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ABSTRACT

A series of 2(1H)-quinolinone derivatives and thegiodium(lll) complexes were
designed and synthesized. All the rhodium(lll) céemps exhibited higheim vitro
cytotoxicity for Hep G2, HelLa 229, MGC80-3, and NG460 human tumor cell lines
than their ligands and cisplatin, and among themmpex 9 was found to be
selectively cytotoxic to tumor cells. Further intigation revealed that compleX
caused cell cycle arrest at the G2/M phase andcedlapoptosis, and inhibited the
proliferation of Hep G2 cells by impeding the phleggylation of epidermal growth
factor receptor (EGFR) and its downstream enzyr@esnplex9 also up-regulated
the proapoptotic proteins Bak, Bax, and Bim, whadfogether activated caspase-3/9
to initiate cell apoptosis. Notably, compl@&effectively inhibited tumor growth in the

NCI-H460 xenograft mouse model with less advertecethan cisplatin.
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1. Introduction

Platinum compounds have been widely used as amitudnugs since the
discovery of cisplatin’s antitumor activity by Rodeerget al. [1]. However, clinically
they have also shown various drawbacks, includieghrotoxicity, neurotoxicity,
acquired resistanceic., and their applicability is at times limited [2—#s a result,
new metal-based agents with fewer side effectslesged [5,6]. One of the relevant
research directions focused on developing antitucmnplexes of non-platinum
metals [7-11]. For example, rhodium(lll) complexesve recently attracted much
interest due to their various pharmacology propsrtiZhonget al. identified a
rhodium(lll) complex as a potent and selective NiEibitor that showedn vivo
anti-inflammatory activity [12]. In addition, Yang al. also reported a rhodium(lil)
complex that could target LSD1 and hence possessezhncer activity [13].

Quinolines and their oxo-derivatives are knownxerebiological actions such as
antioxidation, anti-osteoporosis, anti-influenzayd aanticancer activities [14-17].
Dovitinib, which contains the 3-substituted 2(1Htplinone skeleton, has been
developed as a multi-target anticancer agent anccuisently under clinical
investigation [18-20]. In addition, some naphthogume and anthraguinone
derivatives were reported as multi-target antituragents. For example, Federica
Prati et al. reported that the 2-phenoxy-1,4-naphthoquinoneduas molecules are
able to inhibit glycolysis and mitochondrial regpion simultaneously [21], Bahet
al. reported that some quinonoid compounds act agiardr agents [22], and Belluti
et al. reported a series of quinine-coumarin hybrids asal-thrgeted
glyceraldehyde-3-phosphate dehydrogenase/trypamahieductase inhibitors [23].
However, transition metal complexes derived from

3-benzimidazole-2(1H)-quinolinone have not beenlaeol as potential antitumor



agents. In this work, as part of our continuingsjder novel metal-based anticancer
agents, we designed, prepared, and characterizedrias of 2(1H)-quinolinone
derivatives and their rhodium(lll) complexes. Amotigm, complexXd showed the
bestin vitro andin vivo antitumor activity. The antitumor mechanism of qbex 9

was carefully investigated.

2. Results and Discussion
2.1. Synthesis and Characterization

The design of the rhodium(lll) complexes was baswd the following
consideration: 1. Both 2(1H)-quinolinone derivaivend benzimidazol derivatives
are potential antitumor agents [24]. The combimataf 2(1H)-quinolinone and
benzimidazol may afford improved antitumor activit®. The combination of
2(1H)-quinolinone and benzimidazol forms bidentagands, which could contribute
to the formation of stable metal complexes. 3. Rinmdcomplexes are known as
potential antitumor agents. The unique geometrgbadium complexes may lead to
improved enzyme inhibition and selectivity [25].

Five 2(1H)-quinolinone derivatives bearing differersubstituents were
synthesized. Scheme 1 shows the synthetic routecémnpounds4-8 These
compounds were prepared by treatirg with different o-phenylenediamine
derivatives in methanol. Compour8lwas synthesized according to our reported
method [14]. The structures of compounds8 were characterized by NMR
spectrometry and ESI-MS (Supporting Informatiorgufes S1-S14). Compourd
was additionally characterized by single-crystatay-diffraction analysis (Figure 1).
The selected bond lengths (A) and bond angles (déd) are listed in Table S1

(Supporting Information), and the crystal data atrdcture refinement parameters of



4 are given in Table S2.
2.2. Crystal Sructures of Rhodium Complexes
Solvothermal method is often used for the synthesismetal complexes, in

which the ligand and metal are reacted in the piesef a solvent in a sealed reactor
under heating. Five rhodium complexes (compl@x13 were obtained by
solvothermal synthesis from RRE3H,O and compound€l-8 in methanol and
chloroform (Scheme 2), respectively, and theirctre was characterized by NMR
spectrometry, ESI-MS and X-ray crystallography (fFeg1, Figures S15-S29, and
Table S3-S8). All these rhodium complexes were @phmous (Figure 1). Among the
five isostructural complexes, complé&was selected for detailed crystallographic
analysis. Comple® had a mononuclear structure and the coordinatid®h@ll) had
a distorted octahedral geometry. The Rh(lll) atomsvehelated by a ligand and
associated with three chlorine atoms and one methaolecule. The N(3), O(1),
0O(2), and CI(2) atoms formed the equatorial plare] the two CI(1), CI(3) atoms
were located at the apical positions. The ligand #me Rh(lll) atom formed a
six-membered ring by chelation. Selected bond k@) and bond angles (deg) of
9-13 are reported in Table S8, and the crystal data stndicture refinement
parameters of are given in Table S3-S7.
2.3. Sability of Ligands and Rhodium Complexes in Solution

The stability of compound$-13 was tested under physiological conditions (PBS
buffer solution containing 1% DMSO, pH = 7.3) viavWis spectroscopy. All
compounds were found to be stable in PBS for 2drbam temperature based on the
observations from the UV-Vis spectra (Figure S3bje stability of4-13 was further
tested by HPLC, and all compounds were found tetakle for 24 h in DMSO stock

solution (Figure S31).



2.4. In vitro Cytotoxicity

Compounds4-13 were tested against four human tumor cell linesp(H52,
HelLa 229, MGC80-3, NCI-H460) and the normal humeer|HL-7702 cells by MTT
assay to evaluate thein vitro cytotoxicity. For comparison, the cytotoxicity of
RhCk- 3HO and cisplatin were also tested and used as ¢enkfier the cells were
incubated with the test compounds (2.5, 5, 10,4B0uM) for 24 h, the IG, values
were calculated. Table 1 shows that thevitro antitumor activity of the tested
compound generally fell in the following order: RB( complex > cisplatin >
ligand > RhC-3H,0. The Rh(lll) complexe8-13 appeared to be far more cytotoxic
than RhC-3H,0 for all tested cell lines, and they also showekasced potency in
comparison with their corresponding ligafeB. That is, a synergy that enhanced the
antitumor activity took effect when the Rh(lll) iamas combined with the ligands. In
particular, comple® was more potent than cisplatin for all tested eaell lines but
was less cytotoxic to the normal human liver HL-Z 2@l line (1IGo= 22.8 = 1.4uM)
than cisplatin (IGo = 12.8 = 0.9uM). Therefore, comple® was selected for further
detailed studies.
2.5. EGFR Inhibition

The epidermal growth factor receptor (EGFR) playpivatal role in cellular
signaling related to cell growth, proliferationygiwal, and migration. Aberrant EGFR
activity is a key enabler of the development andwgin of tumor cells and is
associated with the onset and progression of cgA6ef81]. Therefore, we tested the
inhibitory potency o#4-13 against wild type EGFR. The phosphorylation stdtan
artificial substrate, which was measured by the dgeneous time-resolved
fluorescence resonance energy transfer (HTRF) rdetas used as the indicator of

the compounds' activity. Figure 2 shows that atstwme concentration ({@M), the



Rh(lll) complexe9-13 exhibited stronger inhibitory activity than thewrresponding
ligands 4-8. Complex9 showed an inhibition rate of 100%, the highest RGF
inhibitory activity of all tested compounds. Hencemplex9 might be an interesting
drug candidate for EGFR-driven cancer.

2.6. Western Blot Analysis of Anti-proliferative Activity against Hep G2 Cell Line

We examined the potential of compl@xo inhibit the phosphorylation of EGFR
and its downstream enzymes (Akt and Erk1l/2) by @asblot analysis. Figure 3
shows that the Hep G2 cells experienced a significeeduction in EGFR
phosphorylation after they were treated with com@€10 uM). This result suggests
that complexd inhibited the phosphorylation of EGFR in the Hep ¢&lls.

Additionally, since the phosphorylation of Akt ari€RK1/2 is required for
EGFR-mediated cell proliferation, we examined thikeots of complex9 on the
activation of Akt and ERK1/2. Again, it was founiat the phosphorylation of Akt
and ERK1/2 was inhibited by compl&x10 uM). Hence, comple® could inhibit the
proliferation of Hep G2 cells by impeding the phiesgylation of EGFR and its
downstream enzymes.

2.7. Gene Expression Profile

The gene expression profile is a useful for disdogecancer biomarkers and
therapeutic targets [32,33]. To enhance mechanistaerstandings, Hep G2 cells
treated with complexXd were examined on an lllumina Hiseq 2500 sequencing
platform to measure the gene expression profile earaduate the global changes in
transcription levels. It was found that comp8ghanged the expression of 498 genes,
among which 141 genes (e.g., F8, ITGB3, HIST1IH2BRF3) were up-regulated
and 357 genes (e.g., E2F1, CCNE1, CCNB1, CCNA2kwewn-regulated. Figure

4A shows the relative expression profiles of 76 agethat experienced significant



change (P < 0.5, fold change). The GO and KEGGyaralwere carried out to find
out relevant pathways through which target gene® wignificantly enriched (Figure
4B). The results suggested that comp®exould change the expression of genes
involved in cell cycle signaling in Hep G2 cells.
2.8. Céell Cycle Arrest

The Hep G2 cells were treated with comp@xXor 24 h and the cell cycle
progression was measured. Figure 5 shows that gechpeaith control group (G1:
64.61%, G2/M: 6.23%, S: 29.16%), the treated cetlsibited an accumulation in the
G2/M phase, and the level of accumulation was ddgenon the dose of compléx
(1 uM, 15.19%; 2uM, 17.54%; 5uM, 18.46%). The results indicated G2/M phase
arrest of the Hep G2 cells.
2.9. Induction of Apoptosis

The ability of complexd to induce apoptosis in Hep G2 cells was measuyed b
Annexin V-PI staining and flow cytometry analysegyure 6 shows that after the Hep
G2 cells were treated with compl&at 2, 5, 1QuM for 24 h, the population of early
apoptotic cells increased from 5.4% in the congodup to as much as 40.9%.
Therefore, comple® is a potent apoptosis inducer.
2.10. Assessment of Caspase-3/9 Activation

Caspase-3 and caspase-9 are members of the cyptetease family, and the
sequential activation of caspases is essentiatlinapoptosis. After the proapoptotic
molecules activate the initiator caspase-9, caspasdl cleave and activate the
executioner caspases-3, which results in the dagoed of cellular components
[34,35]. We explored whether compl&xcould activate caspase-3 and caspase-9 and
consequently induce apoptosis in Hep G2 cells déstiimg the cells with compleX(5,

10, 15, 20uM). Spectrophotometry results (Figure 7) showed tompared with the



control group, the absorbance ratio of the treatts increased with rising dose of
complex9. Hence, comple® induced cell apoptosis by activating caspase-3Mep
G2 cells.
2.11. Detection of Bcl-2 protein family by Western Blot Assay

The Bcl-2 protein family consists of members thigthex inhibit apoptosis (e.qg.,
Bcl-2, Bcl-xl) or promote apoptosis (e.g., Bax, B&km) [36]. Therefore, it is of
interest to determine which of the Bcl-2 family @mios participated in the death
signaling after cells were treated with compf#xThe changes in the expression of
candidate proteins were examined by Western biatyagigure 8 shows that complex
9 up-regulated the expression of Bak, Bax, and Binkléep G2 cells, whereas other
proteins (Bcl-2, Bcl-xl) experienced no changed there dependent on the dose of
complex9.
2.12. Toxicological Evaluation in Mice

The toxicity of comple) in the mouse was evaluated extensively. Twelveemal
and twelve female four-week-old Kunming mice wereided randomly into four
groups ( = 6). The control group received intraperitoneding injection once a day.
The two test groups received 12.5 and 25 mg/kg bedight of intraperitoneal
injection of compleX@ once a day, and the last group was treated orexy évo days
with cisplatin at 2 mg/kg body weight. The mice wereated and monitored for the
two weeks. During this time, mice treated with céem® showed no adverse reaction
or significant loss of body weight, whereas thebaetight of the mice treated with
cisplatin was 13.8% less than the body weight afemin the control group (Figure
9A). The mice were sacrificed after two weeks, #rma heart, liver, and kidney were
collected and weighed. Figure 9B shows that noifsegmt change was observed in

the tissues of mice treated with comp@®xhe decreased liver and kidney weights of



the mice in the cisplatin group could be attribuietheir decreased body weight. The
histological morphology of tissue sections was drah by haematoxylin and eosin
(H&E) staining to reveal drug-related pathologicddanges of major organs. No
significant pathological change in the heart, livend kidney was observed in the
mice treated with comple®. In contrast, mice treated with cisplatin showedal
tubular injury (Figure 9C). In conclusion, compléxshowed an acceptable safety
profile since the mice tolerated treatment witatie5 mg/kg body weight.

2.13. Growth Inhibition of NCI-H460 and Hep G2 Xenograft in Vivo

To further examine the therapeutic potential of ptax 9, we compared the
antitumor efficacy of9 and cisplatin in NCI-H460 and Hep G2 subcutaneous
xenograft mice models. Tumor-bearing mice were oamg assigned and received
intraperitoneal injection of compleéx vehicle control, or cisplatin.

Figure 10 shows that continuous treatment with dem® for two weeks
significantly slowed the tumor growth in the NCI-&3 xenograft model. The
inhibition of tumor growth was dependent on theedo$ complex9. The relative
tumor increment rate (T/C) was of 47.1% (P < 0.&44 56.1% (P < 0.05) when the
dosage was 25 and 12.5 mg/kg body weight, resmdgtiAfter the mice were
sacrificed on day 14, end point tumor weight wa®rded and the inhibitory rate was
calculated. Comple® exhibited significant antitumor activity in the N&460 model
with an inhibitory rate of 49.8% (P < 0.01), lowtkan that of cisplatin (63.2%, P <
0.01).

The tumor tissues of the NCI-H460 xenograft modierdareatment with complex
9 were excised for further pathological studies. H&E-stained tissue sections of
the mice treated with complex and the mice in the control group showed notable

differences in their tumor tissue morphology. FEgAOE shows increased necrosis in



the tumor tissues from the mice treated with com@er cisplatin compared with
those from the control group, and cisplatin was leffective than comple® to
promote tumor tissues necrosis.

The Hep G2 xenograft model was also tested simgifarltwo weeks, and Figure
S32 shows that complex(25 mg/kg body weight) had a low activity on timevivo
growth of Hep G2 tumor (inhibitory rate: 24.0%).

In summary, the results indicated that compareth wisplatin, compleX® was
effective in inhibiting tumor growth in the NCI-H86xenograft mouse model and

incurred less adverse effect.

3. Conclusions

A series of 2(1H)-quinolinone derivatives and théodium(lll) complexes were
synthesized and characterized, and theintro antitumor activities were tested. The
Rh(lll) complexes showed higher cytotoxicity thameit ligands and cisplatin. In
particular, compared with cisplatin, compl@xwas more potent for all tested cancer
cell lines and less cytotoxic to the normal humaerlHL-7702 cell line. It was found
that compleXO caused cell cycle arrest at the G2/M phase anacedl apoptosis, and
it inhibited the proliferation of Hep G2 cells bynpeding the phosphorylation of
EGFR and its downstream enzymes. Comp®up-regulated the proapoptotic
proteins Bak, Bax, and Bim, all of which helpedaittivate caspase-3/9 and initiate
cell apoptosis. Than vivo tests showed that compl@xould effectively inhibit tumor
growth in the NCI-H460 xenograft mouse model, dmel side effects of complex
were less severe than those of cisplatin. Therefmmplex9 has the potential for

further development into an efficient anticancegragvith low toxicity.



4. Experimental
4.1. Materials

All reagents and solvents were purchased from Akaar and Xilong Chemical
Co., Ltd. and used directly without further purdion. All compounds used in
pharmacological studies had >95% purity. The HTRIERSE TK kit was purchased
from Cisbio. The apoptosis detection kit was puseldafrom BD Biosciences. The
caspase-3/9 assay kit was obtained from Biovisfdhantibodies were purchased
from Abcam. All cell lines were purchased from Sti@a Institute for Biological
Science.
4.2. Instruments

Electrospray ionization mass spectrometry (ESI-MS)s were carried out on a
Bruker HCT mass spectrometer. NMR spectra wererdecdoon a Bruker AV-500
NMR spectrometer. HPLC analyses were carried ouarorlite P230II instrument
(Dalian, China). MTT assays were performed withMf000 microplate reader. Cell
cycle analyses were performed with an FACS ArifldW cytometer. Western blot
assays were run on an ECL Western blot system. Ggpeession profiles were
analyzed using the Illlumina Hiseq 2500 sequenciatiggm.
4.3. Synthesis of Ligands

A solution of3 (1.87 g, 10 mmol) and-phenylenediamine derivatives (10 mmol)
in methanol (80 mL) was stirred at 866 for 4 h, then cooled to room temperature
and filtered to give a yellow powder.

Compound4 (yield 90%). Anal. Calc. for GH13N3O: C 74.17; H 4.76; N 15.26;
O 5.81%, Found: C 74.13; H 4.82; N 15.22; O 5.83%. NMR (500 MHz,
DMSO-d6) § 12.65 (s, 1H), 12.40 (s, 1H), 9.00 (= 1.7 Hz, 1H), 7.74 — 7.70 (m,

1H), 7.69 (s, 1H), 7.68 — 7.63 (m, 1H), 7.42J¢; 8.4 Hz, 1H), 7.33 (d] = 8.4 Hz,



1H), 7.22 — 7.17 (m, 2H), 2.36 (s, 3HJC NMR (125 MHz, DMSQd6) & 160.79,
147.96, 142.83, 138.90, 136.85, 134.49, 133.15,8831128.38, 122.41, 122.05,
119.93, 119.19, 118.38, 115.29, 112.88, 20.56.MES1m/z 276.11 [M+ H].

Compoundb (yield 88%). Anal. Calc. for gH17/N3O: C 75.23; H 5.65; N 13.85;
0 5.27%, Found: C 75.21; H 5.66; N 13.83; O 5.3%NMR (500 MHz, DMSO€6)

§ 12.41 (s, 1H), 12.35 (s, 1H), 8.97 (s, 1H), 7.§21H), 7.45 (s, 2H), 7.43 (d= 1.8
Hz, 1H), 7.35 (dJ = 8.4 Hz, 1H), 2.39 (s, 3H), 2.33 (s, 6H). ESI-MB/z 304.14
[M+ H]™.

Compound6 (yield 91%). Anal. Calc. for GH1:FN3O: C 65.59; H 3.56; N
13.50; O 5.14%, Found: C 65.61; H 3.55; N 13.535.06%."H NMR (500 MHz,
DMSO-d6) & 12.82 (s, 1H), 12.44 (s, 1H), 8.97 (s, 1H), 7.691H), 7.66 (dJ = 8.5
Hz, 2H), 7.44 (dd) = 8.4, 1.6 Hz, 1H), 7.33 (d, = 8.4 Hz, 1H), 2.37 (s, 3H}C
NMR (125 MHz, DMSOd6) & 160.53, 149.77, 147.79, 145.92, 138.94, 138.26,
136.83, 133.22, 131.80, 129.90, 128.35, 119.29,9918115.23, 105.46, 100.55,
20.45. ESI-MS: m/z 312.09 [M+ H]

Compound? (yield 85%). Anal. Calc. for GH;;CIoN3O: C 59.32; H 3.22; N
12.21; O 4.65%, Found: C 59.30; H 3.23; N 12.244.67%."H NMR (500 MHz,
DMSO-d6) & 12.89 (s, 1H), 12.46 (s, 1H), 9.04 (s, 1H), 7.841H), 7.91 (s, 1H),
7.75 (s, 1H), 7.48 (dd, = 8.4, 1.6 Hz, 1H), 7.36 (d,= 8.4 Hz, 1H), 2.39 (s, 3H}°C
NMR (125 MHz, DMSOd6) § 174.75, 160.98, 150.88, 142.88, 140.27, 137.51,
134.46, 133.99, 132.35, 130.10, 128.95, 124.91,781915.74, 114.56, 99.99, 20.92.
ESI-MS: m/z 342.02 [M-H]

Compound8 (yield 84%). Anal. Calc. for GH1,BroNsO: C 47.14; H 2.56; N
9.70; O 3.69%, Found: C 47.16; H 2.57; N 9.68; @1%.'H NMR (500 MHz,

DMSO-d6) 5 12.87 (s, 1H), 12.47 (s, 1H), 9.03 (s, 1H), 8.401H), 8.05 (s, 1H),



7.74 (s, 1H), 7.47 (dl = 9.7 Hz, 1H), 7.35 (d] = 8.4 Hz, 1H), 2.39 (s, 3H}*C NMR
(125 MHz, DMSO€d6) 6 160.95, 150.63, 143.82, 140.32, 137.49, 135.33,9113
132.31, 130.08, 128.94, 122.92, 119.42, 117.68,6116116.55, 115.72, 20.93.
ESI-MS: m/z 431.91 [M-H]

4.4. Synthesis of Rh(111) Complexes

A mixture of RhC}-3H,O (0.05 mmol, 0.010 g), ligand—8 (0.025 mmol),
methanol (0.45 mL), and chloroform (0.15 mL) waageld in a thick Pyrex tubes
25 cm long) and frozen by liquid,NThe tube was vacuumed, sealed, and then heated
at 80°C for 3 days to give red block crystals suitableXeray diffraction analysis.

Complex9 (yield 70%) Anal. Calc. for ¢H2:CIsN3OsRh: C 41.59; H 3.86; N
7.66; O 8.75%, Found: C 41.53; H 3.82; N 7.69; @18. 'H NMR (500 MHz,
DMSO-d6) & 14.24 (s, 1H), 14.02 (s, 1H), 9.06 (s, 1H), 869(= 8.4 Hz, 1H), 7.82
(s, 1H), 7.73 (dJ = 8.1 Hz, 1H), 7.70 (d] = 9.5 Hz, 1H), 7.66 (d] = 8.5 Hz, 1H),
7.44 (t,J = 7.6 Hz, 1H), 7.32 (t) = 7.8 Hz, 1H), 2.49 (s, 3HY’C NMR (125 MHz,
DMSO-d6) 6 164.60, 145.69, 142.05, 140.90, 136.40, 135.84.,508 134.42, 128.74,
125.22, 122.94, 122.65, 120.92, 119.37, 117.16,41121.06. ESI-MS: m/z 603.97
[M+2DMSO-MeOH-CIJ.

Complex10 (yield 72%) Anal. Calc. for £Hs4CleNgO;Rh,: C 43.57; H 4.59; N
7.09; O 9.45%, Found: C 43.55; H4.53; N 7.14; O1%4'H NMR (500 MHz,
DMSO-d6) & 13.97 (s, 2H), 9.00 (s, 1H), 8.45 (s, 1H), 7.811(4), 7.69 (dd,) = 8.6,
1.6 Hz, 1H), 7.65 (dJ = 8.5 Hz, 1H), 7.49 (s, 1H), 2.49 (s, 3H), 2.413d), 2.32 (s,
3H). 3c NMR (125 MHz, DMSQd6) 6 164.57, 144.58, 140.72, 140.25, 136.21,
135.54, 135.39, 134.50, 133.01, 131.60, 128.63,1822120.94, 119.57, 117.10,
112.00, 21.07, 20.86, 20.50. ESI-MS: m/z 632.01 2MSO-MeOH-CI].

Complex11 (yield 68%) Anal. Calc. for §H4.ClgFsNeO;Rh: C 38.99; H 3.52;



N 7.00; O 9.32%, Found: C 38.93; H3.57; N 6.92; .36%.'H NMR (500 MHz,
DMSO-d6) & 14.56 (s, 1H), 14.06 (s, 1H), 9.05 (s, 1H), 8.6d,(0 = 11.9, 7.8 Hz,
1H), 7.88 (ddJ = 9.9, 7.3 Hz, 1H), 7.81 (s, 1H), 7.71 (dds 8.6, 1.7 Hz, 1H), 7.65
(d,J = 8.5 Hz, 1H), 2.48 (s, 3H}’*C NMR (125 MHz, DMSOd6) § 163.99, 149.21,
147.22, 145.39, 140.86, 137.04, 135.98, 135.53,1135129.84, 128.30, 120.36,
118.43, 116.70, 109.27, 100.44, 20.53. ESI-MS: m/£39.96
[M+2DMSO-MeOH-CIT".

Complex12 (yield 70%) Anal. Calc. for §H4:Cl;0NgOgRI: C 36.53; H 3.22; N

6.55; O 9.98%, Found: C 36.55; H3.20; N 6.58; 02%9'H NMR (500 MHz,
DMSO-d6) & 14.64 (s, 1H), 14.08 (s, 1H), 9.09 (s, 1H), 8.831H), 8.06 (s, 1H),
7.83 (s, 1H), 7.78 — 7.70 (m, 1H), 7.66 {d= 8.5 Hz, 1H), 2.49 (s, 3H}’C NMR
(125 MHz, DMSO€6) § 164.52, 148.19, 141.96, 141.19, 136.60, 136.23,653
134.13, 128.87, 127.78, 125.65, 123.22, 120.83,7418117.22, 114.17, 21.05.
ESI-MS: m/z 629.87 [M+ DMSO-H]

Complex13 (yield 65%) Anal. Calc. for €H4.BrsClsNeO;Rhy: C 32.42; H 2.93;

N 5.82; O 7.75%, Found: C 32.47; H 2.89; N 5.587.68%.'H NMR (500 MHz,
DMSO-d6) & 14.58 (s, 1H), 14.07 (s, 1H), 9.09 (s, 1H), 9.891H), 8.16 (s, 1H),
7.82 (s, 1H), 7.73 (dl = 8.7 Hz, 1H), 7.66 (d] = 8.5 Hz, 1H), 2.49 (s, 3H}*C NMR
(125 MHz, DMSO€d6) 6 164.52, 147.86, 141.99, 136.62, 136.25, 135.64,883
131.04, 128.86, 126.42, 120.83, 119.71, 118.69,621217.22, 117.12. ESI-MS: m/z
719.74 [M+ DMSO-H].
4.5. X-ray Crystallography

The X-ray crystallography data df and complexe®-13 were collected on a
Bruker SMART Apex Il CCD diffractometer equippedtlwigraphite monochromated

Mo-Ka radiation § =0.710 73 A) at room temperature. All crystal stames were



solved with direct methods and refined using SHELZX{programs [37]. Tables
S2-S7 list the crystallographic data of compodrehd complexe8-13 and Tables
S1 and S8 show selected bond lengths and bondsangle
4.6. Cell Culture and other Experimental Methods

The Hep G2, HelLa 229, MGC80-3, NCI-H460 and HL-7¢@fls were obtained
from Shanghai Institute for Biological Science. Te¢wll lines were cultured in the
Dulbecco’s modified Eagle’s medium (DMEM) supplertezhwith 10% fetal bovine
serum (FBS). The procedures of the cytotoxicityagssell cycle analysis, apoptosis
analysis, Western blot anich vivo xenograft model assay were similar to those
reported by Zhang et al. [38]. The assessment gpase-3/9 activation was
performed as reported by Duan et al. [39]. The E@fHibition tests were performed
as reported by Engel et al. [29]. The haematoxghid eosin (H&E) staining tests
were performed as reported by Guo et al.[40]. THel-N460 xenograft mouse
models were purchased from Beijing HFK Bioscienae, @.td. (Beijing, China,
approval No. SCXK 2014-004). The animal procedwrese approved by the 181
Hospital of Chinese People’s Liberation Army (GuijliChina; approval No. SYXK
2013-0004). All animal experiments were performadaccordance with the NIH
guidelines for the care and use of laboratory alsinfatatistical analyses were also
carried out [38].
4.7. Acute Toxicity Sudies

Four-week old Kunming (KM) mice (18-22 g body weigtwelve female and
twelve male) were randomly divided into four groufms = 6). Complex9 was
administered into two groups of mice at a dose®fBfd 12.5 mg/kg body weight,
respectively. The mice in the control group recdisaline injection. The body weight

of the mice was recorded daily. After treatmenttioo weeks, the major organs (heart,
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liver, and kidney) were collected and weighed.
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Figure legends

Figure 1. Crystalstructures o#l, 9-13 with atom labeling. The free methanol3a13

is omitted for clarity.

Figure 2. Inhibition rates of4-13 (1 uM) for EGFR. Afatinib (1uM) was used as
positive control.

Figure 3. (A) Complex 9 inhibits the phosphorylation of the EGFR and its
downstream enzymes (Akt and Erk1/2) in Hep G2 cdBy Western blot bands
guantified with ImageJ (from three independent maesaments).

Figure 4. (A) Relative expression profiles of 76 cancer-relatedeg in Hep G2 cells
after treatment with compleX (10 uM) for 24 h. (B) Gene ontology terms associated
with the altered genes that show strong enrichment.

Figure 5. Cell cycle distribution of Hep G2 cells treatedwitomplex9 at 1, 2, 5uM
for 24 h. (A) Cell cycle arrest analysis by flowtametry. (B) Histogram of the
percentage of cells in G1, S, and G2/M phases.

Figure 6. Induction of apoptosis by compléxin Hep G2 cells. (A) Annexin V-PI
staining and flow cytometry analysis. (B) Histogrash the percentage of early
apoptotic cells.

Figure 7. Activation of (A) caspase-3 and (B) caspase-9 ip B2 cells treated with
complex9 (5, 10, 15, and 2(GM) for 24 h.

Figure 8. (A) Expression levels of Bcl-2 family proteins in Heg €ells treated with
complex9. (B) Western blot bands quantified with Imagedr{irthree independent
measurements).

Figure 9. (A) Body weight of Kunming micen(= 6) treated with compleX (12.5 and
25 mg/kg body weight, intraperitoneal injection endaily) or cisplatin (2 mg/kg

body weight, intraperitoneal injection once evemp tdays) for two weeks. (B) The



weight of harvested organs (heart, liver, kidnefggratreatment for two weeks. (C)
Histological morphology of H&E-stained tissue sens of mice in different groups.
Figure 10.In vivo anticancer activity of compleXin NCI-H460 xenograft model. (A)
Body weight of nude mice treated with compx12.5 and 25 mg/kg body weight,
intraperitoneal injection once daily), cisplatin if&y/kg body weight, intraperitoneal
injection once every two days), or vehicle conif® DMSO in saline, v/v) for 2
weeks. (B) Effect of compleQ, cisplatin, or vehicle control on the growth ofrtor
xenograft. The mean tumor volume (MHm SD ( = 6) was used to indicate tumor
growth and calculate the relative tumor incremeué (T/C, %). (C) Tumor weight
distribution at day 14 of NCI-H460 xenograft tuma(iS) Photographs of tumor from
mice in different groups. (E) Histological morphgjoof H&E-stained tumor tissue
sections of representative nude mice in differeatigs.

Scheme 1.Synthesis o#-8. (a) acetic anhydride, hydrochloric acid, r.t. BQ)CE,
DMF, 90 °C. (c) 70% acetic acid aqueous solution,°@5 (d) o-phenylenediamine
derivatives, MeOH, 65C.

Scheme 2Synthesis of the rhodium complexes. (a) RhW&H,0, MeOH/CHC}, 80

°C.



Table 1.ICs¢° (M) values of compound$-13 towards normal liver cell HL-7702 and four tumetldines.

Sl Sl Sl Sl
Compound Hep G2 HeLa229 MGC80-3 NCI-H460 HL-7702
Hep G2 HeLa229 MGC80-3 NCI-H460
4 266+04 335+14 228+0.7 357x0.7 228+14 0.9 0.7 1.0 0.6
5 253+06 30.1+£0.7 29.7+09 33712 285+09 11 0.9 1.0 0.8
6 >40 >40 37.5+1.0 >40 >40 - - - -
7 224+16 265+1.2 30.1+0.5 >40 29.1+0.7 1.3 11 1.0 -
8 20.3+0.5 >40 247+05 228+0.6 304+0.9 15 - 1.2 1.3
9 6.1+0.2 8.4+0.8 10.2+0.6 6.3+0.3 22.0+0.7 3.6 2.6 2.2 3.5
10 8.8+0.6 104+1.2 94+0.7 82+1.1 13.6+1.7 15 1.3 1.4 1.7
11 7.9+0.8 11.2+0.9 6.1+0.5 9.6 +0.7 18.4+1.3 2.3 1.6 3.0 1.9
12 9.6 +0.7 7.3+0.5 106+0.6 103+0.8 125+1.5 1.3 1.7 1.2 1.2
13 9.6 +0.7 11.5+1.0 6.3+0.2 10.2+0.5 95+1.2 1.0 0.8 1.5 0.9
RhCl3-3H,0O >40 >40 >40 >40 >40 - - - -




Cisplatin® 83+06 145+0.7 11.1+05 175+09 12.8+0.9 15 0.9 1.2 0.7

2 Cs values are presented as the mean + SD (standarcdéthe mean) from five independent experimeh@isplatin was dissolved in saline.

Sl (Selectivity Index)=(IG, for HL-7702)/ (1G for the respective cancer cell line)
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Highlights

® A seriesof 2(1H)-quinolinone derivatives and their rhodium(I11) complexes were prepared

® Complex 9 exhibited higher in vitro cytotoxicity for cancer cells than cisplatin

® Complex 9 inhibited the phosphorylation of EGFR and its downstream enzymes

® Complex 9 effectively inhibited tumor growth in mice with less adverse effect than cisplatin



