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Abstract

The disruption of microtubule dynamics serves as a pivotal strategy for elimi-
nating tumor cells, despite its accompanying toxicities affecting non-tumor cells.
This study investigates the potential of selectively targeting y-tubulinl (TUBG1)
as a therapeutic strategy in cancer treatment. By elucidating the TUBGI1-
E2F1-retinoblastoma protein (RB1) network, we introduce a novel compound,
4-(6-((3-Methoxyphenyl)amino)pyrimidin-4-yl)-N,N-dimethylbenzenamine,
(L12). L12 treatment enhanced RB1 expression and selectively targeted cells with
impaired RB1 signaling, while reduced E2F1 expression attenuated its cytotox-
icity. Furthermore, L12-mediated cytotoxicity depends on an E2F1-mediated
upregulation of procaspase 3 expression, highlighting the role of E2F1 in the ap-
optotic response. Unlike traditional tubulin-targeting agents, L12's specificity for
tumor cells lies in its inhibitory effects on TUBG1, without affecting the second
human isoform of TUBGs, TUBG2. Despite its interaction with specific kinases,
the concentrations required for antitumor effects are 100-fold lower than those
influencing kinase activities. Subsequent investigations underscore L12's reduced
neuronal axonal toxicity compared to vincristine. Lastly, L12 demonstrates prom-
ising results in inhibiting tumor growth in xenografted small cell lung cancer
models, demonstrating potential specificity toward tumor cells while minimiz-
ing adverse effects on healthy tissues. This research emphasizes the potential of
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1 | INTRODUCTION
Disrupting the dynamics of microtubules is a frequently
employed strategy to eliminate tumor cells. These drugs,
whether stabilizing or destabilizing microtubules, disrupt
mitotic spindle formation and chromosome partitioning,
leading to cell death. They are widely prescribed antineo-
plastic drugs for treating malignancies, including lung,
breast, gastric, esophageal, bladder, and prostate cancer,
Kaposi sarcoma, and squamous cell carcinoma of the head
and neck.! Unfortunately, the treatment causes acute and
long-term toxicities, significantly impacting long-term
survivors, as it also affects non-tumor cells.'

Microtubules consist of two members of the GTPase
superfamily of tubulins: a-tubulin and p-tubulin. A third
member, y-tubulin (TUBG), is a ubiquitously expressed
protein and the core component of the cytoskeleton/nu-
cleoskeleton named the y-tubulin meshwork.>” TUBG,
in conjunction with y-tubulin complex proteins (GCPs),
plays a pivotal role as a nucleator of microtubules. These
complexes initiate microtubule assembly from centro-
somes and other membranous structures within the
cells.>® In humans, several genes encode a-tubulin and p-
tubulin, while there are two encoding TUBG: TUBGI and
TUBG2.” Mutations in the TUBGI gene have been found
to cause brain malformations.®

The self-polymerizing ability of TUBG results in the
interlinking of the components of the y-tubulin mesh-
work, that is, y-tubules, y-strings, and centrosomes.>>12
We discovered that nuclear TUBG binds to and moder-
ates the activities of E2 promoter-binding factor (E2F).
Inhibition of the TUBG activities leads to an E2F1-
mediated increase in retinoblastoma protein (RB1) lev-
els,’*'* implying that TUBG and RB1 inversely moderate
each other's expression by directly binding to E2F-binding
sites on TUBG and RBI promoter regions.'* Notably, re-
duced TUBG protein levels also enhance E2F1-mediated
expression of procaspase 3, indicating a broader regula-
tory role for TUBG in cell survival pathways.'? In various
tumor types and cell lines, there is an inverse correlation
between the expression levels of TUBG and RBI, and
impairment of the activities of TUBG kills tumor cells
with a distorted RB1-signal pathway,'>'>'° highlighting
the nuclear activity of TUBG as a strategy for targeted
chemotherapy of RB1-deficient tumors.

TUBGI inhibitors as a promising advancement in personalized chemotherapy ap-
proaches and their potential as a groundbreaking treatment for various cancers.

cancer, chemotherapy, RB1, TUBG1

Based on the TUBG-E2F-RB1 network, inhibition of
TUBG increases the E2F activities."* Applying this strat-
egy, citral dimethyl acetal (CDA) was described as the
first inhibitor of the nuclear activities of TUBG.'*'” CDA
binds to the GTP-binding domain of TUBG, interfering
with its GTPase activity.18 Furthermore, CDA is a y-tubule
depolymerizing agent.” Due to the lack of options among
inhibitors that target the nuclear activity of TUBG, we em-
ployed an E2F-based luciferase-screening assay and used
various compound libraries to discover novel inhibitors
that interfere with this activity. We report here the dis-
covery of the compound 4-(6-((3-Methoxyphenyl)amino)
pyrimidin-4-yl)-N,N-dimethylbenzenamine (L12). This
compound functions as a y-tubule polymerizing agent
and enhances the expression of RB1. In vitro, L12 Kkills
tumor cells carrying defects in the RB1 signaling pathway.
Furthermore, when comparing cells expressing TUBG1 to
those expressing TUBG2, we observed that L12 induces
the highest level of cell death in cells with TUBG1 expres-
sion. Finally, we provide evidence of L12's in vivo antitu-
morigenic activity.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

The following antibodies and reagents were uti-
lized in the study: anti-RB1 (1:200; cat. No. sc-74 562,
RRID:AB_2177334), anti-phosphorylated Ser’®® RB1
(1:200; cat. No. sc-12901, RRID:AB_655237), anti-histone
H3 (1:1000; cat. No. sc-517 576, RRID:AB_2848194), anti-
(33-tubulin (1:2000; cat. No. sc-80005, RRID:AB_2210816),
anti-E2F1 (1:500; cat. No. sc-251, RRID:AB_627476), anti-
procaspase 3 (1:500; cat. No. sc-98 785, RRID:AB_2069883),
and anti-GAPDH  (1:5000; cat. No. sc-47724,
RRID:AB_627678) from Santa Cruz Biotechnology; anti-
TUBG (1:500 mouse, cat. No. T6557, RRID:AB_477584,
and 1:400 rabbit, cat. No. T3320, RRID:AB_261655), anti-
Flag (1:200; cat. No. F7425, RRID:AB_439687), anti-actin
(1:600; cat. No. A5441, RRID:AB_476744), anti-mouse IgG-
HRP linked F(ab')2 fragment (1:6000; cat. No. GENA9310),
and anti-rabbit IgG-HRP linked (1:6000; cat. No.
GENA934, RRID:AB_2722659) from Merck life Science;
anti-a-tubulin (1:400; cat. No. CP06, RRID:AB_2617116)
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from Calbiochem; SDS-PAGE reagents (Bio-Rad); donkey
anti-mouse (1:1400) or anti-rabbit (1:1400) Alexa fluor 488
or Cyanine Cy3 conjugated (Jackson, cat. No.: 715-005-150
[RRID:AB_2340758], 711-005-152 [RRID:AB_2340585],
715-545-150 [RRID:AB_2340846] and 711-545-152
[RRID:AB_2313584]). All other reagents were obtained
from Merck life Science.

The anti-TUBG antibodies recognized the following
TUBG sequences: T3320, raised against amino acids at the
C-terminus of Xenopus TUBG, and T6557, raised against
amino acids 38-53 at the N-terminus of TUBG.

Human TUBGsingleguide(sg;RRID:Addgene_104437)
andshorthairpin(sh)RNA (RRID:Addgene_87955),human
sg-resistant pcDNA3-TUBGI (RRID:Addgene 104433),
human E2F1 sh (RRID:Addgene_66883) and pcDNA3-
TUBG2 (RRID:Addgene_171966) were prepared as pre-
viously reported.>'**'*** The human pSG5L-RBI and
pcDNA-E2F1 constructs were kindly provided by Dr.
W. Sellers (RRID:Addgene_10720*") and Dr. J.R. Nevins
(Duke University, USAZZ), respectively. The human TUBG1
sgRNA specifically targets a TUBG1 gene sequence that is
not found in TUBG2, making TUBG2 inherently resistant
to coexpression with sgTUBGI.

The pSpCas(BB)-2A-GFP (PX458) plasmid (a gift from Dr. F.
Zhang, MIT; RRID:Addgene_48138) was prepared as previously
described,”encodingthesgRNA forhumanRBIwiththeannealed
oligonucleotides, 5'caccgCGGTGGCGGCCGTTTTTCGG3
and 5'aaacCCGAAAAACGGCCGCCAC CGc3'
(RRID:Addgene_229857). Human RBI (RRID:Addgene_10720)
was prepared using a Quikchange Mutagenesis Kit (Stratagene)
and the following oligos (modified bases underlined): 5'C
AAAACCCCCCGAAAGACCGCGGCCACCGCCGLL3  and
5'GGCGGCGGT GGCCGCGGTCTTTCGGGGGGTTTTG3'
(RRID:Addgene_229856). The flag-tag was inserted in the
pcDNA3-TUBG2 (RRID:Addgene 171966) vector™ using
a Quikchange Mutagenesis Kit (Stratagene) with the fol-
lowing oligos (inserted bases underlined): 5TGGAATTC
ACCATGGATTACAAGGATGACGACGATAAGATCC
CCCGGGAGATCAT3' and 5'ATGATCTCCCGGGGGATCT
TATCGTCGTCATCCTTGTA ATCCATGGTGAATTCCA3
(RRID:Addgene 229855). The insertions and constructs were
verified by sequencing.

2.2 | Cell culture and establishing stable
transfections

Y79 (ATCC-HTB-18™, RRID:CVCL_1893), MCF10A
(ATCC-CRL-10317™, RRID:CVCL_0598), A549 (ATCC-
CCL-185™, RRID:CVCL_0023) and U20S (ATCC-
HTB-96™, RRID:CVCL_0042) cells were cultured
according to the instructions provided by the cell distribu-
tors. U1690s (RRID:CVCL_D055), a gift from Dr. J. Bergh,**

;'IC-ASEBJournaI

were cultured at 37°C and 5% CO, in RPMI-1640 medium
(GE Healthcare HyClone) supplemented with 10% fetal
calf serum (Biological Industries), 100 U/mL penicillin, and
100 pg/mL streptomycin (GE Healthcare HyClone). Human
H9-NSCs, derived from embryonic stem cells and provided
by Dr. L. Karayan-Tapon,* were cultured at 37°C and 5%
CO, in knock-out DMEM/F-12 medium supplemented
with 2% Stempro neural supplement, 20ng/mL recombi-
nant basic fibroblast growth factor, 20ng/mL recombinant
epidermal growth factor (Gibco™), 2mM Glutamax, 100U/
mL penicillin, and 100pg/mL streptomycin. Cells were
cultured on Geltrex-coated culture dishes (Gibco™) fol-
lowing the manufacturer's instructions. Passaging of cells
was performed using StemPro Accutase solution (Gibco™).
Neuronally differentiated H9-NSCs were obtained by cul-
turing H9-NSCs for 14days in neural induction medium
(1:1 DMEM-F12 and Neurobasal™-A from Gibco™ and
Thermo Fisher, respectively) supplemented with serum-
free B27 supplement, 2mM Glutamax, 100 U/mL penicillin,
and 100pg/mL streptomycin. Changes in cell morphology
were analyzed by microscopy to assay neuronal differen-
tiation. Cells were treated with either DMSO, 50nM L12, or
vincristine for 24h before being fixed and immunofluores-
cently labeled. Stably transfected A549, MCF10A, and U20S
cells were obtained as described elsewhere.'*'*'® A549 sta-
bly expressing RBI sgRNA were obtained by isolating Cas9-
GFP expressing clones, and the absence of RB1 expression
was confirmed by Western blot analysis. The selected clone
was then cotransfected with an sgRNA-resistant RBI gene
(RRID:Addgene_10720), and coexpressing clones were ob-
tained by isolation of Cas9-GFP expressing clones and tested
the restored RB1 expression using an anti-RB1 antibody in
Western blot analysis. Stably transfected TUBG shRNA-
expressing MCF10A cells and TUBG shRNA MCF10A cells
coexpressing a sh-resistant TUBG1 gene were obtained by
selection with 100pg/mL zeocin (Fisher Scientific GTF
Aktiebolag) or 100pg/mL zeocin and 200ug/mLG418
(Promega Biotech AB), respectively. U20S stably coexpress-
ing TUBG1 sgRNA and either sgRNA-resistant TUBG1 or
TUBG2 were obtained by selection with 200 pg/mL G418
combined with the isolation of Cas9-GFP expressing clones.
U20S cells stably expressing pcDNA3-flag-TUBG2 were ob-
tained by selection with 200 pg/mL G418, and the expression
was confirmed by Western blot analysis using anti-TUBG
antibodies. We regularly screened all cell lines for the pres-
ence of mycoplasma.

2.3 | Transfection, and western blot
analysis

Transfection was performed using Xfect Transfection
Reagent (Takara Bio Europe) following the manufacturer's


https://scicrunch.org/resolver/RRID:AB_2340758
https://scicrunch.org/resolver/RRID:AB_2340585
https://scicrunch.org/resolver/RRID:AB_2340846
https://scicrunch.org/resolver/RRID:AB_2313584
https://scicrunch.org/resolver/RRID:Addgene_104437
https://scicrunch.org/resolver/RRID:Addgene_87955
https://scicrunch.org/resolver/RRID:Addgene_104433
https://scicrunch.org/resolver/RRID:Addgene_66883
https://scicrunch.org/resolver/RRID:Addgene_171966
https://scicrunch.org/resolver/RRID:Addgene_10720
https://scicrunch.org/resolver/RRID:Addgene_48138
https://scicrunch.org/resolver/RRID:Addgene_229857
https://scicrunch.org/resolver/RRID:Addgene_10720
https://scicrunch.org/resolver/RRID:Addgene_229856
https://scicrunch.org/resolver/RRID:Addgene_171966
https://scicrunch.org/resolver/RRID:Addgene_229855
https://scicrunch.org/resolver/RRID:CVCL_1893
https://scicrunch.org/resolver/RRID:CVCL_0598
https://scicrunch.org/resolver/RRID:CVCL_0023
https://scicrunch.org/resolver/RRID:CVCL_0042
https://scicrunch.org/resolver/RRID:CVCL_D055
https://scicrunch.org/resolver/RRID:Addgene_10720

LINDSTROM ET AL.

ﬂl_WF)ASEBJoumql

instructions. U20S cells were transfected twice with E2F1
shRNA or a combination of E2F1 sgRNA and pcDNA-
E2F1I (1:1 ratio), with a one-day interval between transfec-
tions. The cells were analyzed on the fifth day following the
first transfection. Biochemical fractions and total lysates
of cells were prepared and analyzed by western blotting
as described.!>'®1%2026 1ny brief, fractionated cells were
lysed in buffer containing 0.1% Triton X-100, and the su-
pernatant constituted the cytosolic fraction. The remain-
ing pelleted nuclei were resuspended in non-salt buffer
(3mM ethylenediaminetetraacetic acid tetrasodium salt
dihydrate (EDTA; Scharlau), and 0.2mM Ethyleneglycol-
bis(B-aminoethyl)-N,N,N’,N’-tetraacetic ~acid (EGTA;
AppliChem) dissolved in deionized water) and solubilized
using three sonication cycles of five seconds each. Total
lysates were obtained by mixing both fractions together.”’
After adding loading buffer,?® the purified fractions were
heated, and proteins were separated in an acrylamide gel.
The proteins were then transferred onto a 0.22 pm nitro-
cellulose membrane and analyzed by Western blotting
using a-tubulin and histone as molecular markers for the
cytosolic and nuclear fractions, respectively.

2.4 | Compound selection and large-scale
screening

The Chemical Biology Consortium Sweden (CBCS; www.
cbes.se) provided the initial 11769 compounds. The com-
pound set consisted of the following libraries: the primary
screening set (6040 diverse compounds spanning from
drug- to lead-like in terms of molecular size (Mw)), a sub-
set of kinase-directed compounds (1400 compounds), a set
of known pharmacologically active compounds and FDA-
approved drugs (1200 Prestwick Chemicals; www.prest
wickchemical.com), a set of natural product-derived com-
pounds (3000 compounds from TimTec; www.timtec.net),
and 129 mixtures isolated from Cyanobacteria (from Prof.
W. Gerwick laboratories; Skaggs school of Pharmacy and
Pharmaceutical Sciences). All compounds were dissolved
in dimethyl sulfoxide and assessed once at a 10pM con-
centration. U20S cells were batch transfected with 170 ng
of the pGL3-TATA-6xE2F-Luc construct,” 1 ng of the
PRL-CMV-Renilla luciferase reporter construct (Promega
Biotech AB) and 10ng of the pcDNA3-hemagglutining
(HA)hE2F1 construct® per 1x10° cells. Eight hours after
transfection, cells were treated with the test compound for
16h and subsequently lysed in the plate. Double determi-
nation of luciferase and Renilla activity was achieved using
a dual-luciferase reporter assay system (Promega Biotech
AB1%) We identified the positive control, 3-(5-methyl-2-
(2-0x0-1,2-dihydroindol-3.ylidenemethyl)-1H-pyrrol-3-yl)
propionic acid) (SU10944), as a compound that increased

the basal activity in a dual-luciferase reporter assay during
an initial preliminary screening.

2.5 | Synthesis of L12 (4-(6-((3-
Methoxyphenyl)amino)pyrimidin-4-
yl)-N,N-dimethylbenzenamine)

4-(6-chloropyrimidin-4-y1)-N,N-dimethylbenzenamine:Notes:
a fresh commercial batch of 4-dimethylaminophenylboronic
acid (should be white, not dark gray) and a fresh com-
mercial batch of [1,1-Bis(diphenylphosphino)ferrocene]
dichloropalladium(II), complexed with dichloromethane (both
from Sigma-Aldrich) were used. Nitrogen gas was bubbled
through dry tetrahydrofuran (THF) and 1M Na,CO; aqueous
solution for 15min before use.
4-dimethylaminophenylboronic acid (600mg,
3.64mmol) and 4,6-dichloropyrimidine (813 mg, 5.46 mmol)
were added to a 10-20mL microvial, and THF was added
under nitrogen using a septum. [1,1"-Bis(diphenylphosphino)
ferrocene]dichloropalladium(Il) (160mg, 0.22mmol) was
added, followed by a 1M aqueous solution of Na,CO,
(7.5mL). The vial was capped, and nitrogen was bubbled
through the mixture for approximately 5min. The reaction
was then heated at 80°C for 16h. The biphasic reaction
mixture was diluted with water (10mL) and diethyl ether
(50mL); the phases were separated, and the aqueous phase
was extracted with diethyl ether (3 x30 mL). The organic
phases were collected and filtered through celite. The resi-
due was purified by column chromatography (SiO, 0%-22%
ethyl acetate gradient in n-pentane) to obtain the product as
a pale yellow crystalline solid (296 mg, 35% yield). "H-NMR
(CDCl,) matches that reported in the literature.*>*' "H NMR
(400MHz, cdcl,) 6 8.88 (d, J=1.1Hz, 1H), 8.00 (d, J=9.1Hz,
2H), 7.60 (d, J=1.1Hz, 1H), 6.77 (d, J=9.0Hz, 2H), 3.07 (s,
6H). *C NMR (201 MHz, CDCl,) § 165.5, 161.2, 158.7, 152.6,
128.7,122.5 (broad), 114.9, 112.1, 40.3.
4-(6-((3-Methoxyphenyl) amino)pyrimidin-4-yl)-N,N-
dimethylbenzenamine hydrochloride (L12): To a mixture
of  4-(6-chloropyrimidin-4-yl)-N,N-dimethylbenzenami
ne (230mg, 0.98mmol) and 3-methoxyaniline (105pL,
0.94mmol) dissolved in tert-butanol (2mL) in a 2-5mL
microvial to which 4M HCl in dioxane (62 pL, 2.00 mmol)
was added. The vial was capped, and the mixture was
heated in a microwave reactor at 110°C for 30 min, leading
to the formation of a yellow precipitate. The completion of
the reaction was confirmed by thin-layer chromatography
(TLC; pentane: ethyl acetate 4:1), indicating full consump-
tion of 3-methoxyaniline. The reaction mixture was kept
at 4°C overnight to allow for further precipitation. The re-
sulting precipitate was collected by filtration and washed
with a small amount of ¢-butanol and ice-cold diethyl
ether (four times), yielding the final product as a yellow
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solid (232mg, 66% yield). HPLC-UV (254 nm): rt. 9.59 min
(water: acetonitrile 50:50 to 0:100 with 0.1% trifluoroace-
tic acid). HRMS (ESI/QTOF) m/z: [M+H]* Calcd for
C,oH,,N,0 321.1715; Found 321.1714. "H NMR (400 MHz,
dmso-d) & 11.55 (s, 1H), 8.78 (d, J=2.3Hz, 1H), 7.84 (d,
J=8.6Hz, 2H), 7.40 (s, 2H), 7.36-7.25 (m, 2H), 6.86 (d,
J=8.6Hz, 2H), 6.79 (d, J=7.1Hz, 1H), 3.77 (s, 3H), 3.03 (s,
6H). *C NMR (101 MHz, dmso-dy) & 161.7, 161.6, 160.1,
153.4,152.9, 152.5, 139.2, 130.3, 128.8, 115.3, 114.4, 112.3,
110.6, 108.2, 55.6, 40.1.

The synthetic scheme for the synthesis of L12 and gen-
eral information regarding the synthesis and characteriza-
tion of L12 can be found in Figure S2.

2.6 | Analysis of cell cycle and cell death
Cell cycle and cell death analyses were performed as de-
scribed elsewhere.’ In brief, after incubation, cells were
harvested and fixed in cold 70% ethanol, and cell cycle
progression was analyzed in a Nucleocounter® NC-
300™ by measuring cell DNA content with diamidino-2-
phenylindole (DAPI) as described by the manufacturer
(ChemoMetec, Denmark). Cell cycle profiles were ana-
lyzed with FlowJo (Tree Star, Inc.).

Cell death was assessed by quantifying the accumula-
tion of hypodiploid cells in the sub-G1 region of the DNA
histogram, indicative of apoptotic DNA fragmentation.
Additionally, cell death was independently measured
using trypan blue staining to evaluate cell membrane
integrity and morphology, analyzed with a LUNA auto-
mated cell counter (BioNordika).

2.7 | Microscopy, y-tubulin and
microtubule regrowth assay

U20S and neuronally differentiated H9-NSC cells were
cultured and fixed as described previously.””** The fixa-
tion procedure involved a two-step process: first using
paraformaldehyde, followed by a final fixation and perme-
abilization step using a mixture of methanol and acetone
(1:1). Confocal fluorescence imaging studies were con-
ducted using a Zeiss LSM 700 Axio Observer microscope
equipped with a Plan-Apochromat x40 or x63 NA 1.40
oil immersion objective. For all images presented in this
paper, a rolling ball background subtraction was applied
using Fiji. Image analysis, Z-stack projections, and further
image processing were performed using the ImageJ (Fiji,
RRID:SCR_002285) software.**

In the y-tubule and microtubule regrowth assays, cells
were treated and analyzed as described previously.>'* For
the y-tubule regrowth assay, cells underwent a 30-min
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incubation on ice to depolymerize y-tubules before fix-
ation. Alternatively, warm medium supplemented with
vehicle (DMSO) or L12 was added to the cells to promote
y-tubule polymerization, followed by a 20-min incubation
period prior to fixation. The percentage of cells exhibiting
y-tubules was determined based on the counts from each
sample.” In the microtubule regrowth assay, cells were simi-
larly chilled on ice for 30 min to depolymerize microtubules.
Subsequently, these cells were stained either immediately
(Omin) or after a 2-min incubation period following the ad-
dition of warm medium to promote microtubule polymer-
ization. The warm medium was supplemented with either
2pL/mL DMSO, 10 uM colcemid to prevent microtubule po-
lymerization, or in the presence of L12.

2.8 | Kinase inhibition profile assay

A radiometric protein kinase assay (33PanQinase® Activity
Assay, Biochemical Screening Systems, ProQinase) was
utilized to measure the kinase activity of the 397 pro-
tein kinases. All kinase assays were conducted in 96-well
FlashPlatesTM (Perkin Elmer) in a 50 uL reaction volume.
The reaction cocktail was pipetted in four steps in the fol-
lowing order: 10uL of non-radioactive ATP solution, 25uL
of assay buffer/[y-33P]-ATP mixture, 5uL of test sample in
10% DMSO, and 10pL of enzyme/substrate mixture. The
assay for all protein kinases contained 70 mM HEPES-NaOH
pH7.5, 3mM MgCl,, 3mM MnCl,, 3pM Na-orthovanadate,
1.2mM DTT, ATP (variable amounts, corresponding to the
apparent ATP-Km of the respective kinase), [y->"P]-ATP (ap-
prox. 8 x10"5cpm per well), protein kinase, and substrate.
All PKC assays (except the PKC-mu and the PKC-nu assay)
additionally contained 1mM CaCl,, 4mM EDTA, 5pg/
mL Phosphatidylserine, and 1pg/mL 1,2-Dioleyl-glycerol.
The CAMKI1D, CAMK2A, CAMK2B, CAMK2D, CAMK4,
CAMKKI1, CAMKK?2, DAPK2, EEF2K, MYLK, MYLK2, and
MYLK3 assays additionally contained 1 pg/mL Calmodulin
and 0.5mM CaCl,. The PRKG1 and PRKG2 assays addition-
ally contained 1pM cGMP. The DNA-PK assay additionally
contained 2.5 pg/mL DNA. The protein kinase reaction cock-
tails were incubated at 30°C for 60min. The reaction was
stopped with 50puL of 2% (v/v) H;PO,, and plates were aspi-
rated and washed two times with 200 pL 0.9% (w/v) NaCl.
All assays were performed with a BeckmanCoulter Biomek
2000/SL robotic system. Incorporation of **Pi (counting
of “cpm”) was determined with a microplate scintillation
counter (Microbeta, Wallac). In the lipid kinase assays, the
non-radiometric ADP-Glo™ Assay (Promega Biotech AB)
was used to measure the activity of the 13 lipid kinases. All
kinase assays were performed in 96-well half-area microtiter
plates from Greiner Bio-One (Frickenhausen, Germany) in
a 25pL reaction volume. The reaction cocktail was pipetted
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in three steps in the following order: 10 pL of ATP solution,
5uL of test sample in 10% DMSO, and 10pL of enzyme/
substrate mixture. All lipid kinase assays contained 50 mM
HEPES-NaOH, pH7.5, 1mM EGTA, 100mM NaCl, 0.03%
CHAPS, 2mM DTT, ATP (variable amounts, correspond-
ing to the apparent ATP-Km of the respective kinase), ki-
nase, and substrate. The assay for PI4KB, PIK3C3, PIK3C2B,
and PI4K2A additionally contained 3mM MnCl,, while the
assay for PIK3C2A, PIK3C2G, PIK3CA/PIK3R1, PIK3CB/
PIK3R1, PIK3CD/PIK3R1, and PIK3CG additionally con-
tained 3mM MgCl,. The lipid kinase reaction cocktails were
incubated at 30°C for 40 min. The reaction was stopped with
25puL ADP-Glo reagent per well. Plates were incubated for
40min at room temperature, followed by the addition of
50 uL kinase detection reagent per well and incubation for a
further 60min at room temperature. Signals were measured
with a microplate multilabel reader (Victor2, Perkin Elmer)
in luminescence mode.

All protein kinases were expressed in Sf9 insect cells or in
E. coli as recombinant GST-fusion proteins or His-tagged pro-
teins, either as full-length or enzymatically active fragments.
All kinases were produced from human cDNAs and purified
by either GSH affinity chromatography or immobilized metal
affinity chromatography. Affinity tags were removed from ki-
nases during purification. The purity of the protein kinases
was examined by SDS-PAGE/Coomassie staining, and the
identity was checked by mass spectrometry.

2.9 | Cellular thermal shift assay

To demonstrate that L12 directly binds to TUBG1, we mon-
itored the effect of L12 on the thermodynamic stabilization
of TUBG upon ligand binding, as previously described.***
Briefly, cells were harvested and resuspended (2x10°
cells/mL) in phosphate saline buffer (PBS) supplemented
with protease inhibitors. The suspension was then heat-
treated as described.>* Alternatively, cells treated with L12
or vehicle (DMSO) were incubated for 30min at 4°C on a
tube rotator before being resuspended in PBS. Cell lysates
were prepared by subjecting the cells to three freeze-thaw
cycles. The resulting cell lysates were analyzed by Western
blotting.

2.10 | Structural analysis and molecular
docking of human TUBG1

The crystal structure of human TUBG1 bound to a non-
hydrolysable GTP analogue was sourced from the Protein
Data Bank (PDB file: 1Z5V>°) for initial structural analy-
sis. Given that this X-ray structure lacked six short loops,
3D models of the complete protein were generated with

Alpha-Fold (AF) and Swiss-Model.***” To assess the pro-
tein's flexibility, we employed ExProSe (Exploration of
Protein Structure),”® implemented in Julia—a program-
ming language chosen for its readability and computa-
tional efficiency. This distance geometry-based approach
facilitated the creation of an ensemble of protein struc-
tures from an initial 3D model, allowing for investigations
of potential allosteric mechanisms and cryptic ligand
binding pockets.

In the present study, we generated 20 distinct confor-
mations based on the Swiss-Model's predicted 3D structure
of human TUBG. These structures were then clustered (10
families of conformation were considered based on RMSD
measurements), and a representative model with an open
colchicine pocket-differing from the X-ray, AF-model,
and Swiss-Model 3D structures-was selected for in-depth
analysis. The X-ray structure of a-tubulin and p-tubulin
complexed with nocodazole (PDB file 7Z2P) served as a
reference for evaluating the human TUBG simulated 3D
models using ExProSe.***

Putative ligand binding pockets within the TUBG
structure were predicted with the Python package
pyKVFinder*' (RRID:SCR_006903). Further, the physico-
chemical attributes of the L12 compound, along with
structural alerts following Eli Lilly's demerit filtering
method, were examined using FAF-Drugs.**** Lastly, mo-
lecular docking studies were conducted using the Smina
software,* incorporating various scoring functions such
as Vina,* Vinardo,** and a recalibrated Vina scoring
function.*’

2.11 | Xenograft tumor treatment

Xenograft tumors derived from the human small cell
lung carcinoma U1690 cell line were established as pre-
viously described.'® In brief, six- to eight-week-old fe-
male athymic mice (NMRI strain nu/nu; Charles River,
Sulzfeld, Germany) were subcutaneously injected in the
left flank with 107 cells suspended in Matrigel basement
membrane matrix (Corning) according to the manufac-
turer's instructions. Treatment was initiated once tumors
reached an average size of 105 mm?>, with animals bear-
ing tumors smaller or larger than this threshold excluded
from the study. The mice were randomized into treat-
ment groups of 8 animals each, based on tumor volumes
calculated using the formula: (width x length)?/2. Mice
received intraperitoneal injections three times per week
with either Miglyol Oil 812 (Cremer Oleo GmbH & Co.
KG) as a vehicle control or L12 dissolved in Miglyol Oil
812. Tumor growth and body weight were monitored
throughout the study. Upon tumors reaching a volume
size of 1cm?, mice were euthanized, and the tumors were
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excised and weighed. Based on this endpoint, the attrition
rate was 37.5% in the control group and 12.5% in the treat-
ment group.

For this initial study, we chose female mice to mini-
mize biological variability and enhance experimen-
tal consistency. Female athymic mice exhibit fewer
androgen-related hormonal fluctuations that could poten-
tially influence tumor growth or drug response, even in
non-hormone-dependent cancer models.*® Additionally,
female mice are less prone to aggression and stress when
housed together, which reduces confounding variables
that could affect tumor growth or general health during
the study.* Future studies will include male mice to eval-
uate potential sex-specific differences in drug efficacy and
tumor biology.

All animal experiments were conducted in accordance
with the guidelines approved by the regional ethical com-
mittee for animal research (LaGeSo Berlin, Germany, ap-
proval no. A0452/08). The experiments were performed
by Experimental Pharmacology & Oncology Berlin-BUCH
(EPO-GmbH, Germany).

2.12 | Statistics

All data are expressed as means + standard deviation,
and the statistical significance of differences between two
or more groups was analyzed by paired Student's ¢ test
or by two-way ANOVA (*p<.05, **p<.01, ***p<.001,
**¥%p <.0001) using Prism 6 software (RRID:SCR_005375).
Cell cycle profiles were assessed using FlowJo (Tree Star,

Inc., RRID:SCR_008520).

3 | RESULTS
3.1 | Compounds influencing E2F
activities in a luciferase assay

Mutations, deletions, and hyperphosphorylation-induced
inactivation of RB1 serve as crucial triggers for initiating
E2F transcriptional activity, leading to uncontrolled cell
divisions. These aberrations are commonly implicated in
various diseases, including retinoblastoma, osteosarcoma,
neuroblastoma, prostate cancer, colorectal cancer, small
cell lung cancer, breast cancer, and lymphoblastic leuke-
mia, all of which often exhibit defects in the RB1 signaling
pathway.!550-52

Building upon the evidence that TUBG modulates
E2Fs activities by acting as a co-regulator of transcrip-
tion,m’53 and the finding that SadB-mediated phos-
phorylation of TUBG on Ser*® promotes its nuclear
localization and subsequent interaction with E2F

Th|'IC-)A\SEBJourr1C|I

transcription factors, we sought to investigate po-
tential therapeutic implications of targeting this path-
way. The nuclear localization of TUBG is critical for its
regulatory activity on E2Fs, which are central to cell
cycle control and tumor progression.”'** Recognizing
the imperative for novel therapies with reduced side
effects, we conducted a high-throughput screening of
selected compounds designed to target SadB or nuclear
TUBG activities. For this purpose, human osteosarcoma
cells (U20S), transiently expressing luciferase reporter
plasmids containing E2F-binding sites, were exposed to
11769 compounds to evaluate their impact on E2F tran-
scriptional activity (Figures S1A and S1B).**>*

Using a 50% increase in activity as a threshold, we
identified 51 compounds that enhanced the baseline
luciferase activity due to the endogenous activity of
E2F (Figure S1B). Subsequent hit confirmation anal-
ysis identified only five compounds that exhibited a
concentration-dependent increase in baseline luciferase
activity (Figure S1C).

Next, we screened 96 analogues derived from the ini-
tial five identified hits, assessing their ability to induce
cell death in various cell lines with RB1 signaling pathway
defects.’> Among these analogues, we identified L12 as
the most promising (Figure 1A). L12 is a drug-like small
molecule (e.g., MW =320; logP =3.8) identified in a kinase
inhibitor library that complies with the toxicophore struc-
tural criteria established by Eli Lillys (according to the reg-
ular filtering mode).*

14,54

3.2 | L12 demonstrates cytotoxicity
towards cells with an impaired RB1
signaling pathway

To validate the cytotoxic mechanism of L12 and address
the concern regarding the reliance on sub-G1 values ob-
tained from cell cycle analysis, we performed complemen-
tary trypan blue staining. This approach confirmed that
the sub-G1 populations observed in the cell cycle profiles
correspond to dead cells, providing additional confidence
in the cytotoxic effect of L12 (Figure S1D).

Comparative analysis revealed that, when compared
to non-cancerous cells with a functional RB1 path-
way (human mammary gland epithelial MCF10A cells;
Figure 1B), L12 exhibited heightened toxicity in cells
lacking RB1 expression (human retinoblastoma Y79,
small cell lung carcinoma U1690 cells; Figure 1B), as
well as in cells with a constitutively phosphorylated RB1
(human osteosarcoma U20S cells lacking expression of
p16™X 3 leading to constitutive phosphorylation of RB1;
Figure 1B), with an ICs, value for the cytotoxic effect of
L12 at 30.13nM (Figures 1B and S1E). It is worth noting


https://scicrunch.org/resolver/RRID:SCR_005375
https://scicrunch.org/resolver/RRID:SCR_008520

LINDSTROM ET AL.

8 of 22 The
I ASEBJournGI
(A) N“SN

Cc =, ._MCF10A
| ( ) 2 3.0 *
HN == MCF10A - d
i 50 10 0 ("M)L12 24h 0 10 50 100 nMLi2 é—é .
'T g 9 2 1 % sub-G1 10 11 26 24 ,gﬁ.'gcr:'m 5 204
€ | ]
~0 2 MCF10A 100—| =
U208 A549 Y79 U208 B 8 3 oJe
B - © WB: RB1 g 1.0+
(B) 100— 100= 10.2 1 1 % sub-G1 ©
MCF10A U1690  WB: RB1 WB: RB1 ’ 5= gy o o o o
- LD A549 5
100_, g 100— & 100— WB: aTubulin ° 0 10 50 100
WB: RB1 WB: pRB1 WB: pRB1 o Concentration (nM)
Py 24 10 15 % sub-G1 —
55— .‘ 55—“ 55— o)
E-‘- Y79 AS49 <209 AS49
WB: aTubulin  WB: aTubulin  WB: aTubulin f\ 0 10 50 100 nML12 5
Fold incr. *
60 7 a Control 10 11 26 24 S0 @ 1.5 .
26 10 6 % sub-G1 =
» 4050 nM L12 1650 i3 0.; : o
3 100 — - —
8 404 . \ - 5107
— oo
S 1 — WB: RB1 g
Q 204 41 8 0 % sub-G1 o 0.5+
> 40— 2 - ¥ & =
@ o U208 W y—— =
i M'\ s 2T
0 - WB: Actin o 0 10 50 100

2N 4N

MCF10A A549 Y79 U1690 U20S dp.c

DNA content

Concentration (nM)

FIGURE 1 Cytotoxic effect of L12 treatment and its dependency on the RB1 pathway functionality. (A) Depiction of the structure of
L12. (B) Western blotting (WB) analysis of RB1 and phosphorylated Ser”® RB1 proteins using an anti-RB1 (RB1) and anti-phospho-Ser’*
RB1 (pRB1) antibodies. Total lysates from various cell lines were probed, including the RB1-deficient human retinoblastoma Y79, the
osteosarcoma U20S with a constitutively phosphorylated RB1 at Ser’®® (pRB1), the mammary gland epithelial cell line MCF10A, and the
adenocarcinoma alveolar basal epithelial A549, both with functional RB1 pathways, as well as the RB1-deficient small cell lung carcinoma
U1690. a-tubulin (aTubulin) served as a loading control. Cells treated with different L12 concentrations for 24 h were assessed for cell
accumulation in the sub-G1 fraction (indicating dead cells). The histograms depict mean + SD of the percentages of cells in the sub-G1
fractions (N=3; *p <.05). (C) Examination of L12's impact on the downstream gene target of TUBG, RB1, was conducted by WB analysis
using an anti-RB1 antibody on MCF10A and A549 cell lysates. a-tubulin and actin were utilized as loading controls. Numbers on the
western blot indicate variations in RB1 expression compared to the vehicle control. To account for protein loading discrepancies, RB1's
protein concentration was normalized to its ratio with the respective loading control for each treatment. The graph displays relative RB1
protein expression across MCF10A (N=4) and A549 (N=3) cell lines when treated with varying L12 concentrations, with data presented
as mean = SD. Please note that the intensity of the RB1 bands may vary between figures as a result of adjusted exposure times for western
blot analysis. These adjustments were made to prevent overexposure and to accurately capture differences in RB1 expression levels across

experimental conditions.

that in Y79 cell populations, in the absence of expression
of RB1, L12 treatment also induced a significant accumu-
lation of cells in G2 (Figure 1B).

To further investigate the selectivity of L12, the cell
cycle profile of adenocarcinoma alveolar basal epithelial
cell line A549 (which expresses RB1 protein) was com-
pared to that of MCF10A cells. L12 treatment has a more
profound effect on A549 cells compared to MCF10A cells
(Figure 1B). While RB1 is expressed in both cell lines, the
observed cytotoxic effect of L12 on A549 cells may be at-
tributed to the presence of a KRAS mutation in A549. This
mutation drives growth factor-independent proliferation
and may bypass RB1 pathway regulation in controlling
cell division.”® Moreover, prior findings have demon-
strated that nuclear TUBG activity is essential for the re-
cruitment of PCNA to the origin of replication.? It can be
speculated that the increased proliferative rate observed

in cells harboring oncogenic mutations such as KRAS
necessitates active nuclear TUBG, a function potentially
disrupted by L12. Together, these factors may contribute
to the selective cytotoxic effects of L12.

These findings support the hypothesis that L12 selec-
tively targets cancer cells with an impaired RB1 pathway
or associated mechanisms.

3.3 | Thein vitroimpactofL12asa
kinase inhibitor

Since the structure of L12 classifies it as a potential ki-
nase inhibitor, we investigated the kinases that L12 might
inhibit through a kinase inhibition profile assay. After
treatment of 410 kinase assays (397 protein kinase as-
says and 13 lipid kinase assays) with L12, three kinases
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(KITD816V, Mitogen-Activated Protein Kinase Kinase
Kinase Kinase 5 [MAP4K5], and MAPK Activated Protein
Kinase 2 [MAPKAPK?2]) in the tested panel were affected
after treatment with 3pM L12 (Supplementary Table S1),
which is 100-fold higher than the determined ICs, concen-
tration (IC5,=30.13nM; Figures 1B and S1E). These data
imply that the cytotoxic effects of L12 on the TUBG-RB1
network most likely do not depend on the inhibition of ki-
nases.”’ ™ These data strongly suggest that L12's cytotoxic
effect on cell lines depends on the inhibition of another
cellular target.

3.4 | Changes in the protein levels of the
TUBG-E2F1-RB1 network alter the
toxicity of L12

The inverse correlation between TUBG and RB1 protein
expression'*'* suggests that inhibition of the nuclear ac-
tivity of TUBG should increase the protein levels of RBI.
Additionally, in cells with a defective RB1 pathway, in-
hibition of TUBG1 activities is expected to result in an
E2F1-dependent upregulation of apoptotic genes, such
as procaspase 3.'>'*%° To test the effect of L12 on the ex-
pression of RB1, MCF10A and A549 cell populations were
treated with various concentrations of L12 and analyzed
by western blotting (Figure 1C). L12 treatment increased
the protein levels of RB1 in both cell lines (Figure 1C), sup-
porting the idea that L12 targets the activities of TUBG.

To further investigate this hypothesis, we reduced the
expression of TUBG by stably expressing short hairpin
(sh)RNA-TUBG vector (reducing the expression of TUBG
protein levels’*'*) in MCF10A cells (MCF10A-shRNA-
TUBG). In comparison with MCF10A cells, reduced ex-
pression of TUBG protein increased both the cytotoxic
effects of L12 (Figure 2A) and the expression levels of
RB1 (Figure 2B)."® However, this increase in RB1 did not
provide protection against L12-induced toxicity, suggest-
ing that the cytotoxic effects of L12 are mediated by an
additional mechanism beyond RB1 restoration. Moreover,
stable expression of a sh-resistant TUBGI gene in
MCF10A-shRNA-TUBG cells reversed both the increased
sensitivity to L12 and the RB1 upregulation (Figure 2A,B).
These findings suggest that L12 may act as an inhibitor
of the nuclear activity of TUBG, with its cytotoxic effects
being influenced by RB1 signaling dynamics.

To determine if the cytotoxic effect of L12 is mediated by
E2F1-mediated expression of procaspase 3, we transiently
reduced E2F1 expression in U20S cells using shRNA and
treated the cells with 50nM L12 (Figure 2C,D). In cells
with reduced E2F1 expression, both the cytotoxicity of
L12 and the levels of procaspase 3 were attenuated com-
pared to control U20S cells or U20S cells co-expressing

;'IC-ASEBJournaI

SshRNA-E2F1 and E2F1 (Figure 2C,D). These findings
demonstrate that the E2F1-mediated procaspase 3 expres-
sion is crucial for the cytotoxic effects of L12."?

To further ascertain that L12 targets the TUBG-RB1
network, we sought to investigate the effect of knocking
down the expression of RB1 by the stable expression of sin-
gle guide (sg)RNA-RBI in A549 cells (A549-sgRNA-RBI;
Figure 2E,F). In the absence of RB1 expression, the cyto-
toxic effect of L12 treatment was accentuated (Figure 2E),
along with increased protein levels of TUBG (Figure 2F),
and expression of a sg-resistant RBI gene reverted the ob-
served effects (Figure 2E,F). Altogether, these data prove
that L12 interferes with the activities of the TUBG-E2F1-
RB1 network.

3.5 | L12 toxicity is increased in cells
expressing TUBG1

Human TUBGI is the most ubiquitous and predominantly
expressed gene, while TUBG?2 is expressed during embry-
onic development and in the brain.® TUBG1 (NP001061.2)
and TUBG2 (BC009670.2) proteins exhibit an amino acid
level identity of 97.55%.'>'* These differences result in a
size shift in SDS gels, and in different antibodies being
able to distinguish between the two isoforms.

To evaluate the impact of L12 on TUBG1 and TUBG2,
we treated human U20S cells stably expressing TUBG1-
sgRNA (resulting in the knockout of the TUBGI gene;
TUBG1-sgRNA-U20S; Figure S3) and co-expressing either
a sg-resistant TUBG1 (TUBG1-sgRNA-U20S-TUBG1) or
TUBG2 (TUBG1-sgRNA-U20S-TUBG2; Figure 3A%). We
then examined the effect of L12 on cell division. Nuclear
counter analysis showed that L12-treated TUBGI1-sgRNA-
U20S-TUBGL cells died in a dose-dependent manner,
but the cytotoxic effect of L12 treatment was attenuated
in TUBG1-sgRNA-U20S-TUBG2 (Figure 3A), suggesting
that the binding of L12 to TUBG1 and TUBG2 differs. It
is noteworthy that the expression of TUBGI-sgRNA in
U20S cells is lethal, indicating that U20S only expresses
TUBG1. Additionally, the specific sequence encoded in
TUBGI1-sgRNA is absent in TUBG2.

Since nine of the eleven amino acids that differenti-
ate TUBG1 from TUBG2 are located in the DNA binding
domain at the C-terminus (Figure 3A), we investigated
the cellular distribution of TUBG1 and TUBG?2 in the fol-
lowing cell lines: U20S, TUBGI1-sgRNA-U20S-TUBG1],
TUBGI-sgRNA-U20S-TUBG2, and U20S that stably ex-
press an N-terminal Flag-tagged TUBG2 gene (U20S-Flag-
TUBG2; Figure 3B). Analysis of biochemical fractionations
revealed that the largest pool of chromatin-associated
TUBG was found in the chromatin fractions prepared
from TUBGI1-sgRNA-U20S-TUBG1 cells. Furthermore,
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the expression of TUBG2 in U20S cells diminished the  (Figure 3C). Interestingly, both TUBGI-sgRNA-U20S-
pool of chromatin-associated TUBG. Notably, compared = TUBG1 and TUBGI-sgRNA-U20S-TUBG2 cells exhib-
to TUBGI-sgRNA-U20S-TUBG1 cells, TUBGI-sgRNA- ited higher expression levels of either TUBG1 or TUBG2
U20S-TUBG2 cells exhibited increased expression of RB1 compared to control U20S cells (Figure 3C). However, the
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FIGURE 2 Influence of TUBGI, E2F1, and RB1 protein levels on the cytotoxic effect of L12 treatment. (A and B) The MCF10A cell
lines used include: Control (MCF10A, non-modified parental cells), MCF10A sh TUBG (stably expressing TUBG shRNA) and MCF10A
shTUBG TUBGI (stably co-expressing TUBG shRNA and a sh-resistant TUBG1 gene). (A) MCF10A cells were treated with DMSO (vehicle)
or the indicated concentrations of L12 for 24 h. DNA content was measured by nuclear counter to determine the cell cycle profile and the
percentage of cells in the sub-G1 fraction (indicative of dead cells). Histograms display the results, and graphs summarize the mean +SD
percentages of sub-G1 cells (N =3; two-way ANOVA, ****p <.0001). (B) Western blotting (WB) was performed to analyze TUBG and RB1
protein levels in total lysates using anti-TUBG and anti-RB1 antibodies. Actin served as the loading control. Graphs illustrate relative protein
expression (Student's ¢ test, N=3, *p <.05, **p <.01). (C and D) The U20S cell lines used include: Control (U20S, non-modified parental
cells), U20S shE2F1 (transiently expressing E2F1 shRNA) and U20S E2F1 sh E2F1 (transiently co-expressing E2F1 sgRNA and a E2F1
gene). U20S cells were treated with DMSO (vehicle) or 50nM L12 for 24h. (C) DNA content was measured to determine the cell cycle profile
and the percentage of cells in the sub-G1 fraction. Histograms show representative data, and graphs summarize the mean +SD percentages
of sub-G1 cells (N=4; Student's ¢ test, *p <.01, **p <.01). (D) WB was used to analyze E2F1 and procaspase 3 protein levels in total lysates
using anti-E2F1 and anti-procaspase 3 antibodies. GAPDH served as the loading control. Graphs display relative protein expression
(Student's t test, N=4, *p <.05, **p <.01). The numbers above the blots (WB) represent the normalized intensity of the protein bands. (E and
F) The A549 cell lines used include: Control (A549, non-modified parental cells), A549 sgRBI (stably expressing RBI sgRNA) and A549 RBI
sgRNA RBI (stably co-expressing RBI sgRNA and a sg-resistant RB1 gene). (E) A549 cells were treated with DMSO (vehicle) or the indicated
concentrations of L12 for 24 h. The cell cycle profile and percentage of sub-G1 cells were determined. Histograms represent the results, and
graphs show mean + SD percentages of sub-G1 cells (N=3; two-way ANOVA, ****p <.0001). (F) WB analyzed TUBG and RB1 protein levels
in total lysates using anti-TUBG and anti-RB1 antibodies. Actin served as the loading control. Graphs depict relative protein expression
(Student's t test, N=3, *p <.05, ****p <.0001). To ensure accurate comparisons of RB1 protein levels under different conditions, Western blot
exposure times were optimized for each experiment to balance signal detection and prevent overexposure, enabling the detection of subtle

differences in RB1 expression.

only cell line with reduced RB1 levels was the one with
increased TUBG1 expression, i.e., TUBG1-sgRNA-U20S-
TUBGI1 cells (Figure 3C). This observation may provide
a mechanistic explanation for the reduced RB1 levels in
TUBG1-sgRNA-U20S-TUBG1 cells, as previous studies
have suggested an inverse correlation between TUBG1
and RBI1 expression.”*'*'%” Altogether, these findings
imply that TUBG2 preferentially localizes to the cyto-
plasm, leading to a reduced pool of chromatin-associated
TUBG2, which in turn raises the levels of RB1 expression
(Figure 3C).

3.6 | The distinct meshwork
properties of TUBG1 and TUBG2

Immunofluorescence analysis of fixed U20S cells sta-
bly expressing an N-terminal Flag-tagged TUBG2
with an anti-Flag antibody revealed that, in the pres-
ence of TUBG1 and Flag-TUBG2, the Flag antibody
detected limited amounts of TUBG2 at y-tubules and
centrosomes. This suggests that TUBG1 is more prone
to forming y-tubules and localizing to centrosomes
(Figure 3D).>*'* In contrast, the largest number of y-
tubules was observed in TUBGI-sgRNA-U20S-TUBG1
cells (Figure 3E). Conversely, TUBGI-sgRNA-U20S-
TUBG?2 cells rarely formed y-tubules (Figure 3E), with
the cell shown in Figure 3E representing one of the seven
cells identified to form y-tubules in this cell population.
These findings indicate that the meshwork properties

of TUBG1 and TUBG?2 differ significantly. The low lev-
els of TUBG2 detected in y-tubules and centrosomes in
cells co-expressing TUBG1 and TUBG?2, coupled with
the limited number of cells expressing only TUBG2 that
form y-tubules in TUBGI-sgRNA-U20S-TUBG2 cell
populations, suggest that TUBG1 and TUBG2 exhibit
distinct biological traits. These differences may under-
lie the variable responses observed upon L12 treatment
in TUBGI-sgRNA-U20S-TUBG1 and TUBGI-sgRNA-
U20S-TUBG?2 cells.

3.7 | L12is ay-tubule polymerizing agent
To assay the effect of L12 on the dynamics of the y-tubulin
meshwork, we investigated the effect of L12 treatment on
y-tubule nucleation by pretreating interphase cells with
cold (30 min, depolymerized y-tubules?) and measuring re-
growth after placing the cells at 37°C for 20 min (Figure 4A).
Immunofluorescence analysis revealed that treatment with
L12 increased the number of cells with y-tubules, suggest-
ing that L12 is a y-tubule-stabilizing agent.

3.8 | Comparative
effects of vincristine and L12 treatment on
neuronal axons

A potential drawback of microtubule-targeting drugs,
such as vincristine, is the occurrence of sensorimotor
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neuropathy in children, attributed to axonal damage
caused by their action on microtubules.® To assess the
potential impact of L12 on neuronal axons, we differen-
tiated human H9 neural stem cells into neurons before
treating them with either L12 or vincristine. A compar-
ative fluorescence microscopy analysis revealed that

after 24 h of treatment, 50 nM vincristine reduced the
intensity of the axon marker B3-tubulin compared to
non-treated or 50 nM L12-treated neurons (Figure 4B).
This indicates that L12 treatment demonstrated less
neuronal axonal toxicity compared to vincristine
treatment.
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FIGURE 3
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Variable cytotoxic effects of L12 in cells expressing TUBG1 vs. TUBG2. (A) U20S cells, U20S cells stably expressing Flag-

tagged TUBG2 (TUBG2-Flag), or TUBGI single guide (sg) RNA (sgTUBG]I, resulting in TUBG1 knockout) co-expressing either sg-resistant
TUBGI or a sg-resistant TUBG2 were treated with DMSO (vehicle) or varying concentrations of L12 for 24 h. Total lysates were analyzed by
western blotting (WB; N=3). Antibodies targeting the C-terminus (T3320, rabbit) or N-terminus (T6557, mouse) of TUBG were used to detect
endogenous and recombinant TUBG proteins, with actin serving as a loading control. DNA content was measured using a nuclear counter,
and histograms display cell cycle profile changes, specifically in the sub-G1 fraction. Graphs present normalized TUBG1 and TUBG2 levels
(from WB) relative to actin and mean + SD percentages of cells in the sub-G1 fraction (N=3). A schematic highlights the GTPase domain
(residues 5-255) and DNA-binding domain (DBD; residues 334-451) of the human TUBGI (h-TUBGI) gene. Amino acid differences between
TUBGI and TUBG2 are shown, with gray and blue indicating TUBG1-specific residues and magenta denoting TUBG2-specific residues.

(B) WB analysis of cytosolic (Cytosol) and chromatin fractions from the indicated U20S cells. Antibodies targeting TUBG's C-terminus
(T3320, rabbit) or N-terminus (T6557, mouse) were used to detect endogenous and recombinant TUBG proteins. T3320 preferentially detects
TUBGLI, while T6557 preferentially detects TUBG2, especially in fractionated samples, where T6557's specificity for TUBG1 improves.
Densitometric analysis of TUBG1 and TUBG2 levels are shown, normalized to a-tubulin (cytosolic marker) or histone (chromatin marker).
An anti-flag antibody was used to detect TUBG2-Flag. (C) WB analysis of total lysates shows RB1, TUBG1, and TUBG2 protein levels using
anti-RB, T3320, and T6557 antibodies. An a-tubulin (aTubulin) served as a loading control. The graphs depict relative RB1, TUBG1, and
TUBG2 expression across the indicated cell lines (RB1: TUBG1-sgRNA-U20S-TUBG1 and TUBGI1-sgRNA-U20S-TUBG2, N=38; U20S-
TUBG2 Flag, N=3; TUBG1: U20S and TUBGI1-sgRNA-U20S-TUBG1, N=3; TUBG2: U20S and TUBG1-sgRNA-U20S-TUBG2, N=3). (D)
Confocal microscopy images of U20S-TUBG2-Flag cells stained with an anti-TUBG and anti-Flag antibodies. Images highlight the location of

TUBG2-Flag at y-tubules and centrosomes. Colocalization pixel maps (CPM) of magenta/red and green channels are included. White regions

signify colocalization, with arrowheads and arrows indicating y-tubules and centrosomes, respectively. Scale bars: 10 pm. Graphs show the
fluorescence intensity of T3320 (TUBG1) or anti-Flag (TUBG2) found at y-tubules and centrosomes (Student's ¢ test, ****p <.0001; y-tubules:
N=127; centrosomes: N=108). Note that the issue of antibody specificity encountered in WB analysis does not affect immunofluorescence

assays, as the proteins maintain a different conformation that is not influenced by SDS treatment. (E) Confocal microscopy images of TUBGI-
sgRNA-U20S-TUBG1 and TUBG1-sgRNA-U20S-TUBG2 cells stained with anti-TUBG antibodies. Graphs display the mean percentages of
cells with y-tubules (N=5; Student's ¢ test, **p <.01) Hoechst was used for nuclear staining. Scale bars: 10 pm.

3.9 | Characterizing L12 binding to
TUBG with CETSA

To investigate the potential direct binding of L12 to TUBG,
we employed the Cellular Thermal Shift Assay (CETSA),
a biophysical technique that monitors the stabilization of
a protein against thermal denaturation upon compound
binding.** For the initial experiments, we used Y79 cells,
which naturally grow in suspension and express TUBGI.
Live Y79 cells were exposed to a temperature gradient, and
the levels of soluble TUBG were assessed by western blot
(Figure 5A). As nearly all of the TUBG pool aggregated at
58°C, this temperature was selected for subsequent test-
ing of L12 (Figure 5B). Treatment of Y79 cells with L12
revealed that L12 thermostabilized TUBG at nanomolar
concentrations, indicating a direct interaction between
L12 and TUBG (Figure 5B). Additionally, we observed a
non-significant trend toward the thermostabilization of a-
tubulin upon L12 treatment, suggesting potential indirect
effects of L12 on the microtubule network.

3.10 | L12does not thermostabilize

TUBG2

To further evaluate the specificity of L12 binding to TUBG
isoforms, we investigated the effect of L12 on TUBG2 using

genetically engineered U20S cells. Unlike Y79, which pre-
dominantly expresses TUBG1, the TUBGI-sgRNA-U20S-
TUBG?2 cells used here were modified to lack TUBG1 and
exclusively express TUBG2. Using CETSA in these engi-
neered U20S cells, we assessed the stabilization of TUBG2
against thermal denaturation.*® Western blot analysis re-
vealed that TUBG1 and TUBG2 aggregated at different tem-
peratures, with aggregation occurring at 55°C and 49°C in
TUBGI1-sgRNA-U20S-TUBG1 and TUBGI-sgRNA-U20S-
TUBG?2 cells, respectively (Figure 5C). Notably, L12 thermo-
stabilized TUBG1 in TUBG1-sgRNA-U20S-TUBG] cells but
did not stabilize TUBG2 in TUBG1-sgRNA-U20S-TUBG2
cells (Figure 5D). Interestingly, we observed a reduction
in TUBG2 levels with increasing concentrations of L12 in
TUBGI1-sgRNA-U20S-TUBG2 cells. This decrease may
result from cellular stress induced by higher L12 concen-
trations, which, as reported in this study, can affect microtu-
bules and alter the activity of several kinases. These findings
demonstrate that L12 specifically binds to TUBG1, while the
observed effects on TUBG2 levels at higher L12 concentra-
tions are likely due to off-target effects of the compound.

3.11 | Exploring the binding pocket of
L12 on TUBG1

To identify the likely L12-binding pocket on TUBGI,
we first utilized the pyKVFinder method on either the
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FIGURE 4 L12 stabilizes y-tubule without affecting axonal integrity. (A) Confocal microscope images display U20S cells exposed to
cold treatment, immediately fixed and stained (Omin), or treated with warm medium containing either DMSO (vehicle) or 50nM L12. The
images demonstrate that y-tubules disassemble during the cold treatment and are reassembled after a 20-min incubation at 37°C. Cells were
immunofluorescently labeled using anti-TUBG and a-tubulin antibodies. The key finding is the mean percentage of cells with y-tubules
post 30-min cold treatment in the presence of 50nM L12, followed by a 20-min incubation at 37°C. This is illustrated in the accompanying
graph (N=5; Student's ¢ test, **p <.01). For each sample, a minimum of 100 cells was assessed. Scale bars: 10 pm. Arrowheads and arrows
serve to denote y-tubules and centrosomes, respectively. (B) Z-stacks images present an average intensity projection of sequential 1-pym
interval images from human H9 neural stem cells (NSC) differentiated into neurons over 14 days. These cells were treated with 50nM L12
or 50nM vincristine for 24 h. After fixation, they were immunofluorescently labeled using an anti-p3-tubulin antibody, which acts as a
neural axon and neural differentiation marker. The graph illustrates the mean value of the f3-tubulin signal in axons (N=5; Student's ¢

test,****p <.0001).

X-ray structure or predicted 3D models of TUBG1. While
these predicted 3D structures closely resembled the X-
ray counterparts, they incorporated a few predicted loops
absent in the experimental structure. When analyzing
these 3D structures for pocket identification, we found
only one pocket: the cavity responsible for binding GTP
(Figure 6A).

Following this step, we applied the pocket prediction
method to ten representative conformations of simulated
TUBG1 using the ExProSe package. As often observed
in proteins (i.e., flexible molecular objects), in several
simulated structures, an additional binding pocket was
revealed. This newly identified pocket aligned with

the region recognized as the colchicine-binding site or
nocodazole-binding site within the o-tubulin and pB-
tubulin structures (Figure 6A).

Upon superimposing the one selected simulated
TUBGI1 structure onto the X-ray structure of f-tubulin
(obtained from PDB file 7Z2P) bound to nocodazole, the
potential for a small molecule to bind within this TUBG1
region appeared possible.®* Furthermore, L12 exhibits
some structural similarities to inhibitors targeting the
colchicine-binding site, such as nocodazole. Docking
studies using Smina with the simulated TUBG1 struc-
ture were then performed and suggested reasonable fit-
ting of L12 in this cryptic pocket (score~—7kcal/mol).
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FIGURE 5 L12 stabilizes TUBGI against thermal denaturation. (A) Cellular thermodynamic stabilization of TUBG, a-tubulin, and actin
were assessed in live Y79 cells. These cells underwent a temperature gradient, and the levels of soluble TUBG, a-tubulin, and actin were
subsequently examined using western blot analysis with the specific antibodies. (B) After a 30 min pre-treatment of Y79 cells with DMSO

or varying L12 concentrations, ligand-binding alterations in heat-induced TUBG precipitation were observed via western blotting. The
specificity of L12 binding to TUBG1 was confirmed by using anti-a-tubulin and -actin antibodies. Note that the protein levels of a-tubulin
and actin were not significantly affected by L12. Graphs show densitometric analysis of the changes in the TUBG and a-tubulin levels post
heat-induced precipitation, normalized to the 25°C control set as 1 (N=4). (C) Live U20S cells stably expressing TUBG1 sgRNA (sgTUBGI)
and co-expressing either a sg-resistant TUBGI (TUBG1-sgRNA-U20S-TUBG1) or TUBG2/TUBG1-sgRNA-U20S-TUBG2), were subjected

to a temperature gradient. Soluble levels of TUBG1, TUBG2, and actin post-gradient were evaluated using anti-TUBG (T3320, recognized
TUBG1; T6557, recognized TUBG2) and anti-actin antibodies in western blot analysis. (D) Following a 30 min pre-treatment of TUBGI-
sgRNA-U20S-TUBG1 and TUBGI-sgRNA-U20S-TUBG2 cells with DMSO or various concentrations of L12, ligand-induced changes in
heat-induced TUBG precipitation were monitored. Graph illustrates variations in soluble TUBG1 and TUBG2 levels post heat-induced
precipitation as measured by densitometric analysis of the TUBG protein content in the western blot membranes. The data were normalized
to untreated cells (set as 1; N=4; Student's ¢ test, *p <.05, **p <.01).

Within this identified region, residues GIn'®’, Asn®!, and
Leu**! emerged as potential key players in L12 binding
(Figure 6B).9

in GTP binding."® Asn®"' lies just before the amino acid
Asp”®, which in a-tubulin stimulates the GTPase activity
of p-tubulin.'®®* Leu** lies between the GTPase and the
DNA-binding domains (Figure 6C).

To investigate whether the binding of L12 with TUBG1
was mediated by GIn'%’, Asn,®!, and Leu**, we conducted
experiments using TUBGI1-sgRNA-U20S. These cells
were genetically engineered to stably express either the

wild-type TUBG1 gene or one of the non-reactive Ala'®’-,

3.12 | Glutamine 167, asparagine 251, and
leucine 321 affect L12 binding to TUBG

GIn'%, Asn®!, and Leu®”! are conserved in TUBG2

(Figures 3A and 6C). GIn'® lies between the fourth a-
helix and the fifth parallel p-strand of TUBGI1, three
amino acids upstream of Val'”!, an amino acid involved

Ala*'-, and Ala**!-sg-resistant TUBG1 genes (Figure 6C).
Notably, while the silencing of the TUBGI gene or intro-
ducing mutations that compromise the TUBG-GTPase
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FIGURE 6 Influence of leucine 321, glutamine 167, and asparagine 251 on L12 binding to TUBG. (A and B) Cartoon representation

of the following TUBG1 structure: Simulated (mustard-yellow), X-ray (dark blue) and Alpha-Fold (AF; light blue). The structures depict
the predicted binding pocket of GTP and colchicine with a view down the L12-binding pocket, highlighting the residues predicted to
interact with L12. (B) L12 (blue) is shown in a stick representation at the colchicine-binding site. A close view of the binding pocket, with
approximately the same orientation, shows the side chains of residues predicted to interact with L12 (best energy pose). The C-alpha atoms,
when visible, are colored orange, while the remaining side chain atoms are colored cyan. The mutated residues are shown in red. (C) The
illustration provided delineates the GTPase domain (residues 5-255) and the DNA-binding domain (DBD; residues 334-451) of the human
TUBGI (h- TUBGI) gene. The magenta letters in the depiction denote residues comprised in the colchicine binding pocket interacting with
L12 (Q167, N251 and L321). TUBGI-sgRNA-U20S-TUBG1, TUBGI-sgRNA-U20S-TUBG1-Ala**! (LA), TUBG1-sgRNA-U20S-TUBG1-Ala'®’
(QA), and TUBG1-sgRNA-U20S-TUBG1-Ala*! (NA) cells were treated with 50nM L12 for 24 h. Changes in the cell cycle profiles and the
accumulation of cells in the sub-G1 phase were analyzed by determining the DNA content of cells using a nuclear counter (histograms).
The graph presents the mean + SD of the percentage of cells in the sub-G1 fraction (N=4; Student's ¢ test, ****p <.0001). (D and E) The
thermodynamic stabilization of TUBG and actin was examined in live TUBGI-sgRNA-U20S-TUBG1-Ala**! (LA), TUBG1-sgRNA-U20S-
TUBG1-Ala*® (QA), and TUBG1-sgRNA-U20S-TUBG1-Ala*' (NA) cells. Cell populations underwent a temperature gradient (°C) or were
exposed to specific temperatures post 30-min L12 pre-treatment (D). Subsequently, soluble levels of TUBG and actin were determined

using western blot analysis with respective antibodies. Graphs in section D depict changes in the soluble TUBG levels post heat-induced
precipitation, with data normalized to a 25°C control set as 1 (N=4).

domain typically has detrimental effects on cells, our  along with TUBGI-sgRNA. This observation underscored
modified cell lines appeared to thrive and did not exhibit the critical role of these specific residues in mediating the
adverse reactions upon L12 treatment. binding of L12 to TUBG1 (Figure 6C).

Our findings revealed that the inhibitory effect of L12 on Moreover, we also tested a possible direct binding of
TUBG1 was markedly reduced in cell lines expressing the L12 to TUBGI mutants in live cells by testing the effect
mutated TUBG1 variants (Ala'%-, Ala*- or Ala**'-TUBG1) of L12 on the stabilization of the mutants against thermal
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denaturation in TUBGI-sgRNA-U20S-TUBG1- Ala'®’,
-Ala®!, and -Ala**! cells** and the resulting levels of sol-
uble TUBG were assessed by western blot (Figure 6D,E).
It is worth noting that the mutants aggregated at 55°C
(TUBG1-Ala**") and 58°C (TUBG1-Ala'®’ and -Ala*")
(Figure 6D). Examination of TUBGI-sgRNA-U20S-
TUBG1- Ala'?, -Ala®?, and -Ala*?! cells after treatment
with L12 showed that L12 thermostabilized neither of the
mutants (Figure 6E), confirming the importance of these
residues for L12 binding.

3.13 | Higher concentrations of L12
affect microtubule dynamics

The protein sequence of TUBG exhibits 54% and 57%
homology with the sequences in a- (AAA91576.1) and f3-
tubulin (AAC52035.1), respectively. Due to the similari-
ties between a-, p-tubulin, and TUBG, and the function of
TUBG in the nucleation of af-tubulin dimers,'® we sought
to analyze possible effects of L12 on of-tubulin dynam-
ics with an astral MT regrowth assay in U20S, TUBGI-
sgRNA-U20S-TUBG1, and TUBG1-sgRNA-U20S-TUBG2
cells (Figure 7A-C).** Immunofluorescence staining
showed that colcemid treatment (a known MT destabiliz-
ing agent) abolished MT regrowth in the three cell lines
(Figure 7A-C). Furthermore, treatment with 100nM of
L12 diminished MT regrowth in the same cells, but MT
regrowth was unaffected at 10nM of L12 (Figure 7A-C).
These observations indicate that L12 may interfere with
astral microtubule outgrowth when used at higher con-
centrations. It also demonstrates that the increased
cytotoxicity of L12 in cells expressing TUBG1 did not de-
pend on the functions of TUBG in the regulation of mi-
crotubule dynamics, as L12 showed the same effect on
astral microtubule outgrowth in U20S, TUBGI-sgRNA-
U20S-TUBG1, and TUBGI-sgRNA-U20S-TUBG2 cells
(Figure 7A-C). This result is consistent with L12 binding
at the colchicine binding pocket of p-tubulin, further sup-
porting the compound's potential to disrupt microtubule
dynamics at higher concentrations.

3.14 | L12treatment delays xenograft
tumor growth in tumor cells with an
impaired RB1 pathway

To study the effect of L12 on tumor growth, we performed
an experiment using mice that were implanted with U1690
(lacks RB1 expression, Figures 1B and 8). We found that
L12 itself was well tolerated compared to the vehicle group
and that L12 significantly interfered with tumor growth in
the treated animals (Figure 8). Moreover, the xenografted
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U1690 cells formed fast-growing heterogeneous tumors,
and given the size of the tumors, three mice in the control
group and one mouse in the treated group had to be sac-
rificed before the end of the experiment. Altogether, these
data demonstrate that inhibition of TUBG1 can be consid-
ered a new target for cancer treatment.

4 | DISCUSSION

The present study offers a compelling exploration into the
potential of targeting TUBG1 as a therapeutic approach
in cancer treatment. The significance of microtubules in
cellular dynamics and their disruption as a strategy for
tumor eradication is well established. However, the as-
sociated toxicities, due to the targeting of both malignant
and healthy cells, have been a major concern, making it
imperative the search for more selective therapies.

Our findings introduce L12 as a promising candidate.
Here, we demonstrate that L12 is cytotoxic to cells lack-
ing a functional RB1 pathway, with its cytotoxicity de-
pendent on the protein levels of TUBG1, E2F1, and RBI1.
Notably, L12 affects the thermodynamic stabilization of
TUBG1 without impacting TUBG2, distinguishing it from
other TUBG inhibitors.'*"”* Unlike traditional TUBG-
targeting agents, L12 demonstrates specificity for tumor
cells by inhibiting TUBG1 without affecting TUBG2. This
selectivity is crucial as it potentially minimizes adverse ef-
fects on healthy tissues, particularly in the case of neurop-
athy,®* since TUBG2 expression may compensate for the
loss of TUBG1 function, addressing a common limitation
of current therapies. This study highlights L12's potential
as a targeted therapeutic agent, emphasizing its ability to
enhance RB1 expression and selectively target cells with
impaired RB1 signaling.”

Further supporting the selectivity of L12, our study in-
dicates that reducing TUBGI1 levels enhances L12's cyto-
toxic effects, potentially by altering the balance between
free and L12-bound TUBG1. A plausible explanation is that
as TUBG1 levels decrease, the proportion of TUBG1 mol-
ecules engaged in complexes with L12 increases, thereby
limiting TUBG1 availability for other functional interac-
tions. One possible consequence of this shift is a competi-
tion between TUBG1-L12 complexes and RB1 for binding
to E2F1, which could disrupt the regulatory influence of
RB1 and ultimately contribute to increased cellular tox-
icity, as observed in MCF10A cells with reduced levels of
TUBGI. The restoration of cellular resistance upon the re-
introduction of functional TUBG1 further supports this in-
terpretation. Although the direct formation of TUBG1-L12
complexes under these conditions was not measured, these
findings suggest a mechanistic link between TUBG1 ex-
pression levels, RB1 regulation, and L12's cytotoxicity.'>'*
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FIGURE 7

Impact of L12 on microtubule outgrowth. (A-C) U20S cells (A) or those stably co-expressing TUBG-sgRNA and either

TUBGI (B) or a TUBG2 (C) sg-resistant were subjected to cold treatment. Subsequently, these cells were either immediately stained (0 min)
or stained 2 min after the addition of warm medium supplemented with: 2 pL/mL DMSO (vehicle), 10 uM colcemid (Colc.; known to inhibit
microtubule regrowth), or in the presence of various concentrations of L12, as specified. After treatment, cells were fixed and subjected

to immunofluorescence labeling with an anti-a-tubulin antibody. Scale bars are indicated as 10 pm. Arrows indicate astral microtubule
regrowth from centrosomes. The graphs display the average aster length measured with ImageJ (Fiji, RRID:SCR_003070) software* in
U20S cells (A; N=100) and in those stably co-expressing TUBG-sgRNA with either TUBG1 (B; N=100) or TUBG2 (C; N=100). Statistical
analysis was conducted using Student's ¢ test, with significance denoted as ****p <.0001.

At concentrations twice those needed for cytotoxic-
ity in tumor cells, L12 treatment exhibits a trend toward
thermodynamic stabilization of af-tubulin. The effects on
astral microtubule outgrowth are observed across all cell
lines studied, independent of the expression of TUBG1 or
TUBG2 isoforms. This implies that the cytotoxic effects of
L12 on cells are not caused by impairment of microtubule
dynamics but are instead dependent on the inhibition
of the nuclear activities of TUBG1. Consistent with this

concept, the eleven amino acids that differentiate TUBG1
from TUBG2 cause the unique conformations of the iso-
forms.?® These conformational differences contribute to
TUBG2's reduced nuclear localization and the diminished
toxicity of L12 in cells expressing TUBG2, underscoring
the importance of TUBG1's specific nuclear functions for
L12's cytotoxic effect.

Although L12's y-tubule-stabilizing properties are
not the primary mechanism of selective cytotoxicity in
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FIGURE 8 Li2effect on tumor growth of xenografted U1690 mice. Left represents the changes in body weight of mice xenografted
with U1690 cells during treatment. The middle shows tumor growth in xenografted U1690 cells treated three days per week with a dosage
of 20mg/kgL12. L12 treatment started on day 12 when the tumors reached a mean tumor volume of 100 mm?. (two-way ANOVA, *p < .05,
#*p < .01, **p <.001, N=8 mice per group). As the xenografted tumor surpassed a tumor volume of 1cm?, three mice from the control group

and one mouse in the L12-treated group were sacrificed, as indicated.

RB1-deficient cells, these effects are important for vi-
sualizing how L12 acts on cellular structures and for
understanding its broader impact. The ability to form
y-tubules is reduced in TUBG2-expressing cells com-
pared to TUBG1-expressing cells. This, combined with
the observation of reduced L12 toxicity in cells express-
ing only TUBG2, as opposed to TUBG1, suggests that
y-tubule formation may be a key factor influencing the
degree of L12's cytotoxicity. The polymerizing traits of
the TUBG meshwork in the nucleus, while not fully un-
derstood, appear critical for its nuclear functions. These
polymerization dynamics may influence how TUBG in-
teracts with nuclear factors, including E2F1, which may
be relevant for regulating apoptosis in response to L12
treatment.

Importantly, our findings provide a foundation for
exploring the applicability of L12 in other cancer types
with similar molecular profiles, particularly those with
nonfunctional RB1. RB pathway deficiencies are ob-
served in a wide range of malignancies, including ret-
inoblastoma, small cell lung cancer, triple-negative
breast cancer, glioblastoma, and bladder cancer, among
others.””®””7° The frequent loss of RB1 in these tumor
types often correlates with poor clinical outcomes and
resistance to conventional therapies, highlighting the ur-
gent need for novel therapeutic strategies.”* Given L12's
selective cytotoxicity in RB1-deficient cancer cells and
its ability to enhance RB1 expression, it has the potential
to be effective across multiple tumor types that share this
molecular feature.

L12's unique mechanism of action becomes particu-
larly evident in comparison with other TUBG-targeting
agents. Gatastatin, for example, prevents microtubule nu-
cleation by blocking the yTuRC,* while CDA binds to the
GTPase domain of TUBG,'*'” acting as a depolymerizing
agent.” This makes L12 distinct among TUBG inhibitors,

as it selectively targets cancer cells with impaired RB1 sig-
naling pathways.

L12 was identified within a kinase-focused compound
collection. Previous studies have demonstrated that ki-
nase inhibitors can bind to both a-tubulin and p-tubulin.”®
Conversely, nocodazole, a tubulin inhibitor that binds to
the colchicine-binding site, induces microtubule depo-
lymerization while also displaying affinities for multiple
kinases like ABL, ¢-KIT, BRAF, and MEK.* In this con-
text, we highlight L12's potential, noting its affinity for
KITDS816V, MAP4K5, and MAPKAPK?2 kinases, and its
direct interaction with TUBG1 at the colchicine binding
site. Moreover, the detailed analysis presented of the bind-
ing pockets and specific residues involved in L12-TUBG
interaction provides critical insights for further drug
development.

The promising results of L12 in inhibiting tumor
growth in xenografted small cell lung cancer cells under-
score its potential therapeutic efficacy. Furthermore, the
reduced neuronal axonal toxicity of L12 compared to vin-
cristine adds to its therapeutic appeal. These findings pave
the way for exploring L12's clinical applicability while
addressing the safety concerns associated with current
treatments.

In conclusion, this study highlights the potential of
TUBGI1 inhibitors like L12 as a targeted therapeutic ap-
proach aligned with personalized chemotherapy prin-
ciples, addressing the molecular profiles of tumors with
RB1 pathway deficiencies. The demonstrated selectivity
of L12 in targeting RB1-deficient cancers suggests that it
could be applied to a broad spectrum of malignancies with
similar molecular vulnerabilities, offering new hope for
improving patient outcomes in difficult-to-treat cancers.
Continued research and clinical trials will be essential to
fully realize L12's therapeutic potential and further refine
cancer treatment paradigms.
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