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Abstract: The pharmacological effects of carbon to silicon bioisosteric replacements have been widely 
explored in drug design and medicinal chemistry. Here, we present a systematic investigation of 
the impact of different silyl groups on the anticancer activity of mucobromic acid (MBA) bearing 
furan-2(5H)-one core. We describe a comprehensive characterization of obtained compounds with 
respect to their anticancer potency and selectivity towards cancer cells. All four novel compounds 
exert stronger antiproliferative activity than MBA. Moreover, 3b induce apoptosis in colon cancer cell 
lines. A detailed investigation of the mechanism of action revealed that 3b activity stems from the 
down-regulation of survivin and the activation of caspase-3. Furthermore, compound 3b attenuates 
the clonogenic potential of HCT-116 cells. Interestingly, we also found that depending on the type of 
the silyl group, compound selectivity towards cancer cells could be precisely controlled. Collectively, 
we demonstrated the utility of silyl groups for adjusting both the potency and selectivity of silicon- 
containing compounds. These data reveal a link between the types of silyl group and compound 
potency, which could have bearings for the design of novel silicon-based anticancer drugs.
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1. Introduction
W ith over 19 m illion new  cases and 9.9 m illion deaths in 2020, cancer rem ains a 

w orldw ide cause of prem ature m ortality  [1]. D espite the continuous progress in the de
velopm ent o f novel anticancer drugs, current treatm ents, including targeted therapies, 
have their lim itations and they still cause severe side effects [2] . To overcom e this, cancer 
im m unotherapies have recently em erged to provide im proved clinical outcom es. D isap
pointingly, not all cancers respond to such treatm ent and further evaluation of predictive 
m arkers and com bination therapies is required before cancer im m unotherapy becom es a 
gold standard in clinical oncology [3 ]. Therefore, there is still a great need for the discovery 
and developm ent of new  lead sm all-m olecule com pounds w ith  increased activity  and 
reduced toxicity to non-m alignant cells.

Furan-2(5H )-one scaffold and its variations are w idely  present in m any bioactive 
natural products [4,5 ]. The m odification of this structural m otif led previously to m ultiple 
derivatives w ith a w ide range of activity against cancers [6- 9], bacterial infections [10,11], 
and fungus [12,13]. W hile the prim ary mechanism(s) of action and direct target(s) of furan- 
2(5H)-one remain unclear, some of its reported derivatives have been im plicated in a range 
of functions including the inhibition of M D M 2-p53 interaction [14], inhibition of COX- 
1 [15], as well as the inhibition of topoisomerase I [16]. In recent years, furan-2(5H)-one has
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em erged as a privileged scaffold in m edicinal chemistry. "Then great interest in furan-2(5H)- 
one stems frone two main reasons. First, this five-membered ring offers uniqu e positioning 
of substituents thereby creating a scaffold that m ighf be applied to design com pounds to a 
w ide range of m olecular targets [17]. Second, the com m ercial availability of inexpensive 
reactive forms of furan-2(5H)-one, such as mucochloric (MCA) or mucobromic acids (MBA), 
provides medicinal chem ists a rapid access for the generation of new m olecules by tailoring 
the type of substituent and its position on the furan-2(5H )-one scaffold [18].

One of the m ain reasons for the failure of small m olecules in in vivo and clinical stud
ies is poor pharmacological and ADM ET properties [19]. One potentially attractive strategy 
to im prove the pharm acological properties of anticancer drugs is their m odification w ith 
silicon-containing groups. Sm all m olecules harboring hydroxyl groups offer great possi
bility to transform  them  into silyl derivatives, w hich  m ay exhibit better pharm acological 
profiles a nd activity than the parent molecule. This is du e to the unique properties of sil icon, 
w hich  have been  review ed previously in  detail. Besides the bond length, the (difference; 
betw een carbon and silicon that is relevant in the drug design is the increased hpophilic 
ahaaocter of gilicon, w hich confers better penetrotfon through cell m em branes [2 0 , ° 1  ] .

In our previous w ork, the design of m ono- and disubstituted derivatives containing1 

fuean-2(5H )-one core w as guided by tire 2dea of incorporating aliphatic groups at C-5 
sn e  arom rtic m oieties at 4-C  (Figure r A ). Prim ary SA R  for 5-alkoxy derivative о of M CA  
suggests fhat the intsoduction of bulky hydaophobic g rou p , at the C-5 poshion increa ser 
rntipro liferative potency and provi o es a good lev1 el c f  selectivity tow ards non-sm all lung. 
cancer cel1 line A 549 [2 2 ] . In the current study, w e hypothesized that silyl ethers of M BA 
m ay com bino this effeci w ith  urnque propeoties of silicon in term s of pharm acologital 
°>ro]oerties. Tine concept is d-p icted  in Figure II- . The M BA m olecule containing, a re active 
°yd-oxyl group is convertgd to its silyl ether derivative. This approach proceeds by reaction 
r f the M BA with the silyl dsrivatizing agent. Tho nature of three auxiliary R ond R1 groups 
woul d provido flexibility1 in m odulation of both the hydro.liobicity  end hydrolytit stab ility 
of derivatives.

Figure 1 . Strategy of compound design. (A) synthesis of alkoxy derivatives of MCA, (B) synthesis of 
eilyloxy deeivatives oi MBA.

H erein, w e report the synthesis and the evaluation of the anticancer activity of novel 
set of M BA and its silyl ethers in several cancer cell lines. Interestingly, new derivatives were 
particularly  active in colorectal cancer cell lines. Furtherm ore, the detailed investigation 
of the potential m echanism  of action revealed that som e of new  silyl ethers of M BA  have 
a com plex m echanism  of action w hich  involves the dow n-regulation of survivin and 
caspase-dependent apoptosis.



2. Results
2.1. Chem istry

To access various 5-O-silylated M BA derivatives, commercially available 3,4-dibromo-5- 
hydroxyfuran-2(5H)-one (MBA) 1 was treated with different silyl chlorides 2a- d (Schem e 1, 
Table 1). Silylation reactions were carried out in anhydrous DMF in the presence of DIPEA 
at 0 ° C. This approach furnished com pounds 3a- d w ith yields ranging from  32%  to 76%. 
The structure of the obtained M BA  derivatives w as confirm ed using 1H  N M R, 13C N M R 
and high-resolution electrospray ionization m ass spectroscopy (ESI-MS).

Scheme 1. Synthesis of 5-substituted MBA derivatives. (a) DIPEA, DMF, 0 °C.

Table 1. 5-O-Silyl ethers of MBA.

Target Compound R1 R2 R3
3a Me tert-Bu Me
3b i-Pr i-Pr i-Pr
3c Ph tert-Bu Ph
3d Et Et Et

2.2. Antiproliferative A ctivity

The in vitro antitumor activities of the M BA and its derivatives (Table 2) were assayed 
against a panel of hum an cancer cell lfnes (H C T116, H C T-11v - / - p 5)3, H T-29, M CF-7, 
SJSA -1, U 2 0 S , H epG 2 and H ep3B) using the M TT assay. As a reference drug- w e used 
5-fluorouracil (5-FU). As illustrated in Table 2 , three of four novel silyl derivatives of 
M BA  displayed better antiproliferative activity  than the parent com pound in all tested 
cell lines. Interestingly, colon cancer cells w ere m uch moro sensitive to M BA  and its silyl 
derivatives than the celle of other types. In porticifiar, com pound f t  and 3d exhibited an 
excellent antiproliferative activity anly in the H C T -H 6  с ell fine IC50 = 1.3 |eM and 1.6 gM, 
respectively, w hile their efficacy in other tested cell lines w as com parable to that of the; 
M BA. In contrast, com pounds 3b and 3c have been show n to Ira effective atross all tested 
concer cellsw itli IC 50 ranges 7.3 to 21.3 gM and 3.9 to 65.6 gM, respectively. Compound 3d 
had superior anticancer activity  in the H CT-116 and H CT-116 - / - p35 cell lines, bu t w as 
significantly less active m M CF-7 cells (IC50 = 89 |sM) and therefore its evaluation in other 
cell lines lias been halted. O n the basis of in vitro antiproliferative activities, com pounds 
3b and 3c w ere selected for further m echanistic studies fn the HCT-116 cell line.



Table 2. Cytotoxicity of MBA derivatives and 5FU against multiple cancer cell lines (nt—not tested).

Compound

d ell lin e I'M BA 3a 3b 3c 3d 5FU

HCT 11 6 wt t0.5 ±  5.2 1.3 ±  0.12 15.1 ±  0.2 6.3 =0 0.3 1.6 ± 0 .4 6.3 ±  1.0
HCT 116 p53-/ - 25.4 ±  1.0 21.4 ± 3 .4 1 0  .8 ± 1  .0 4.0 =0 0.3 4.4 ±  0.4 13.4 ± 1 .5

HT-29 97.1 ±  6 .6 88.7 ±  8.2 7. 3 =0 0.8 3.9 ±  0.2 nt 32.8 ±  4.7
MCF-7 141.8 ± 22 .6 181.3 ±  14. 2 9.7 ± 0 .9 10.9 ±  5. 7 89.2 ±  6.0 29.7 ±  1.4
SJSA-1 2 1 2 .8  ±  8 .8 196.3 ±  5.4 9.9 ±  1.1 14.9 ±  1.5 nt nt
U 20S 97.6 ± 1 .1 nt 3.3 =0 0.2 1 0 .2  =0 t .8 bntt 89.8 ±  12.1

HepG2 91.7 ±  t . t 135.4 ±  6.0 15.6 ± t .2 nt bntt bntt
Hep3B 125.2 ±  10.5 135.3 ±  6.1 21.3=3 5.5 65.6 ±  t.2 nt nt

2.3. Cell Cycle Analysis and A poptosis Induction

To better understand the origin of the higher susceptibility of colon cancer cells to M BA 
and its novel derivatives, compounds 31b and 3c were selected to test their ability to perturb 
the cell cycle in the HCT-116 cell line. Interestingly, neither the M BA nor its silyl derivatives 
3b and 13c tested at 10 gM , influenced the progression of the cell cycle in H CT-116 after 
24 h of exphsure. W hen tested at 20 gM, the M BA decreased the num ber bf celle in the G1 
phase (from 49.7% to 38.9%) w ith a concom itant slight increase in the percentage of cells in 
both S and G2 phases. Com pounds 3b and 3c did not alter the progression of the cell cycle 
at 120 gM  as w ell. H ow ever, a  significant increase in the percentage of sub-G1 cells after 
treatm ent w ith com pnunds 3b and ° f  w as observed. Com pound 131» increased ihe sub-G1 
population b d 10% and 31% , at a concentration of 10 gM  and 20 gM , respectively, w hile 
com pound 3c exerts such effect only by f 0% at the highest tested concentration (Figure 2). 
O f noto, treatm ent w ith  com pound 1 did not couse any significant increase of the sub-G1 
cells (0.7%  at 10 and 1.6% at 20  gM ) w  hen com p ared to the untreated cells ( 0.3% ). This 
resul» h ighlights the im portance of1 the Cyjae of silyl group on the m ech an ism o f action of 
tested com pounds on HCT-116 cells.

Figure 2. Effecd of MdA and its silyi derivatives 3b and 3c on cell cycle; in HCT 116 cells after 24 h 
exposure; Representative cytograms (with percentage o2 cells in celi cycle phases) from nne of at 
least two independent experiments are shown; quantification of sub-G1 cell percentage is shown (left 
bottom column phi:); ns—not signifibarg, *** p < 0.0015, **** p < 0.0005.

The concentration-dependent accum ulation of cells in ihe sub-G1 pesie after treatm ent 
w iih compounds 3b and 3c suggests thai these compoBnds may exert »heir antiproliferaeive 
effects in H CT-116 through the induction of apoptosis. To verify  this thesis, w e utilized



annexin-V /PI double staining of cells, w hich  w ere subsequently  subjected to flow  cyto
metric analysis. The cells exposed to compound 3b at 20 gM showed a significant increase 
in both early (a n n ex in -V + / P I-) and late (annexin-V+/PI+) apoptotic populations, w hich 
accounts for roughly 30% of death cells in total (Figure 3A,B). The percentage of apoptotic 
cells after treatm ent w ith  com pound 3c w as low er and reached only 18.5%. In the sam e 
conditions, M BA tested at 20 gM  had negligible proapoptotic activity.

Figure 3. Effect of MBA and derivatives 3b and 3c on apoptisis in HCT-116 cell line after 24 h 
exposure at 20 °M. (A) representative cytograms (with percentage of cells in each quadrant) from 
one of at least two independent experiments are shown, (B) quantification of cell death as a sum of 
both annexiń+/PI- and annexiń+/PI+ cells, (C) changes iń apoptosis-related proteins determined 
with using a Human Apoptosis Proteome Profiler kit. (D) quantification of changes of expression 
of pro-caspase-3 and cleaved caspasc-3, (E) quantification of chxnges of expression of  survivin; 
* p < 0.055 ** p < 0.005.

To explore in detail the molecular m echanism of apoptosis induction by compounds 3b 
and 3c, we em ployed Hum an Apoptosis Proteome Profiler arrays that allow quantification 
of apoptosis-related biom arkers (Figure 3C ). W e detected significant up-regulation of 
cleaved caspase-3, a w ell-know n apoptosis marker, after short exposure (1 h) of H CT-116 
to com pound 3b tested at 30.2 gM  (2 x  IC 50). In  such conditions, neither the M BA  nor 
com pound 3c induced caspase-3 activation. M oreover, 3b caused the dow n-regulation 
of survivin, a m em ber of the inhibitors of apoptosis (IAP) family. C ollectively, it can be 
concluded that silyl derivative 3b promotes cell death in HCT 116 cells by the alteration of 
expression levels of survivin and activation of caspase-3.

2.4. Colony-Formation A ssay

We next sought to investigate the effects of the M BA  and com pound 3b clonogenic 
potential of the H CT-116 cell line. The cells w ere treated w ith  com pounds 1 and 3b at



10 gM for 24 h. After harvesting, the cells were re-seeded and cultivated for another 10 days 
in a drug-free m edium . C om pound 3b com pletely  abolished the re-grow th of H CT-116 
colonies after 24 h  of pretreatm ent. The M BA  also attenuated tise clonogenic potential of 
HCT-116 lo a m uch less extent than the novel silyl derivative (Figure 4 ).

Figure 4. Silyl derivative 3b abolishes the clonogenic potential of HCT 116cells; Representative 
colony formation images of the HCT cells after 24 h treatment withMBA and 31) Eire shown.

2.5. Effect o f  Silyl Group on Compounds Selectivity

One of the major drawbacks of currently used anticancer drugs is their low selectivity, 
which often leads to undesired side effects that may be harmful to patients. Overcom ing this 
challenging task requires special attention at the pre-clinical developm ent level. To check 
w hether silyl group incorporation may affect the selectivity of com pounds towards cancer 
cells, M BA and all its new  silyl derivatives w ere tested for their efficacy on noncancerous 
BEAS-2B and cancerous A549 cells line. The cytotoxicity of all silylated analogues in A549 
cells w as higher than that of the M BA  (IC 50 = 203 gM) exhibiting IC 50 values ranging 
from  4 .7  to 2 3 .4  pM (Table 3 ). The M BA  w as also m ore cytotoxic to BEA S-2B cells w ith  
IC 50 39.7 pM and SI = 0 .2 , indicating; that the parent com pound affects cell v iability  in 
noncancerous cells m ore than in cancerous ones. D erivatives 3b and 3c w ere m ore potent 
than the M BA in thu A549 cell line, but they also rem arkably affect the viability of BE AS-2B 
cells (IC50 1-2.5 gM  and 20.3 pM, respectively) having; SI -values 0.41 and 0.70, respectively. 
In contrast, com pounds 3a and 3d w ere m ore cytotoxic to A 549 cells w ith  SI values 6.05 
and 1.72, res pectively. Strikingly, those two com pounds have similar cLogP values 3.08 and 
3.22, respectively. This suggests that incorporation of silyl groups into drugs may. im pact 
not only their efficacy but also could alter com pound selectivity.

Table 3. Selectivity of MBA and compounds 3a-d in NSCLC cell line A549 and normal bronchial 
epithelium cell line BEAS-2B.

Compound
Cell Line

SI cLogP a
A549 BEAS-2B

MB A 203 ±  0.3 39.7 ±  9.7 0.2 1.02
3a 23.4 ±  6.6 141.7 ±  23.1 6.05 3.08
3b 30.4 =1= 4.2 12.5 ±  1.4 0.41 4.06
3c 29.1 =1= 1.0 20.3 ±  0.6 0.70 4.68
3d 4.7 ± 0 .1 8.1 ± 1.2 1.72 3.22

a— calculated with swissadme.ch.

3. D iscu ssion

Targeting apoptosis is a promising strategy for cancer treatment. However, the number 
of FD A -approved drugs that exert proapoptotic activ ity  is lim ited. Currently, m ultiple 
sm all-m olecules triggering cancer cell death are under preclinicol and clinical investigation. 
The m ajority  of these agents rcn rhrough the fnhibition of anti-apoptotic m em bers of the 
BCL-2 fam ily  (Bcl-2, Bcl-a, M cl-2). A m ong them , only venetoclax gained FD A  approval 
for the treatm ent of certain  types of cancers. Therefore, there is an urgent need for the 
developm ent of new  therapeutic strategies that selectively target apoptosis in cancer.



In a continuation of our efforts on the developm ent of furan-2(5H )-one derivatives, 
we obtained here simple but potent com pounds able to trigger colon cancer cell death. We 
found that their proapoptotic activity could be adjusted by the presence of particular silyl 
groups. This w as especially highlighted by com pounds 3a and 3b. The first one, bearing 
the TBD M S group w as the m ost potent in suppressing cell proliferation (IC50 = 1.4 gM) 
but failed to induce apoptosis in  the H CT-116 cell line. In contrast, com pound 3b having 
the TIPS group, rapidly triggered cell death in  the H CT-116 cells. W hy w ere there such 
dram atic differences in the proapoptotic activity  of the silylated M BA  derivatives? We 
speculate that silylation of the M BA  m ay greatly im prove penetration through cell m em 
branes. The increase o f proapoptotic activity  through the incorporation of silyl groups 
(i.e., TBD M S) has been  reported previously  for several classes of com pounds, including 
cam ptothecin and genistein glycoconjugates, and has been correlated w ith  an increase of 
hydrophobicity [23,24]. In fact, the two most active compounds 3b and 3c have the highest 
cLogP values (4.06 and 4.68, respectively), a w ell-know n indicator of cell perm eability. 
This m ay suggest that am ong all tested com pounds, 3b and 3c m ay be the m ost effec
tive in  the penetration of cell m em branes. A nother possible explanation of the superior 
proapoptotic activity of 3b is that the bulky TIPS group enhances the interaction betw een 
the m olecule and its intracellu lar target. Such potentiation by  the introduction of silyl 
groups has been observed previously for com pounds targeting HIV-1 reverse transcriptase 
(HIV-1 RT) [25,26].

We cannot also exclude that com pounds developed by us m ay act as pro-drugs. It is 
w ell know n, that depending on the steric hindrance on the silicon atom , the hydrolysis 
rates w ill vary significantly betw een derivatives. This w ould support our hypothesis that 
the TIPS group of 3b enhances its interaction w ith  m olecular targets. H ow ever, further 
studies are required to identify direct m olecular targets of tested com pounds.

The m echanistic studies on  the activ ity  of com pounds revealed that com pound 3b 
m ay act through targeting survivin, w hich ultim ately leads to triggering apoptosis.

4. M aterials and M ethods
4.1. Chem istry

All reagents w ere obtained from com m ercially available sources (M erck (D arm stadt,
G erm any), Sigm a-A ldrich , and A vantor Perform ance M aterials). N M R  spectra w ere
recorded on a Varian spectrom eter 600 M Hz and Agilent spectrom eter 400 M Hz in DM SO-
d 6  solution using tetram ethylsilane (TM S) as an internal standard. C hem ical shifts are 
reported as 6  values (ppm ). M elting point m easurem ents w ere perform ed in  an open 
capillary u sing Stuart® SM P30 apparatus. H igh-resolution electrospray ionization m ass 
spectroscopy (ESI-MS) experim ents were performed using a Waters Xevo G2 QTOF instru
m ent equipped w ith an injection system  (cone voltage 50 V; source 120 °C).

Silyl Ethers of 3,4-D ibrom o-5-hydroxy-furan-2(5H )-one 3a-d

3,4-D ibrom o-5-hydroxy-furan-2(5H )-one (1 ,1  eq.) w as dissolved in anhydrous DMF 
(10 m L D M F for 1 m m ol of 1). The appropriate silyl chloride 2 a -d  (1.1 eq.) and D IPEA  
(1.2 eq.) w ere added w hile stirring at 0 °C. The reaction m ixture w as stirred at 0 °C  
until TLC (M eO H :C H C l3 , 5 :95, v/v) indicated the total decay of the starting m aterial 
(2 h). The reaction m ixture w as quenched w ith  cold w ater (10 m L) and extracted w ith  
d ichlorom ethane (2 x  10 m L). The organic layer w as dried over anhydrous M gSO 4 and 
the solvent w as rem oved under reduced pressure. The residue w as purified by  colum n 
chrom atography (n-hexane: ethyl acetate, 20:1 v/v ) to give com pounds 3a-d .

3,4-D ibrom o-5-(tert-butyldim ethylsilyloxy)-furan-2(5H )-one (3a)

Brow n solid; yield: 76% ; m .p. = 91 -9 3  °C ; XH  N M R  (400 M H z, D M SO -d6) 6 : 0.22 (s, 
3H ), 0.25 (s, 3H ), 0.95 (s, 9H ,), 5.99 (s, 1H, H -5); 13C N M R  (100 M H z, D M SO -d6) 6 : - 5 .2 5 ,  
- 4 .5 3 ,  18.00, 25.36, 98.77, 117.42, 146.18, 164.18; ESI-M S: m / z  392.9133 [M+Na+]+ (m/z 
calcd. 392.9133 [M+Na+]+).



3.4-D ibrom o-5-(triisopropylsilyloxy)-furan-2(5H )-one (3b)

Yellow oil; yield: 42%; XH NM R (600 M Hz, D M SO-d6 ) 6 : 1.11 (s, 9H, 3 x -C H 3 ), 1.12 (s, 
9H, 3 x -C H 3 ), 1 .18-1.26 (m, 3H, 3 x C H ), 6.10 (s, 1H, H-5); 13C N M R (150 M Hz, D M SO -d6 ) 
6 : 12 .07 ,17 .65 , 9 8 .8 0 ,1 1 7 .6 1 ,1 4 6 .4 5 ,1 6 4 .3 3 ; ESI-M S: m / z  434.9602 [M+Na+]+ (m/z calcd. 
434.9603 [M+Na+]+).

3.4-D ibrom o-5-(tert-butyldiphenylsilyloxy)-furan-2(5H )-one (3c)

Colorless oil; yield: 60%; XH NM R (600 M Hz, DM SO-d6 ) 6 : 1.13 (s, 9H, C(CH 3 )3 ), 5.88 
(s, 1H, H -5), 7 .40-7 .43 (m, 4H ), 7 .46-7 .49 (m, 2H), 7 .69-7 .72 (m, 4H ,); 13C N M R (150 M Hz, 
D M SO -d 6 ) 6 : 19.41, 26.74, 9 6 .5 5 ,1 2 3 .4 3 ,1 4 9 .9 5 ,1 6 3 .3 5 ; ESI-M S: m / z  516.9445 [M+Na+]+ 
(m/z calcd. 516.9446 [M+Na+]+).

3.4-D ibrom o-5-(trietylsilyloxy)-furan-2(5H )-one (3d)

Yellow oil; yield: 27% ; XH  N M R  (400 M H z, D M SO -d 6 ) 6 : 0.74 (q, 6 H, J = 16.0 Hz, 
J 1 = 8.0 Hz, 3 x  Si-C H 2 -C H 3 ), 1.02 (t, 9H , J = 16.0 H z, J 1 = 8.0 H z, 3 x  C H 3 ), 6.00 (s, 1H, 
H -1); 13C N M R  (100 M H z, D M SO -d 6 ) 6 : 4.72 (3 x  C H 3 ), 6.48 (3 x  Si-C H 2 -C H 3 ), 98.79, 
117.58 (C3), 146.40 (C4), 164.35 (C2); ESI-M S: m /z  392.9134 [M+Na+]+ (m/z calcd. 392.9133 
[M+Na+]+).

4.2. Cell Lines

H um an cells lines: colon cancer (H C T-116 w t, H T-29), non-sm all lung carcinom a 
(A549), and bronchial epithelial cells (BEA S-2B) w ere obtained from  A m erican Type C ul
ture C ollection (ATCC, M anassas, VA, U SA ). Isogenic cell line H CT 116 p 53- / -  (deleted 
both p53 alleles) w ere a g ift from  Dr. Bert Vogelstein. O ther cell lines, nam ely M CF-7, 
SJSA -1, U 2O S, H epG 2, and H ep3B w ere received from  the collection stored at Centre 
of Biotechnology of Silesian U niversity  of Technology. A ll cells w ere grow n in D M EM  
w ith a high glucose m edium  (Sigm a-A ldrich, Taufkirchen, G erm any) supplem ented w ith 
10% (v/v) inactivated  fetal bovine serum  (FBS) (EU Rx, G dansk, Poland) and 1% antibi
otics (10,000 gg/m L of streptom ycin and 10,000 units/m l of penicillin) (Sigm a-A ldrich, 
Taufkirchen, G erm any) at 37 °C  in hum idified 5%  C O 2 . The m axim um  concentration of 
D M SO  in the culture m edia w as 0.4%.

4.3. M T T  A ssay

5 x  103 cells per w ell for the M C F-7 cell line and 2.5 x  103 cells per w ell for the 
other cell lines w ere seeded in 96-w ell plates to adhere for 24 h. A fterw ard, the cells w ere 
treated w ith  tested com pounds. A fter 72 hours of incubation, 50 gL 0.5 m g/m l solution 
of M TT (3-(4,5-dim ethylthiazol-2-yl)-2,5-diphenyl-2H -tetrazolium  brom ide) w ere added 
to each w ell and the plates w ere incubated for 3 h at 37 ° C. N ext, the M TT solution w as 
rem oved from  the plates and form ed form azan crystals w ere d issolved in  2 -propanol 
(Avantor Perform ance M aterials, G liw ice, Poland) containing 0.04 M  hydrochloric acid 
(Avantor Perform ance M aterials, G liw ice, Poland). The absorbance w as m easured at 
570 nm  w avelength using a m u ltiw all plate reader (BioTek, W inooski, VT, U SA ). The 
experim ent w as perform ed at a m inim um  of 3  independent replicates. C ell viability  w as 
set as a percentage versus vehicle control. IC 50 w as defined as a concentration of a drug 
that decreased cell viability by  50%  relative to the untreated control.

4.4. Cell Cycle A nalysis

The H CT 116 cells w ere seeded in 6 -w ell plates (Nunc, Therm oFisher, W altham , M A, 
U SA ) at a density  of 5  x  104 cells/w ell. A fter 24 h the m edium  w as replaced w ith  tested 
com pounds. The cells w ere incubated for 24 h at 37 °C. A fterw ard, floating cells w ere 
collected and adherent cells w ere harvested by trypsinization and centrifuged at 600 x g. 
The cells w ere w ashed w ith PBS (phosphate buffered saline) (Sigm a-Aldrich, Taufkirchen, 
G erm any) and then fixed in  70% ice-cold  ethanol and stored at - 2 0  ° C overnight. The 
next day the cells w ere centrifuged at 600 x  g, w ashed w ith  PBS, treated w ith 100 gg/m L



R N ase A  solution (EU Rx, G dańsk, Poland), 100 gg/m l solution of propidium  iodide (PI) 
(Acros Organics, Geel, Belgium ) and incubated for 30 min at room temperature in the dark. 
A fter staining, the cells w ere analyzed using a Becton D ickinson FACS A ria III sorter (BD 
Com pany, San D iego, C A , U SA ). Experim ents w ere repeated at least tw ice. D ata w ere 
analyzed using M odFit LTTM  Softw are (Verity Softw are H ouse, Topsham, M E, USA ).

4.5. A nnexin V-FITC Apoptosis A ssay

The H C T 116 cells w ere seeded in 6 -w ell plate (N unc, Therm oFisher, W altham , M A, 
U SA ) at a density of 5 x  104 cells/w ell and allow ed to attach. A fter 24 h the m edium  
w as replaced w ith  tested com pounds. The cells w ere then incubated for 24 h at 37 °C. 
N ext, both  floating and adherent cells w ere harvested and centrifuged at 600 x  g. The 
cells w ere w ashed w ith  PBS (phosphate buffered saline) (Sigm a-A ldrich, Taufkirchen, 
G erm any) and w e follow ed instructions from  the m anufacturer of the A nnexin V-FITC 
A poptosis D etection K it (Biotool, Jupiter, FL, U SA ). Fluorescence w as m easured using a 
Becton D ickinson FACS A ria III sorter (BD Company, San Diego, CA, USA ). Experim ents 
w ere repeated at least twice. D ata w ere analyzed using FC E Express 7 Softw are (DeN ovo 
Softw are, Pasadena, CA, USA).

4.6. A nalysis o f  the Expression o f  A poptosis-Related Proteins

The H um an A poptosis A rray K it (R& D  System s, A bingdon, UK) w as used to deter
m ine the levels of expression of apoptosis-related proteins. 2 .5  x  105 H C T 116 w t cells 
were seeded on 100 mm dishes (Nunc, ThermoFisher, W altham, M A, USA) and allowed to 
attach for 24 h. Then the m edium  w as replaced w ith tested com pounds at a concentration 
corresponding 2  x  IC 50 value and the cells w ere incubated in 37 °C. A fter 60 m in the 
cells w ere lysed and the lysates w ere clarified by centrifugation for 30 m in at 14,000 x g. 
The total protein concentration w as m easured using the Protein Q uantification Kit-Rapid 
(Sigm a-Aldrich, Taufkirchen, Germ any) according to the m anufacturer's instruction. The 
next steps followed instructions from the m anufacturer of the Hum an Apoptosis Array Kit. 
The m em branes w ere then scanned in the G :Box trans illum inator (Syngene, C am bridge, 
U K ) and the protein expression levels w ere quantified by  densitom etric analysis using 
Im ageJ software.

4.7. Clonogenic A ssay

The H C T116 w t cells (5 x 104 cells/w ell) w ere plated in  6 -w ell plates (N unc, Ther
m oFisher, W altham , U SA ) and treated w ith  the tested com pounds for 24 and 72 h. Cells 
w ere harvested by trypsinization and then re-seeded on the new 6 -well plate (Nunc, Ther
m oFisher, W altham , M A , U SA ) w ith  a density  of 2 x  103 cells/w ell. A fter 10 days the 
cells w ere washed w ith cold PBS (Sigm a-Aldrich, Taufkirchen, Germ any), fixed in ice-cold 
ethanol ( - 2 0  °C ) for 3 m inutes, air-dried, w ashed again w ith  cold PBS and stained w ith  
0.01% crystal violet (Sigma-Aldrich, Taufkirchen, Germany) in dH2O (deionized water) for 
15 min. N ext the plates w ere w ashed in dH2O and allowed to dry. Colonies w ere counted 
w ith  a m icroscope (Zeiss, O berkochen, G erm any). A ggregates of 30 cells or m ore w ere 
considered as colonies. Photos w ere m ade u sing the G :Box transillum inator (Syngene, 
C am bridge, UK).

4.8. Statistical Analysis

The results w ere expressed as m eans ±  S.D. and perform ed by  unpaired t-test. All 
statistics calculations w ere carried out in GraphPad Prism  software.

5. C onclu sions

The strategy reported here provides the ability to control both hydrophobicity and the 
selectivity  of novel derivatives of M BA . Silylation of 5-hydroxyl group in the M BA  ring 
leads to set of novel com pounds w ith  increased cytotoxic potency against cancer cells in 
com parison to lead molecule 1. Interestingly, compounds showed to be most active against



colorectal cancer cell lines, which makes them  potential candidates for the developm ent of 
novel treatm ents for CRC.

In conclusion, this study not only  presents a set of potent and highly-cell-active 
com pounds, bu t it also sheds light on the im portance of silyl groups as crucial factors in 
addressing m echanism s of action and selectivity towards cancer cells. Taking into account
the availability of various silylating agents, m any further optimizations could be im agined 
in order to obtain  com pounds w ith  an appropriate balance betw een potency and cancer 
cell selectivity.
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