed from the wells, and the
reduced MTT dye was solubilized in 200 ul/well DMSO.
Absorbance was determined at 570 nm on a plate reader.

3D multicellular spheroid formation and drug treatment

Uniform single-spheroid H292 lung carcinoma cells were
cultured as follows. The 96-well flat-bottom plates were
coated with 70 uL of a 1.5% agarose (weight/volume)
solution in distilled water (freshly autoclaved). During the
coating process, the agarose solution was maintained at
=60°C followed by cooling and setting at room temperature
for 40 Min. Then the cells were plated at a density of 15,000
cells/well in 80 uL of RPMI-1640 (10% FBS), and allowed to
form spheroid in 48h. The spheroids were then treated
with 20 uL of a 25% solution of growth factor-reduced
Matrigel™ in cell culture medium [28], resulting in a final
volume of 100 uL with 5% Matrigel. Spheroids were cultured
for one more day to reach an average diameter of 100 um
under standard tissue culture conditions (37°C, 5% CO.,).
For drug treatment, 100 uL fresh medium with various
concentration of drugs were added at day 3 (final Matrigel
concentration became 2.5% after the drug was added).
Spheroid morphological images in 96-well microplate
were carried out manually on an inverted VWR VistaVision
microscope (Bridgeport NJ) equipped with VWR VistaVision
camera DV-2D. Spheroid diameters and volumes were
determined from their images. The treatment was quart
replicated, and the spheroid images were taken every
other day. The suppression of the spheroid growth was
normalized with control treatment (0.1% DMSO) [29].

Hsp27 expression determination with Western blot

H292 monolayer cells and 3D spheroids were lysed,
briefly sonicated, and centrifuged at 16000g for 30 Min
30ug of protein for each sample was boiled with 2x
loading buffer for 5 Min, electrophoresed on a 10% SDS-
polyacrylamide gel, and transferred onto polyvinylidene
difluoride (PVDF) membrane. The membrane was blocked
for 1 h with 5% nonfat milk in PBST and then incubated
with specific Hsp27 primary antibody (Cell Signaling). After
washing, the membrane was incubated with horseradish-
conjugated secondary antibody (Cell Signaling). The bands
were visualized by chemiluminescence with ECL reagent
(Thermo Scientific).

In vivo xenograft studies

Five- to six-week-old BALB/c nu/nu, athymic mice were
purchased from Taconic labs (Hudson, NY). Sub confluent
H292 cells were harvested from monolayer culture and re-
suspended in an equal volume of Matrigel (BD Biosciences,
San Jose, CA) to a final concentration of 1 x 107/0.2 mL. At
8 weeks of age, each animal received s.c. inoculations in
two sites per flank with 200 uL of H292 cell suspension.
24 animals were randomly grouped into 8 groups (3 mice
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per group). Tumors were measured twice weekly with
calipers, and tumor volume was calculated by the following
formula: (width)*xlength/2. Treatments began when the
tumors reached a measurable size (~200 mm?3). Treated
group was intraperitoneal administrated 10 mg/kg/d of
corresponding drugs three times a week (1%DMSO, 1%
Tween 80 in PBS as vehicle). The control group received
the vehicle treatment. Body weights were monitored
weekly as an indicator of the animals' overall health. After
three weeks of treatment, the mice were euthanized and
the tumors were removed, weighed.

Statistical analysis

Statistical and graphical information was determined
using GraphPad Prism software (GraphPad Software
Incorporated) and Microsoft Excel (Microsoft Corporation).
ICso values were determined using nonlinear regression
analysis.

Results

Eight compounds inhibited cell proliferation at sub nano-
molar concentrations

Non-small cell lung cancer cell line H292 was used as the
preclinical model, due to several factors. First, H292 cells are
tumorigenic and can form xenograft tumor in nude mice.
Second, H292 exhibited high Hsp27 expression, and the
expression is significantly increased in their 3D-multicellar
spheroid model (Figure 1). Since several compounds in our
previous studies showed Hsp27 inhibition [24, 26], H292
served as a perfect model to accurately determine the
therapeutic efficacy of these compounds.

2D monolayer 3D spheroid

| —
HSP27
p—actin

Figure 1 Expression of Hsp27 in monolayer and spheroid of H292 cells. 3D
spheroid based on H292 NSCLC cells.

Eight representative compounds from our previous
studies were examined in the cell proliferation assay
(Figure 2). Compounds 1 and 2 have a 2, 5-dimethyl
benzyl moiety, and inhibited the proliferation of H292
monolayer cells dose-dependently with 1Cses of 63 nM and
47 nM respectively (Table 1). The results showed that these
compounds were less active to inhibit the growth of cancer
cells compared to the other six compounds. Compounds 1
and 2 were selected for this study because they inhibited
both tubulin polymerization and Hsp27 chaperone
functions [24]. However, their potency to inhibit tubulin
polymerization was lower than those of the compounds
with a 2, 5-dimethoxy benzyl moiety i.e. compounds 3,4,7
and 8 [24, 26]. The inhibitory activities of the compounds
on the tubulin polymerization and Hsp27 chaperone
function are summarized in Table 2 [24, 26]. It seems that
for compounds 1 and 2, the Hsp27 inhibitory activity did
not contribute much to the inhibition of cell proliferation.
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Figure 2 Compounds 1 to 8 dose-dependently inhibited (A) monolayer cell
proliferation and (B) spheroid growth.

Their relatively lower tubulin targeting effect could have
led to the lower potency to suppress cell growth in the
monolayer cell proliferation assay. Compound 3, 4, 5, 6, 7
and 8 with a 2, 5-dimethoxy benzyl moiety exhibited much
better potency to inhibit H292 monolayer cell proliferation
with 1Cses of 4.4 nM, 8.3 nM, 19.8 nM, 9.6 nM, 5.4 nM,
and 13.1 nM, respectively. Due to the substitution of 2,
5-dimethyl benzyl moiety in compounds 1 and 2 with 2,
5-dimethoxy benzyl moiety, the solubility of compounds 3,
4,5 and 6 improved based on their cLogP values. Previous
mechanistic studies showed that the 2, 5-dimethoxy
benzyl substitution decreased the inhibition of Hsp27
[24]. Compound 4 did not inhibit Hsp27 activity even at
10 uM and compound 3 only slightly inhibited Hsp27 at
10 uM [24]. However, both compounds showed much
better potency to inhibit tubulin polymerization compared
to compounds 1 and 2 [24], which could have greatly
contributed to their activity against H292 cell proliferation.
Compounds 5 and 6 showed slightly weaker cell growth
inhibition compared to compounds 3 and 4, suggesting
that the 4-methoxybenzamide and 4-iodobenzamide are
preferred substituted groups. Compounds 7 and 8 showed
strong cell growth inhibition. They are structurally similar
to compound 3, but the methanesulfonamide moiety is
changed to ethanesulfonamide and benzenelsulfonamide,
respectively. Both compounds also selectively inhibited
tubulin polymerization with similar potency compared
to compounds 3 and 4, but showed no Hsp27 inhibition
even at 10 uM [26]. This further demonstrated that tubulin
targeting effects are the main attribution for the inhibition
of cancer cell proliferation in monolayer cell culture
assays.

The compounds time and dose-dependently inhibited the
growth of H292 3D spheroids

Although the compounds effectively inhibited the
proliferation of cells grown in monolayer culture assays,
the tumor penetration ability of the compounds cannot
be predicted with such assays. Herein, we used a three-
dimensional multicellular tumor spheroid model to select
the most promising anti-cancer drug candidates. The
results demonstrated that the compounds time and dose-

dependently inhibited the growth of the 3D spheroids
(Figure 2).

The ICs, values generated from the 3D spheroid assay
are also listed in Table 1. In general, our drug candidates
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Table 1 Animal toxicity, hydrophobicity, and ICses of inhibition of H292 lung cancer cell growth with 2D and 3D assays by dual tubulin and Hsp27 inhibitors.

In vivo toxicity

Compound 2D cell proliferation ICsy 3D spheroid growth ICs, clog P
Structures (nM) (nM) g
10mg/Kg/3ip /week  10mg/Kg/5ip /week
1 | 63333 130+ 70 5.50 - -
o:é:o
I
1
2 \C[N/ 46.7 £ 16.7 170 £ 50 4.39 - -
0=s=0
OCH,
H,CO.
[} H 0. OCH;
3 \C[N/ 4.4+0.2 12.7+4.2 4.56 - +
o=%=o
1
H,CO.
oM 0. ocH,
4 \QN/ 83+1.8 0.84 +0.36 3.45 - +
o:%:o
OCH;,
Hico.
o nﬁov\@m
5 /EJ N 19.8+34 66.5 £ 8.1 3.1 - -
0=8=0
e OCH3 ‘
H,CO.
oMo L,
6 \C[N/ 9.6 +2.2 48+1.5 3.42 - -
o o:?:o
Lo
H,CO.
oo I,
7 |06 54+07 0.41£0.15 5.09 - -
0=8=0
1
H3CO.
o QOJ@L
8 é ombeo 131242 9.0£3.1 6.33 ND ND

Note: H292 cells were treated at various concentrations of the indicated compounds in quart replicates for 48h (2D assay) and 7days (3D assay). Each test was
repeated independently three times and the representative data are listed in the table. CLogP values were generated with ChemDraw 12. The cell viability
in 2D assay was measured with MTT. The spheroid size was calculated based on the diameters of spheroid, and subsequently] normalized to the control to

generate the IC50s. Toxicity was evaluated by more than 20% weight loss.

Table 2 The compounds showed different activities to inhibit tubulin polymerization and Hsp27 chaperone function.

Compound 1 2 3 4 5 6 7 8
Tubulin inhibition at 1uM 34% 25% 64% 66% ND ND 59% 56%
Hsp27 inhibition at 10pM 28% 30% 27% 9% ND ND 0 0

showed similar potency trend in the 2D and 3D screening
assays, suggesting similar capabilities to penetrate the
tumor. Both compounds 1 and 2 showed weaker activities
in 2D and 3D assays compared to other six analogs, with
ICsos 0f 130 nM and 170 nM from the 3D assay, respectively.
Hsp27 expression was up regulated in the 3D spheroids
(Figure 1). However, compounds 1 and 2 did not exhibit
better potency in 3D model even though they inhibited
Hsp27 more than other compounds. It is possible that
their Hsp27 targeting effect is still not significant enough
to contribute to their cell growth inhibition. Compounds
4 and 7 showed the best results in 3D spheroid assay
with ICss below 1 nM, which are lower than the 1Css

from the 2D assay, suggesting the two compounds have
the best cell penetration ability. Both compounds might
have higher accumulation in the 3D spheroids after long-
term treatment, which can enhance their activity in the 3D
assay. But more experiments are needed to confirm this
speculation. Compound 3 exhibited a weaker activity with
an 1Csy of 13 nM compared to 4 and 7. Even compound 3
showed great potency in the monolayer cell proliferation
assay. Nevertheless, all the compounds dose-dependently
suppressed the growth of the spheroids, and provided
important data to select the best drug candidates. To
examine the long-term treatment of these compounds on
spheroid growth, the potent compounds 3, 4, 5,6, 7, and 8
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were further tested with the 3D spheroid assay in a dose
and time-dependent manner. The spheroid growth assay
was conducted for a period of 10 days and the spheroid
size was examined every other day (Figure 3). Compounds
3,4, 6,7,and 8 suppressed more than 80% of the spheroid
growth at 40 nM. Compound 5 was less potent compared

value in the 3D assay. It only inhibited about 40% spheroid
growth at 40 nM. Compound 4 showed the best potency,
and inhibited about 20% growth of the spheroid at 0.32
nM. Overall, the tumor penetration capability of these
compounds reflects their potential to have strong anti-
cancer activity in vivo.

to other analogs, which is also indicated by its higher ICs
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Figure 3 Spheroid growth inhibition curves of compounds 3, 4, 5, 6, 7, and 8. Spheroid morphological images in 96-well microplate were carried out manually
on an inverted VWR VistaVision microscope (Bridgeport NJ) equipped with VWR VistaVision camera DV-2D. Spheroid diameters and volumes were determined
from their images. The treatments were performed in four replicates, and the spheroid images were taken every other day.
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Toxicity evaluation of the compounds tested at this dosage on H292 xenograft model in nude

Before examining the compounds with the in vivo xenograft mice.
model, we tested the toxicity of the compounds in nude

mice to determine the maximum tolerable dosages (Table In vivo xenograft study

1). The drugs were formulated with 1% Tween 80 and After the xenograft reach 200mm?, the seven compounds
administrated via intraperitoneal (ip) injection. Compound were formulated with 1% Tween 80 in PBS to treat the
8 has poor water solubility and precipitated significantly mice. All the compounds inhibited tumor growth, and

no weight loss was observed in nude mice after three
weeks treatment (Figure 4). Compound 4 showed the best
potency, inhibited about 70% tumor growth compared
to the control group. Compound 3 showed similar tumor
suppression activity compared to compound 5, although 3
was much more active than 5 in the 2D and 3D assays. It
seems that the 3D spheroid assay results cannot accurately
mimic the in vivo activity of our compounds. Compounds
1, 2, 6 and 7 exhibited similar tumor growth inhibition as
well, which is inconsistent to their significantly different

when it was formulated with 1% Tween 80, which limited
its injection and was removed from the test. At 10 mg/kg
(three times per week), none of the drugs caused toxicity
to the mice as indicated by no weight loss or dehydration
(Table 1). At 10 mg/kg (five times per week), compounds 3
and 4 caused severe weight loss and dehydration in mice
after a week treatment. When we increased the dosage
to 15 mg/kg three times per week and five times per
week, compounds 1, 2, 5, 6, and 7 did not cause toxicity.

Compounds 3 and 4 were not tested at these dosages. activities in vitro 2D and 3D assays. Particularly, compound
Compound 7 shares a similar structure with compound 3 7 showed the best activity in the 3D spheroid assay, but
by having a common 4-iodobenzamide moiety. Apparently, was not very potent in the in vivo test. This discrepancy may
the methanesulfonamide moiety of compound 3 is more be explained by their different metabolic stabilities, serum
toxiccompared to ethanesulfonamide moiety in compound protein binding affinities and other unknown factors.
7. This structural characteristic is important information Further pharmacokinetic studies are needed to elucidate
to design less toxic drug candidates in the future. The the discrepancy in the potency of these compounds in the
maximum tolerable dosage was determined to be 10 mg/ 3D assay and in vivo experiment. Obviously, it is difficult to
kg (three times per week) due to the toxicity of compounds predict the in vivo activity of drug candidates based only on
3 and 4 at higher dosages. The seven compounds were the in vitro assays.
20 (A) 30+ (B)
k
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Figure 4 A, B Tumor weights after the treatment of the seven compounds at 10 mg/Kg/three times per week. After three weeks of treatment, the mice were
euthanized and the tumors were removed and weighed.

Discussion spheroids exhibit great similarity to the cells in real tumor.
The pharmacological activity of the anti-cancer drugs in
3D spheroid assay closely mimics the way tumors in vivo
respond to chemotherapy. Apparently, the multicellular
3D spheroid culture has multiple advantages over 2D cell
culture when selecting the most promising anti-cancer drug
candidates from a large pool of compounds. To further
narrow down the compound list into the most promising
drug candidates, the effects of these tubulin inhibitors
were evaluated with a well-validated 3D spheroid assay

We used preclinical non-small cell lung cancer models to
evaluate the anti-cancer potency of eight synthetic small
molecular tubulin inhibitors. All the compounds showed
good potency to inhibit the cancer cell proliferation at
sub nano-molar concentrations. However, cancer cells
growing on 2D plastic surface is an artificial cellular
environment and cannot accurately mimic the 3D in vivo
tumor environment [30]. These monolayer growing cells

lose part of their phenotypic and functional characteristics developed using the H292 cells [29].

compared to the cellsin the 3D real tumors [31]. Therefore,

the drug candidates identified with this assay may not be The cancer cell line, H292 proliferates aggressively and
the best compounds for further in vivo studies. In contrast, expresses high level of Hsp27 protein. Particularly, the
3D multicellular spheroids mimic tumor environment Hsp27 expression is increased in the 3D spheroids.

much better. The strong cell-cell interactions in 3D However, it seems that the Hsp27 expression did not
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distinguish the compounds tested in the study. The
potency of the compounds in both the 2D and 3D assays
were dependent mainly on their tubulin targeting effect.
There are two possible explanations. First, Hsp27 may
not significantly contribute to the proliferation of H292
cells despite the high expression levels. Therefore the
targeting effect of the compounds cannot be reflected
in the cell growth assay. Second, the Hsp27 inhibition of
these compounds is not potent enough to contribute to
the inhibition of cell growth.

Compounds 4 and 7 exhibited the best potency in the
3D spheroid assay with 1Css below 1 nM. Particularly,
compound 4 inhibited about 20% growth of the spheroid
even at 0.32 nM. In the in vivo study, the compound also
exhibited the best potency to inhibit the tumor growth.
However, compounds that showed great potency in the 2D
and 3D assays may not necessarily show good potency in
the in vivo animal testing. Many factors such as metabolic
stability, solubility, and protein binding affinity may not
affect the results in in vitro assay much, but will significantly
impact the in vivo activity. For example, compounds 6 and 7
both exhibited ICsos at sub nano-molar levels in the 2D and
3D experiments, but were not very potent in the animals.

Overall, most of these tubulin inhibitors suppressed in
vitro spheroid and in vivo tumor growth. The structural
characteristics of the compounds were correlated to their
in vivo potency and toxicity, which shed light on designing
more potent and less toxic derivatives in future. It seems
that the best drug candidate that showed higher activity in
all the assays was compound 4. It exhibited good potency
in the 2D cell proliferation assay with an ICs, of 8.3 nM,
in the 3D spheroid assay with an ICs, of 0.84 nM and also
inhibited the tumor growth at 10 mg/kg (three times per
week) dosage in mice. However, this compound has a
relatively narrow therapeutic index compared to other
analogs. Future structural optimization will focus on the
improvement of the general toxicity of this compound.

Conclusion

The combination of 2D and 3D cell culture screening
methods provide a more accurate strategy to identify the
bestdrugcandidates. Overall, the potential drug candidates
will show good potency with both the assays as indicated
by compound 4. However, compounds that exhibit good
potency in both assays may not show the best in vivo
activity as indicated by compounds 6 and 7. Nevertheless,
itis a good strategy to use the combination of these assays
to eliminate less promising drug candidates in anti-cancer
drug development processes.
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