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ABSTRACT Heparanase is regarded as a promisingtéog anticancer drugs and Ronepastat is
one of the most promising heparanase inhibitorsrtns clinical study for Multiple Myeloma

Therapy. To improve its pharmacokinetic / pharndyoamic profile, as well to have an



antidote able to neutralize its activity in caseowér dosages or intolerance, a new class of its
derivatives was obtained inserting non-carbohydrateeties of different length between the
polysaccharide chain and biotin or its derivativMesvitro these novel derivatives maintain the
anti-heparanase activity without induced toxicitthe newly synthesized compounds retained
the ability to attenuate the growth of CAG myelotamors in mice with potency similar, or in
one case even higher than that of the referencep@mond Roneparstat as well as inhibited

metastatic dissemination (lung colonization) of meB16-F10 melanoma cells in vivo.

INTRODUCTION

Roneparstat, N-acetylated glycol split (gs) hepéalso named SST00d1is one of the most
promising heparanase-inhibiting drifgsossessing antitumor activity.Heparanase appears to
be involved in several human pathologies other tharors such as chronic inflammation,

diabetic nephropathy, bone osteolysis, thrombasi®rosclerosis, as well as rare diseases.

Roneparstat has been promisingly tested in a ghdisgcal study®’ nevertheless it is
considered useful to improve its pharmacokinegibdrmacodynamic profile to reduce the
number of daily subcutaneous administrations atageio have an antidote able to neutralize its
activity in case of over dosages or intoler&nic&@herefore, new Roneparstat-like derivatives
were prepared inserting non-carbohydrate moiefieifferent length between the
polysaccharide chain and biotin or its derivatiiesploiting different functional groups of the
polysaccharide, our aim was to preserve the hepseainhibitory activity, improve
bioavailability and get ready biotin derivativedeato be neutralized by avidin endowed with a

strong affinity for biotin®. In addition, studies have disclosed that folateptors and more



specifically biotin receptor (BR) are overexpresbed large number of cancer cells litfesnd
solid tumors, and hence may contribute to tumoeaied drug delivery. Besides, biotin
provides functional groups easily detectable byrdbal-physical methods or interaction tests

with avidin, thus allowing an easier monitoringpddsma concentrations of the drug.

Roneparstat has been prepared from heparin bydage@xidation followed by borohydride

reduction of fully N-desulfated and N-acetylategpéuen'> as represented in Figure. 1.
Figure 1

In this study biotinylation, through a linker offfdirent functional groups of heparin derivatives,
has been investigated by three distinct approa@hes, C) exploiting appropriate sequences of

reactions, as schematized in Figure 2.

Figure 2

RESULTS AND DISCUSSION

In the first approach (route [A]) the intermediéit&), common to Roneparstat preparation
obtained by periodate oxidation, was used to intceda biotin-spacer through a reductive
amination of the aldehyde groups, derived fromakielized diol of uronic acid, with the amine
group present on a biotin conjugated linker (abiated as biotin-spacer-NM In the second
approach (route [B]) starting from N-desulfated dr@p, the first intermediate of Roneparstat
synthesislif1), unsubstituted glucosamine residues, were N-geyhaith biotinylated esters

activated with N-hydroxysuccinimide (abbreviatedBastin-spacer- NHS). The third method



(route [C]) consists of exploiting the aldehydeuypaf the reducing end (RE) residues of
heparin chain to conjugate a Biotin-linker (abbat@d as Biotin-spacergNthrough “click
“chemistry*. In particular, incorporation of biotin derivativat the reducing terminus was
achieved by a two-step procedure: (i) first, N-die¢ed, N-acetylated hepariiZ) was
reductively aminated with an alkyne-amine suchrapg@rgylamine, and then subjected to
glycol-splitting reaction to give end functionalizgs N-acetyl heparin-g). (i) Second,
reductively aminated heparin was linked with bigkted spacers containing an azide group,
using copper (I)-catalyzed azide-alkyne 1,3 dipohaioaddition (CuAAC), so called “clik
reaction”™ To build-up a library of compounds, which diffestronly in the position of the
substituents, but also in their length and hydragity, seven compounds have been used
(Figure 3) classified into three types accordinth®functional group employed for the coupling
with the polysaccharide. One of the iterhgsi§ commercially available the othesY) were

synthesized as described in the experimental sectio

Figure 3

Biotinylated spacer$, 4and6 contain only a simple 1,5 diamino-pentyl chainspacer arm
between biotin moiety and heparin chain thus, ngaway the biotin residue to reduce the
steric hindrance that could interfere with biotinding assays. Differently, spaczand7
contain, in addition to the diamino pentyl moietyhydrophilic short chain of polyethylene
glycol (PEG), incorporated in the final compounddi-PEG-X]. The polypeptide spacgy
showing a length double than the biotin-Peg ch&iie constituted by the amino acidic

sequence Gly-Gly-Gly-Ser-Gly-Gly-Gly-Ser-Gly-Gly¥GISuch sequence is well known and



widely used in protein fusions, conferring a hitgxibility and, due to the absence of proteases

active on this sequence, is also quite stible

Biotinylated-linker2 [Biotin-PEG,-NH;] was synthesized, in presence of N,N'-
dicyclohexylcarbodiimide (DCC), from the commergibducts 5-(biotinamide)pentinylamine
(1), and 15-(tert-Butyloxycarbonyl)amino-4,7,10,13debxa-pentanoic acid (Boc-NH-PEG
COyH), after activation with N-hydroxysuccinimide (Njf®llowed by deprotection of t-

butyloxycarbonyl group with trifluoroacetic acidzig. S1,Supporting Information

Biotinylated-linker3 [Biotin-AA-NH ;] was prepared starting the commercial prodyethich
was coupled with protected linear precursor pe@di@ieig. S2,Supporting Informationusing
the conventional uronum-based reagent O-(6-chlorzodteiazol-1-yl)-N,N,N’,N’-
tretramethyluronium (HCTUJ]; the latter obtained, after cleavage from thénes solid phase

synthesis MW-SPPS heating assisted.

Biotinylated-linker4 [Biotin-N3] was synthetized for direct diazo-transfer of téeminal
primary amine present on biotinylated linketo give the correspondent azitidn the same
way we prepared the glycine-azid&') obtained from the corresponding commercial glgcin
(16), subsequently linked with through standard coupling conditions to obtaintiBidated-

linker 5 [Biotine-glycine-Nj]. (Fig. S3,Supporting Information

Biotinylated-linker7 [Biotin-PEG-NHS] was synthesized starting from commercial 6-
biotinylamino-hexanoic acidl2 (Biotin-Ahx-OH) and 15-Amino-4,7,10,13-tetraoxa-
pentadecanoic acid t-butyl esfied (tBuO-Peg-NH.) through standard coupling conditions
reactions (HCTU) and subsequently, after the deptmn of t-butyloxycarbonyl group with

trifluoroacetic acid, activated with N-hydroxysuaienide. (Fig. S4Supporting Informatiohn



Svynthesis of Roneparstat-like derivatives

Preparation ohovel biotinylated N-acetyl-glycol split heparinssambled with distinct
synthetic strategy, involving the reacting grouptheee different residues of the heparin chain is
schematized in Fig. 2, and their chemical-physpcaperties and heparanase inhibition activity

summarized in Table 1.

Conjugation on gs-uronic acid uniDerivatives substituted at the uronic acid unit (D-
glucuronic, GIcA, or L-iduronic, IdoA) were synthesd through derivatization of glycol split
moiety. As an example, in Fig. 4 the scheme oftr@eador compoundA3 is reported. N-
acetylated heparinq) was oxidized with periodate obtaining the clea/afC3-C2 bond of the
pyranose ring of non-sulfated uronic acids. Theltegy oxy-N acetylated heparih-8), instead

of being stabilized immediately by borohydride refilon, leading to Ronepastat, was subjected
to reductive amination reactions with differentisihoometric ratios of glycol-split residues and
biotin-spacers 2 or 3) to obtain derivatives with different substitutidagrees (SD), followed

by NaBH, reduction of the unreacted aldehyde groups.

Table 1

Figure 4

Given the stoichiometric ratio between the reagehesdegree of substitution (DS), express as

percentage of biotinylated disaccharide versus tb&l number, can be modulated (Tab. 1).



Considering that the glycol splitting can occunyoal the level of non-sulfategdicA andldoA
residues, which represent about 25 % of total granid in a heparin chain, the biotinylation
maximum DS obtainable is about 50% when all thgegserated aldehydes were substituted. As
shown in Table 1 N-acetyl gs-heparin biotinylatedihtives show a wide range of DS values

ranging from 3.0 - 41 %.

Conjugation on N-desulfated glucosamine uni@onjugation of biotinylated linkergl(5) to N-
desulfated glucosamine unit was achieved througin Nrhydroxysuccinimide (NHS) esters.
The synthetic process shown in Fig. 5 comprises diteps. N-desulfated heparifl was
oxidized with periodate under controlled conditidasvoid concomitant glycol-splitting at level
of glucosamine C2-C3 linkage bearing vicinal amamal hydroxyl group and significant
depolymerizatiort??° For this purpose pH was maintained at about 3d5ttam reaction time was
reduced to 6 h. By this way, almost all the amimactions present on the heparin chains were
preserved and available, after reduction of aldergrdups, to be conjugate with the biotinylated
linkers-succinimide derivatives(or 7). Finally, the unreacted amine groups have been
exhaustively N-acetylated in the presence of aeetitydride to obtain the N-acetylated-N-
biotinylated-glycol split heparins (B1-3). As ineticase of uronic acids derivatization, the DS

can be modulated as a function of the stoichiome#tio between the reagents.

Figure 5



A first attempt to incorporate biotin-spadeat the glucosamine units was carried out by
acylation of the N-desulfated heparin intermed{&te), before the periodate oxidation and
reduction with borohydride. Even though conjugatese obtained with good yields, this path
was abandoned due to a partially periodate oxidaifahe tetrahydrothiophene moiety (sulfinyl

group SO) of biotin (data not shown)

Conjugation on chain reducing entio conjugate the biotinylated spacér § on the heparin
terminal reducing-end, the N-acetylated hepdrid) (was reductively aminated with
propargylamine in order to introduce an alkyne fiorc(l-5) (Fig. 6). The modification at the
reducing end oF-4 was confirmed by it3H-NMR spectrum that clearly revealed the presetice o
the characteristic acetylenic proton at 2.95 pphe dlkyne intermediate was oxidized with

periodate and reduced with borohydride in ordestttain intermediate compouihdb.

Figure 6

Click reaction between the intermediate N-acetdaglycol split heparin alkyne aminated at
RE (-6) and biotinylated spacers functionalized withranieal azide group (biotin-spacer;M
or 5) was carried out, at rt in a mixture of®1tBuOH (2:1, v/v), in the presence of CuSihd
sodium ascorbate. The excess of spacer used toeghsucomplete reaction with the alkyne

amine function was easily removed by extensiveydial(membrane with cut-off of 3500 Da).

In conclusion approaches [A] and [B] led to a ramdaotinylation along the heparin chains

while the “clik reaction” [C] allowed derivatizatioat the RE units.



Characterization by NMR spectrometry

Purity and substitution degrees of all productsluding intermediates, were mainly evaluated
by one- and two-dimension NMR spectroscopy. ThecBbhydation degree was determined by
integration of*C-NMR signal at 60 and 56 ppm corresponding todH2of GIcNSQ and
GIcNAG respectively. (Fig. SSupporting Informatiop The percent of glycol-split residues (gs)
present in all biotinylated compounds was calcudldte using the HSQC-NMR spectroscopy
approach previously developed for the structuratatterization of unmodified heparfhs
namelyfrom the H1/C1 signals in the anomeric region, ¢gpfor the glycol-split residues, at
4.94/106.9 ppm (ddoA, 1) and 4.71/106.5 ppm (GdcA, G) versus the area of the anomeric
signal of the 2-O sulfateldloA at 5.2/102 ppm £L B) as follows: gkloA= 1/(I+G+ I,9 x 100 and

respectively for the glucuronic unit@gA= G/(I+G+ Ly x 100.

Degree of biotinylation per disaccharide unit (D) determined b{H-NMR spectroscopy
comparing the integrated peak area of the charstitegeminal diastereotopic proton 2.75 ppm
(H-3"; o) of the tetrahydrothiophene ring present in aftipi-linkers versus that of methyl
protons of the N-acetyl group of the polysaccharade®.01 ppmff), as follows: DS=u/(p/3) x
100. (Fig. S6upporting Information For compounds bearing all glucosamine residues N
acetylated (pathway [A] and [C]) the N-acetyl sigrepresent all the disaccharide units. In the
case of different N-derivatives of glucosamine (@poomd B1-3), the formula has been changed
as follows: DS=v/ (o + B/3) x 100 where the sum of the integrals of theqms @ + /3)

represents the sum of the disaccharide units astegpin Table 1.



The click reaction was confirmed Bi-NMR for the appearance of the aromatic proton

singlet at 8.2-8.05 ppm typical of triazole ring.

For three derivatives (A7, B3 and C3) the molectd#io of biotin incorporation was also
determined applying the classical HABA (4'-hydroxghenzene-2-carboxylic acid)-Avidin
assay and the results confirmed the degree ohlyiation measured by spectroscopy analysis

(data not shown).

Heparanase inhibitory activityTo assess the inhibition of the heparanase ¢atalgtivity,

compounds were tested by iarvitro assay originally developed by Hammond and cowsfker
based on heparanase-mediated cleavage of the sgiitbearin fragment, the pentasaccharide
Fondaparinux (AGA*IA). The results for newly synsiimed compounds, expressed ag IC
values generated from the dose-response curvess@rdged in Table 1 with that of the

reference compound Roneparstat.

According to their I1G values, all the biotinylated derivatives were shdw inhibit the
heparanase enzymatic activity with a potency (lewamolar concentrations) similar to that of
Roneparstat. Moreover, although a slight decrefaetivity was observed for some derivatives
(i.e. A3, B2, B3, C1 and C3) the results indicateat, independently of the chemical approach,
these structural modifications did not significgrdaffect the inhibitory potency respect to the

reference compound.

Evaluation of Biological Activities

10



Three new heparanase inhibitors, the biotinylativdtive A7, B3 and C3, representative of
each type of derivatization and showing a simikegrée of substitution, were further
characterizedh vitro by biological assays, with respect to the refeeesmmpound

(Roneparstat), in order to evaluate their actiaigpinst selected human cancer cell lines.

Proliferation AssayThe selected compounds were testedtro by a cell proliferation assay

to assess their effect on the growth of three hutmanor cell lines expressing different levels of
heparanase: HT1080 (human fibrosarcoma), U87MG #émugtioblastoma astrocytoma) and

U20S (human osteosarcorfia)

2425 Cells were treated for 72h with increasing comegions (up to 100 puM) of each
heparanase inhibitor, including Roneparstat. Resekpressed as percentage of proliferation

with respect to vehicle-treated (control) cell® summarized in Table 2.

Table 2

Overall, Ronepastat proved to be moderately aatiwehibiting proliferation of two cell lines
(UB7MG and U20S) out of the three and only at tighdst concentration (100 uM) tested, and
to be marginally or no active at lower concentragidt is likely that this effect could be
unrelated to heparanase inhibition due to the ggly amount of compound needed to affect cell
proliferation. Regarding the derivatives, only aymnarginal antiproliferative activity was
observed mainly at the highest concentration, atthg that the introduced substituents did not

increased toxicity of compounds.

11



Invasion AssayAccording to the pivotal role of heparanase in poting cancer cell invasion

and metastasis, we sought to assess the abilitgrofatives to affect the invasive potential of
HT1080, US7MG and U20S human cell lines. To this,ave used the Matrigel cell invasion
assay. All the compounds were assessed at notdorimentrations, below the relative; §©f

the anti-proliferative values measured for eachliced. Data are expressed in Table 3 as the
percent invasion with respect to cell invasionlsence of compounds. Although in this assay
Roneparstat, at least at the dose (10 uM) testdddfto affect the invasive potential of the three
cell lines, surprisingly, derivative B3 significiyhblocked invasion of HT1080 cells (> 50%
inhibition) and, at lesser extent (< 50% inhibijipalso of U87MG cells. In contrast, the other
two derivatives behaved as the reference componddavare ineffective in inhibiting cell

invasion.

Table 3

Cell Adhesion Assa$® Cell surface heparan sulfate proteoglycans (HSRs@ar to be

involved in cell-extracellular matrix (ECM) adhesiinteractions. Thus, to evaluate whether the
new derivatives could interfere with adhesion praps of cancer cells, compounds were tested
at not toxic concentrations on U87MG glioblastoralis; by means of a classical cell adhesion
assay, and the results (expressed as percentlbeian with respect to vehicle-treated cells) are
presented in Table 4. All the compounds markedtybited adhesion of UB7MG cells with
potency similar to that of Roneparstat. Only commbC3 showed a minor potency when tested

at the lowest dose.

12



Table 4

Expression of proangiogenic factorgranslocation of fraction of active heparanase the cell

nucleus and its involvement in controlling tranptidn of genes encoding for pro-angiogenic
and pro-invasion genes, upon degradation of theeaubeparan sulfate, has been repottég
Therefore, we wondered whether the new heparanagwtors could also affect transcription of
genes encoding for proangiogenic factors in tunedirimes. To this aim, HT1080 human
fibrosarcoma cells were treated for 24 h with coomq@bB3 compared to the reference compound
Roneparstat, both at 10 pM. Then, the mRNA levalsted to genes encoding for proangiogenic
factors, such as FGF1/2, VEGF, MMP-9, and for HASEere measured by a quantitative Real-
Time PCR. As shown in Figure 7, the biotinylated\dsive B3 inhibited the expression of these

genes to an extent comparable to Roneparstat.

Figure 7

Experimental metastasis model with B16-F10 mousanoma cells® Roneparstat and the three
biotinylated derivatives (A7, B3 and C3) were tddi@ their antimetastatic activity against
murine B16-F10 melanoma cells. Mice were pre-teateh each compound (583/mouse),

administered 1h prior to the vein tail injectiontbé melanoma cells. The number of melanoma

13



colonies per lung (lung metastases) was deternafted 18 days. Results are shown in Figure 8,
and highlight a profound anti-metastatic activifyath derivatives, with potency comparable to
that of the reference compound. Compound A7 apsenewhat better than Roneparstat
(p=0.06, compound A7 vs Roneparstat), but at time@atration used (50g/mouse) the

inhibition was >80% with all compounds making iffidult to assess minor differences.

Figure 8

Effect on growth of CAG myelomdhe heparanase inhibitor Roneparstat was prslji@nown

to strongly inhibit the growth of myeloma tumansvivo (subcutaneous tumors formed by CAG
human myeloma cells) in part by targeting the tuma@mroenvironment, including a significant
inhibition of tumor angiogenesis$ According to this data, we evaluated the growtfikiition of
CAG myeloma cells, injected subcutaneously into M&TID mice, upon treatment with three
biotinylated compounds (C3; B3 and A7), using Ramnsfat as reference. Results shown in
Figure 9 indicate that all the biotinylated-derivas inhibited CAG myeloma-tumor growth with
potency similar to that of Roneparstat. The inlityiteffect of compound A-7 reached statistical

significance (p=0.05).

Figure 9

14



CONCLUSIONS

Thirteen heparin derivatives, analogues of the-ateitlied heparanase inhibitor Roneparstat
were prepared. All were conjugate with a non-caybloiite molecule containing a biotin moiety
and having different length and hydrophilicity. émendent of the nature and number of the
heparin substituent (from 0.4 to 11 for chain) &inéi-heparanase activity was conserveg({I@

anomolar range (1.4 to 6.9 nM), similar to thaRoineparstat (Table 1).

The synthetic approaches preserved the glycol (gd)tresidues able to interact with the active
site of heparanase, as well as the sulfation atipn2 of iduronic acid and of position 6 of
glucosamine residues, which are involved in enzsgoegnitiori>. Moreover, it appears that, in
this range of substitution, the substituents donmask the negative charges able to interact with

the heparan sulfate recognition sites of the pmotei

In particular, the synthesis route A does not ierfice the degree of polymerization of the
compound, leaving the inhibition capacity almosthanged with respect to the Roneparstat,
regardless of the substituent structure and theedagf substitution. On the contrary, synthesis
route B shows a slight decrease in heparanasetgdtip to 6.9 nM) which highlights the
importance of the type of substitute of the amumaction of glucosamine, which can be assumed
to slightly interfere with binding to the proteidut it should be noted that the samples of the B
series have a lower molecular weight than Ronegiaasid of the samples of the other two series,
this means that if the inhibition activity is expsed in weight and not in moles this observed
difference disappears. On the other hand, the a&resB3 turned out to be able to inhibit the
transcription of genes encoding for proangiogeaatdrs (MMP-9, VEGF, FGFs, HPSE) in

tumor cells, likely due to inhibition of nucleargaanase HS degrading activity.

15



Three derivatives (A7, B3, C3; SSTO761NA1, SSTOGRENSSTO0764NA1L, Lab code
respectively) with a nearly one substituent peiirchad different chemical nature and length of
the spacer were selected for further biologicaratizrization. Briefly, A7 (SSTO761NA1) is
substituted on oxidized glucosamine residues,ithel between N-acetyl gs-heparin and biotin
is a polypeptide chain made of a total of 33 atdd8(SSTO0635NA1) is substituted on the
amino group of glucosamine residue with a polyethglglycol spacer made of a total of 17
atoms. C3 (SSTO764NA1) is substituted only on émminal reducing end residue with a glycine
as spacer. These selected substituents did natergignificant effect on cell-proliferation as
demonstrate with three human tumor cell lines. NlgteRoneparstat and its derivatives were
endowed with significant anti-adhesion propertig€laarly shown applying an in vitro adhesion
assay and human U87MG glioblastoma cells. Thigeffeay be attributed to an adjuvant effect

of the PEG chain.

Importantly, the newly synthesized compounds retithe ability to attenuate the growth of
CAG myeloma tumors in mice with potency similareeen higher (in the case of derivative B3)
than that of the reference compound Roneparstathéimore, compound B3 inhibited cell
invasion through a reconstituted basement memigiagigel) in vitro and all three derivatives,
as well as Roneparstat, profoundly inhibited metastdissemination (lung colonization) of

murine B16-F10 melanoma cells in vivo.

It should be noted that the in vivo studies werdqumed only to gain initial information on
the anti-tumor activity of the newly synthesizedatlylated derivatives. In-depth analysis of
PK/PD properties will be the matter of subsequémdiss, limited to the compound(s) that will

be selected for further analyses.

16



In conclusion we have demonstrated that is possibilgroduce even complex molecules
without impair the anti-heparanase activity of Mwacetylated glycol-split heparin (Roneparstat)
using sequence of reactions that maintain thetstraldeature needed for heparanase
recognition. Only in-depth in vivo studies, whiate aot the subject of this study, will highlight
differences due to the greater or lesser bioaviithabf these samples. The present study
supports the possibility of introducing biotin miyién the substituent to allow the monitoring of
pharmacokinetic and pharmacodynamic propertiesooieRarstat, and to target specific folate
receptors that may improve drug delivery into tmaar but, using the same approach the biotin
moiety could be replaced by other active molectdegeld a synergistic inhibition of tumor

growth.

EXPERIMENTAL SECTION

Materials

Chemicals, reagent-grade obtained from Sigma Aid8RL (Milan, Italy) and Iris Biotech
(GmbH, Germany), were used as received. Porcinarimeywith an average Mw of 17 kDa was a
preparation of porcine mucosal heparin sodiumfeatt Laboratori Derivati Organici,
(L.D.O.),Trino Vercellese, Italy. N-desulfated, Megylated glycol split (gs) heparin, also named
as Roneparstat taken as reference compound, wad gadiant Bioscience S.A.; former Sigma-

Tau Research, Switzerland.

NMR spectra were measured at 500 and/or 600 MH&raker Avance spectrometers

equipped with a 5-mm TCI cryoprobe at 298 K frogO3solutions (15 -25 mg/0.5 mL of,D,

17



99.99% D).*H NMR spectra were recorded with 32 scans and Wweueier transformed after
exponential multiplication (line broadening of 2) and zero filling (from 32 k to 128 k

points), phased, baseline corrected and calibkatetie 3-(Trimethylsilyl)propionic-2,2,3,3-d4
acid sodium salt (TSP) signal. The solvent resigeaks of MeOD gor DMSO ¢ were used as
internal standards, at 3.31 (298K) ppm and 2.48 (398K) respectively**C NMR spectra

were recorded with a 10-mm multi-nuclear broad hamdbe, using a Bruker pulse program
zgig. The spectra were acquired with relaxatiomygél s, acquisition time 0.327 s, spectral
width 299 ppm. at 303 K and the applied transiembiper was 20400. The transmitter frequency
off-set was 90 ppm. The spectrum size used wasw#Bkzero filling. Before Fourier
transformation line broadening of 4 Hz was apptedecrease noise. To recorde HSQC-NMR
spectra, heparin samples (20 mg) and its derivatiere dissolved in 0.6 mL of,D.

Acquisition of the spectra was based on 24 scahdugmy scans, 2s pulse delay, at 303 K (150
Hz1JC-H). Integration of peak volumes in the HS@€Ectra was performed using standard
Bruker TOPSPIN 3.0 software. Heparin signal assigmnand the relative content of
monosaccharide residues were calculated from thresgonding anomeric cross-peaks

identified by HSQC according to published meth¥ts.

Gel permeation chromatography (GPC) measurementsgh pressure size exclusion
chromatography coupled with triple array deteckfP{SEC-TDA)>** were employed to obtain
the molecular weight parameters Mw, Mn, and polyelision degree. A Viscotek (Houston,
Texas) instrument equipped with a triple detectoayB02 with refraction index (RI),
viscometer, and light-scattering (90°and 7°) deteaias used. SEC was performed on G2500

and G3000 (7.8 mm x 30 cm TSK GMPWxI) Tosoh colunvith 0.1 M NaNQ as eluent at a
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flow-rate 0.6 mL/min, by injecting 100 pL of 5 mglmsolution of each samples. Peak

integration and data processing were performedu@MNISEC 4.1 software.

Desalting of biotinylated derivatives and internatds was carried out by dialysis againgbH
through 3,5 kDa cut/off tubes (Spectrum) or by fication on a 2.5 x 100 cm Sephadex G10
column, with 10 % EtOH in D as eluent and UV detection at 210 nm. Microwasssted
reactions were performed on CEM Corporation Discav&rument, and mass spectra on Bruker
Autoflex Maldi-Tof or Micro Q-Tof instruments. Fla<hromatography was carried out on silica

gel (Merck 230-400 mesh) and monitored by TLC ailiel 60 B4 plates.

Synthesis of heparin intermediates

N-desulfated heparini{l). Heparin (8.01g) was dissolved in 60 mL gf0Hand converted in

the acidic form with Amberlite IR 120 (Horm). An excess of pyridine was added to the
aqueous solution then concentrated under reduesdyme. The resulting pyridinium salt was
dissolved in 80 mL of a mixture of DMSO /8 (95:5) and stirred at rt overnight, to obtain an
almost complete N-desulfation. Then, the soluti@s wiluted with an equal volume o$® and
dialyzed for 72 h. Subsequently, product was isoldity concentration under reduced pressure
and freeze drying. The structure of the produatduss such in the next step, was confirmed by

13C-NMR and SEC-TDA (15400 Da) analysis. (Fig.S&pporting Information

N-acetylated heparin:l{2). N-desulfated hepariRl (2.5 g), dissolved in 57 mL of NaHGO

saturated solution was cooled to 4°C, then undgoreus stirring AgO, (2.1 mL) was added and
stirring was continued at 4°C for 30 min maintagqpH at about 8 by adding NaHG.(Finally,
other 2.1 mL of AgO were added and the mixture was maintained af@d’&nother 1.5 h, then,

after dilution with an equal volume of,8 was dialyzed for 72 h. The product was isolated b

19



concentration under reduced pressure and freezd.drhe structure of the final product, (2.1 g;
yield=84%) used as such in the next step, was eoeél by'*C-NMR and SEC-TDA (Mw=

15.400 Da) analysis (Fig.SSupporting Information

N-acetylated-gs-heparin-Aldehyde3). N-acetylated hepariR2 (1.15 g), dissolved in 33.5

mL of H,O and cooled to 4°C, was added at an equal voldrad®@® M NalQ solution and kept
under magnetic stirring in the dark for 20 h. TReess of periodate was quenched by adding
ethylene glycol (3 mL) and after 1 hr the reactoiture was desalted by dialysis at 4°C in the
dark for 16 hrs. The retentate was recovered, genticentrated to half the initial volume and
lyophilized to give the final intermediate I-3 (2.9, yield=90%) to be used as such in the next

step.

N-desulfated-gs heparim-#). N-desulfated heparikl (1.2 g), in 35 mL of KO and cooled to

4°C, was added of an equal volume of aqueous ONbBND, (33.5 mL). The pH value was
adjusted to 3.5 with HCI (2% v/v, about 0.5 mL) &aegbt under stirring at rt in the dark for 6 h.
Then, the oxidized heparin was precipitated by taaldpf 160 mL of EtOH (96% v/v)

containing 3% (w/v) of CeCOONa. The precipitate was collected by centrifioga12.000

rpm) and washed several times with EtOH to remoeess of reagents and sodium acetate. To
crude residue dissolved in 33 mL of® NaBH, (731 mg) was added in several portions, and
the mixture was stirred for 3 hr at rt. Next, undtring at 4 °C the pH value was adjusted to 4
with 5% (v/v) AcOH solution to quench the NaBid excess. After 10 min stirring, the mixture
was neutralized with 0.1 N NaOH. After dialysisnmembrane (cut-off 3500 Da at rt),

concentration under reduced pressure and freeaggdhe final product was obtained (1.05 g
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yield=87%). Content of gs-residues was confirmedHhyHSQC NMR spectra and molecular

weight evaluated by SEC-TDA (Mw = 7500 Da).

Reductive amination with alkyne amine of N-ace#ydrin reducing-end-unitd ). N

acetylated heparik2 (1.21 g, 80 umol), solubilized in 15 mL of phostghbuffer (15 mM
pH=5.5) under stirring at rt was added of propaagyhe x HCI (266 mg, 2.9 mmol, 36 equiv.)
and reaction mixture was heated up to 40°C and kegber stirring for 3 h. Then NaBBN (130
mg, 2.09 mmol) was added and the mixture stirretDa€ for additional 24 h. A further 20
equiv. 130 mg NaBECN was added and the mixture heated for anotherTdeg/reaction
mixture was diluted with O and dialyzed against distilled.® at rt for 2 days. The retentate
concentrated and freeze dried, from aqueous salutwas purified by alcoholic precipitation
followed by SEC on G-10 Sephadex usingdethanol (9:1). After freeze-drying, 1.15 g of
alkyne derivative was obtained with 95% (w/w) yi€ldhe percentage of amino group attached
to the reducing end was confirmed*NMR and molecular weight evaluated by SEC-TDA

(Mw = 15.300 Da) analysis.

N-acetyl-gs-heparin reducing end-alkylamino-funéiized (-6). Alkylamino-N acetylated

heparin--5 (1.21 g), dissolved in 32 mL of,B® and cooled to 4°C, was added of an equal
volume of aqueous 0.2 M NalCand kept under stirring in the dark for 20 h. Exeess of
periodate was quenched by adding ethylene glycdlr(®) and after 1 hr the reaction mixture
was desalted by dialysis at 4°C for 16 hrs. Thentatte was treated with NaBk¥40 mg),
stirred for 3 hr at rt then, cooled at 4 °C adjugtihe pH value to 4 with 5% (v/v) AcOH for

guenching the NaBHn excess. After 10 min stirring, Then the solotiwas neutralized with 0.1
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N NaOH and dialysed at rt, concentrated and freleeel. The crude gs-derivative was desalted
on a Sephadex G-10 column (900 x 25mm) usip@ HEtOH 9:1 (v/v) as a mobile phase at 2.1
mL/min. and monitoring the absorbance at 210 ardrif. After freeze-drying, 1.01 g bb

was obtained with a 85% (w/w) yield. Content ofrgsidues was confirmed B, HSQC NMR

spectra and molecular weight evaluated by SEC-TRW € 14.700 Da) analysis.

Biotinylation of N-acetyl heparin glycol split units

General preparatiortherein described farompoundA7). N-acetyl-gs-heparin intermedidte

3 (0.95¢, ca. 0.8 mmoli of aldehyde function) wassdived in 15 mL phosphate buffer (15 mM,
pH=5.5) under stirring at rBiotinylated linker 3, shown in Fig, 8210 mg, 0.2 mmol, about

0.25 equiv. for each aldehyde function presentherpblysaccharide chain) was solubilized in
phosphate buffer (1 mL) and added-® solution that was heated up to 40°C and kept under
stirring for 1 h, then treated with NaBEN (502 mg, 10 equiv.) the mixture was maintained a
40°C for overnight. After cooling to rt 10 equiv. MaBH, (296 mg) were added and the reaction
mixture was maintained at rt for other 3 h. Afteoling at 4°C the pH value was adjusted to 4
with 5% (v/v) AcOH for quenching the NaBléxcess, and after 10 min stirring, neutralizedhwit
0.1 N NaOH. After dilution with 10 mL of NaCl 2Mjalysis against distilled $D at rt for 1

day, the product was isolated by concentrationfeeere drying to obtain the biotinylated-gs-
heparinA7, which was purified by gel permeation chromatogsafShephadex G-10) to give the
final product (about 810 mg, yield=84%). It was rtwterized by NMR'H, HSQC) and SEC-
TDA analysis. Molecular weight and degree of biglétion was evaluated Byi-NMR (Fig.

S13Supporting Informationas described in the characterization sectionstwogvn in the table

22



1. Other derivativesA1-6) with different biotinylation contents (D8)ere prepared by same
procedure. The type of linkers, and molar raticduseobtain each biotinylate compound are

given in table 1. (Fig. S14 and S$&pporting Informatior)

Biotinylation of the glucosamine free amino group

General procedure for N-desulfated-N-acyl-biotingthgs-heparin (herein described for

compound-3). N-desulfated-gs-heparii (1.1g, ca 1.8 mmol) dissolved in 20 mL of 0.1N

NaHCQ; and cooled to 4°C was treated with Biotin-RBEHS 7 (320 mg 0.9 mmoli, about 0.5
equivalents for each glucosamine free amine fungiio 1 mL of DMF and the mixture was
stirred at rt for 2 h. Then further 0.2 equiv. aftmylating agent 7 (ca 128 mg in 0.5 ml of
DMF) was added and stirred for additional 12 h. féection medium was diluted with 10 mL of
NaCl 2 M and dialyzed at rt for 1 day. The retemtafs concentrated up to ca 15 mL and
purified by alcoholic precipitation by addition 8 mL of EtOH (96% v/v). The precipitate was
collected by centrifugation (12.000 rpm) and waséexkeral times with EtOH then redissolved
in 15 mL of O, and the alcoholic precipitation process repeateck. The final biotin-gs-
conjugated compounid? was characterized by NMRH, HSQC) and SEC-TDA analysis and
used as such in the next step. Another biotinylatetmediate compound bearing the biotin-

linker 6 was prepared by the same procedure.

N-Acetylation of N-Biotinylated-gs-N-desulfated &ep (B-3). N-desulfated-gs-N-

biotinylated heparim-7 (0.85 g, 1.4 mmoli), dissolved in 23 mL of satedasolution NaHC®
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was cooled to 4°C then, under vigorously stirriadgled AgO, (1.1mL, 11 mmol) and stirred at
4°C for 30 min. During the reaction, pH was corgdland maintained at ca 8 by adding
NaHCGQ;. After a further addition of A© (1.1 mL) the mixture was maintained at 4°C for
another 1.5 h, then, diluted with an equal volurhE £ and dialyzed for 2 days. Concentration
and freeze drying gave the crude N-biotinylatedigparin derivative, which was purified by gel
permeation chromatography (Sephadex G-10). ThéghoauctB-3 (720 mg, yield=84%) was
characterized by NMR4#d, HSQC, Fig. S1&upporting Informationand SEC-TDA

(MW=9400 Da) analysis. The degree of biotinylat{@$= 6.7 for disaccharide unit) was
evaluated byH-NMR. Biotinylated compound3-1), bearing the biotin spacéwas prepared
by the same procedure describedBe8, using 1 equivalent of linker 7 instead of 0.5haan
overall yield of 87% showing a DS of 15.3 for disharide unit, while biotinylated compound
(B-2), DS of 6.6.4 for disaccharide unit, was prepargidg 0.5 equiv. of linker 7 instead of

linker 6 with an overall yield of 89°%.

Reducing end unit conjugationby “click” chemistry approach (compound<C1, C2 and

C3)

N-Acetylated-gs- heparin- reducing end triazoletinglated C3). N-acetyl-gs-heparin-alkyne

amine derivative-6 (1.01g, 0.067 mmol) in aj@/t-BuOH (12 mL, 70:30 v/v %) under

magnetic stirring for 10 min was treated dropwisthwiotinylated linker azide derivative(54

mg, 0.13 mmol, about 2 equivalents for each alkynetion present on the polysaccharide
chain) solubilized in a $O/t-BuOH (1 mL, v/v 1:1). Sodium ascorbate (300agueous 0.2M, 1
equiv.) and CuSE5 H,O (300 ul, aqueous 0.1M, 0.5 equiv.) were added tla@ reaction

mixture was stirred at rt for 2 h. Finally, otheeQuiv. of azide, 1 equiv. of sodium ascorbate and

0.5 equiv. of CuSQ5 H,O were added, and the mixture maintained at riuidher 4 h, then
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dialyzed for 48 h. The retentate concentrated t8@ 5L and freed from Cu using 3 mL of
Chelex 100 resin, then neutralized with 0.1 N NaHC&er dialysis, concentration under
reduced pressure and freeze drying compdi®d/as obtainedca 920 mg, yield=87%). Its
structure was confirmed by NMRH, HSQC, Fig. S1Supporting InformationDS=1.9 % for

disaccharidic units and SEC-TDA analysis (MW = 13 7¥h).

Biotinylated compoun&2 was prepared by the same procedure with an oweeddl of 86%
and characterized BYH-HSQC showing a DS of 2.1% for disaccharide uni by SEC-TDA

analysis (MW= 9600 Da).

Biotinylated compoun€1, bearing the biotinylated linker azide derivatve/as prepared by
the similar procedures described €8, using 3 equivalents of biotinylating agent 5 &ast of 2

with an overall yield of 84% and a DS of 3.4% fesatcharide unit.

Anti-heparanase activityn order to test the activity of the heparanasghitors, a

homogenous assay based on the cleavage of thessgrithparin pentasaccharide Fondaparinux
(Arixtra; Aspen) has been used. The assay, whiellyia disaccharide that is colorimetrically
determinated (560 nm), was essentially performeteasribed by Hammoft Serial dilutions

of the compounds and of the reference Roneparsta t@sted in triplicate with standard
deviations (SDs) less than 10%s$@alues for each compound, versus heparanase, were

ultimately calculated by GraphPad software.

Cell lines and maintenancelT1080 (fibrosarcoma), U87MG (glioblastoma) and &0

(osteosarcoma) human cell lines and B16-F10 mowsenomma cells were purchased from the
American Type Culture Collection (ATCC; Manassa#,) nd cultured according to the ATCC

recommendations. Briefly, HT1080, U87MG and mou4é-B10 cells were grown in
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Dulbecco's Modified Eagle's Medium (DMEM; Thermalie@r Scientific). Luciferase-labelled
CAG human myeloma cells (kindly provided by Dr.S&anderson, University of Alabama at
Birmingham) were cultured in RPMI 1640 medium, &RDS cells were grown in McCoy's 5a
medium (Thermo Fisher Scientific). All media wetgpplemented with 10% FCS (Thermo
Fisher Scientific), 100 U/mL penicillin and 100 pd! streptomycin (Thermo Fisher Scientific),
and 2 mM L-Glutamine (Thermo Fisher Scientific)l é&ll lines were maintained at 37°C in a

humidified 5% CQ atmosphere.

Proliferation AssayHT1080, U87MG and U20S exponentially growing celbre seeded

into 96-well plates and then, 24h later, treatetthwest compounds at different concentrations or
the solvent alone. Inhibition of cell proliferatioras measured upon 3 days of treatment by
means of a classical sulfornodamine B (SRB) assdppned in triplicate. Results were

expressed as percentage of tumor cell proliferat®oompared to vehicle-treated (control) cells.

Matrigel invasion assayCells were pretreated with test compounds at thieated

concentrations, in complete medium for 24h. Thelisavere detached, resuspended in serum-
free medium and added (2.5 XX@lIs/filter) to the upper chamber of 24-well Tsarell plates
(Costar, Corning Inc., Corning, NY) previously cedwith Growth Factor Reduced Matrigel
(BD Biosciences, San Jose, CA). The same compoomckatration used for cell pretreatment
was added to both the upper and lower chamberks @Wete allowed to invade for 24 h at 37°C
in a CQ incubator and then not-migrated cells were remdkeaa the upper chamber with a
cotton swab. The invading cells were fixed, staimgtd SRB, and then counted under a
microscope, at 40X magnification. Activity of tesimpounds was compared to the reference

compound.
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Cell Adhesion Assay87MG (human glioblastoma astrocytoma) cells wezated for 18-20h

with test compounds (B3, A7 and C3) in complete iomadsupplemented with 10% FCS. Then,
cells were collected, washed in complete mediurd,aalded to matrigel coated wells in
triplicate, at previously identified optimal seeglidensity, and incubated at 37 °C in complete
medium for times ranging from 15 minutes td4fter incubation, the wells were washed
three times with serum-free medium and the remgifirmly attached cells were stained with
crystal violet 0.1 reagent. Optical density was soea at 500 nm by Victor 3 (Perkin-Elmer)
plate analyzer. Each experiment was repeated times with standard deviations (SDs) less

than 10%.

CAG myeloma Assay uciferase-labelled CAG myeloma cells (5)L@ere injected

subcutaneously into NOD/SCID mice (n=5). 8-weekkfemale mice were treated with
biotinilated compounds C3, B3 and A7 (1000 pg/moiurgected intraperitoneally twice a day,
starting on day 9 of cell inoculatioRl) Vehicle (PBS) alone was similarly injected astooin

(CTL).

Tumor growth was examined by IVIS imaging priothe first injection of compounds and

once a week thereafter. The experiment was terednaht day twenty-nine.

All the animals were handled as per protocols aondgrures approved by the Technion

Institutional Animal Care and Use Committee.

Bioluminescent imaging of the luciferase-expressiumgors was performed with a highly
sensitive, cooled charge coupled device (CCD) cammaunted in a light-tight specimen box
(IVIS; Xenogen Corp., Waltham, MA). Briefly, miceane injected intraperitoneally with D-

luciferin substrate at 150 mg/kg, anesthetized@aded onto a stage inside the light-tight
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camera box, with continuous exposure to isofluf@®Anesthesia, Palmer, PA). Light emitted
from the bioluminescent cells was detected by YH8 ktamera system with images quantified
for tumor burden using a log-scale color rangeasétx1d to 1x10 and measurement of total

photon counts per second (PPS) using Living Imaftgvare (Xenogen).

Experimental metastasis. B16-F10 mouse melanons’téf *":

B16-F10 mouse melanoma (2X)@ells were injected into the tail vein of C57Bl6&veeks
old female mice without or together with the testhnpound (5Qug/mouse), essentially as
described®>>% In some experiments, compounds were also inj¢&@pg/mouse;
intraperitoneally) to the mice 30 min prior to tfad vein injection of cells. Lungs were
harvested 18 days thereatfter, fixed in Bouin sofuind metastases occurrence was determined

by gross examination and counting of colonies uaistereomicroscope

Real-Time Quantitative PCR (qPCR) Asskytal RNA was extracted from HT1080 cells,

after 24 h treatment with test compounds (10 p Mg, then retrotranscribed using the iScript™
Advanced cDNA Synthesis Kit for RT-gPCR (Bio-Radbaatories Inc., Hercules, CA)
according to the manufacturer’s instructions. Reade quantitative PCR analysis was
performed using SsoAdvanced Universal SYBR GregreB8uix (Bio-Rad Laboratories Inc.,
Hercules, CA) and the following PrimePCR SYBR Gréassays: qHsaClD0015228 (HPSE-1),
gqHsaCED0002206 (FGF-1), qHsaCID0015510 (FGF-2) agi80011597 (MMP-9),

gHsaCEDO0043454 (VEGF-A) (Bio-Rad Laboratories Iktercules, CA). The 7900HT
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Sequence Detection System instrument and softwamalied Biosystems) were used to quantify
the relative expression of the target genes byptb€t method using total RNA to normalize

gene expression.

FIGURES

Figure 1. Simplified formula of a representative chain ofg@oe mucosal heparin (a) and the
corresponding glycol-split (gs) derivative Ronepatréb), obtained by N-desulfation, N-
acetylation and subsequent periodate oxidatiordtyairide reduction of nonsulfated glucuronic

(G) and iduronic (1) acids.

Figure 2. Schematic representation of the pathway to oltkerinked spacer Biotin
Roneparstat-like heparin derivatives: [A] by redueiamination of glycol-split residues, [B] by
amide bond on N-desulfated glucosamine residues|@rthrough Click-grafting at the

reducing end to give an alkenylamino linked bictpacer.

Figure 3. Structure of Biotin-spacers end functionalized.

Figure 4. Scheme of the synthetic pathway [A] exemplifiedmtin-AA-NH, 3 spacer.

Figure 5. Scheme of the synthetic pathway [B] exemplifiedBatine-Peg-NHS 7 spacer.

Figure 6. Scheme of the synthetic pathway [C] exemplifiedtfe case of biotin-\N5 spacer.

Figure 7. Effect of compound3 andRoneparstatestedat 10uM, on the expression of
selected gene3he expression levels of FGF-1, FGF-2, VEGF, MM&8 HSPE-1 mRNA in

HT1080 cells, following 24 h of treatment, were sw@wa&d by means of real-time gPCR analysis.

29



Results (mean = SD of two measurements) are exqesspercent with respect to vehicle-

treated cells.

Figure 8. Effect of heparanase-inhibiting compounds on loolgnization of B16 mouse
melanoma cells (experimental metastasis). B16-FdGsemelanoma cells (1.5X1@.2 ml)

were injected into the tail vein of C57BL mice (rbrtogether with the indicated compound (50
pHg/mouse). Control (CTL) mice were injected withixalone. Compounds were also injected
(50 pg/mouse; intraperitoneal) to the respective grdupioe 30 min prior to the tail vein
injection of cells. On day 18 mice were sacrificétd lungs fixed in Bouin solution and the
number of melanoma colonies per lung (lung metas)aounted using a stereomicroscope. The
results are expressed as number of cell coloniekipg + SD.There was no significant

difference between the inhibitory effect of compdsitt3 and B3.

Figure 9. Effect of heparanase-inhibiting compounds on CA¢&lema tumor growth.
Luciferase-labelled CAG myeloma cells (5%1&ere injected subcutaneously into NOD/SCID
mice (n=5). Mice were treated with compounds C3,BB8and Roneparstat (RONE),
administered intraperitoneally twice a day at 1Q@0mouse, starting on day 9 of cell
inoculation. Tumor growth was monitored by IVIS ignag prior to the first injection of
compounds and once a week thereafter. Representataging results are presented in the
figure (left panel). Graph bars in the right paregdresent the average bioluminescence (light
photons/sec/cf) + SE, as measured by VIS on day 29, prior tmteation of the experiment.

There was no significant difference between théitdry effect of compounds C3 and B3.

TABLES.
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Table 1.Code numbers, reagents ratio, chemico-physicgigpties and heparanase inhibitory

activity of Roneparstat-like derivatives.
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Derivatization pathway Biotin -spacer Biotinylated  |Molar ratio Linkers / | Substitution Number of biotin Glycol Split -RO (%)° | Molecular |Fondaparinux
and (Family Linkers) Compounds disac_charide degreea moities _for hep%rin Residue Residue Weight ¢ Hpse Assa)é
Referen€ce Compound (equivalent) (DS%) chain (NS) gs-1 (%) 9s-G (%) (Da) (ICso NM)
Roneparstat - - - - - 10 16 16200 2.08
Al 0.5 12.0 3.2 21 n.d. 16000 1.40
Biotin-NH 1| A2 1.0 41.0 11.6 8 9 17000 3.22
Biotin-derivative on A3 0.75 31.0 8.1 7 5 15600 7.27
glycols-split residues [Biotin-PEG-NH, Ad 0.5 21.0 6.5 10 3 18700 2.42
[A] 2 A5 1.0 28.0 9.9 7 5 21200 2.43
Biotin-AA-NH, 3 A6 0.5 6.6 1.7 16 14 15000 1.46
A7 0.25 3.0 0.7 16 11 14100 2.76
Biotin-derivative on |gjstin-NHS 6 | Bl 1.0 15.3 2.3 12 15 9300 3.69
glucosamines
residues Biotin-PEG- L[ B2 0.5 6.4 0.9 8 8 8500 6.10
[B] NHS B3 0.5 6.7 1.0 10 9 9400 6.92
Biotin-derivative at  [Biotin-N3 4 C1 3.0 3.4 0.5 7 16 9300 4.31
the reducing end unit | Biotin-Gly-N3 C2 2.0 2.1 0.4 17 16 9600 2.63
[C] > [c3 20 19 05 14 | 17 | 14200 | 411

2 Degree of substitution (DS) was estimated fromith&IMR spectra by comparing the peak integrated arfethe proton H3of

biotin ring versus that of the N-acetyl protongfcosamine and express as the percentage of tieydated disaccharide unit, with
respect to the total number of disaccharide units.
P Number of substituents (NS) indicates the nurabbiotin moieties bound for each heparin chain
““Glycol-split (RO; %)” means the percentage of tmedified uronic acid residues (RO) with respedht total of the same present
in the molecule. In particular, “(% gs-1)” and “(%9s-G)” means respectively the percentage of theoiia acid and glucuronic acid
residues (oxidated and reduced) with respect tadtad of the disaccharides present in the polyriée percent glycol split (gsl %
and (gsG %) was calculated by HSQC experiment, thenarea of the anomeric signal of the glycoltgplonic acids at 4.94/106.9
ppm (gsl, I) and 4.71/106.5 ppm (gsG,) versus tha af the anomeric signal of the 2-O sulfated thic acid at 5.2/102 ppm (12S).
4 Molecular weights were obtained from GPC analysis.
® Dose causing 50% Inhibition of heparanase enzynatiivity as determined from dose-response cueesated at least twice in

separate experimentdh bold are highlight the samples chosen for further biidal tests.
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Table 2. Antiproliferative activity of derivativesA7, B3, C3 and reference compound

Roneparstattested on HT1080, U87MG and U20S tumor cells foifma3 days of treatment

Tumor cell proliferation (%) 2

Cell line HT1080 us87MG Uu20S
Concentration (uM) 100| 33 11 100 33 11 100 3B 11
Compounds

Roneparstat 100 | 100 | 100 | 58 78 91 51 69 81
A7 75 99 100 | 73 75 84 69 79 85
B3 97 99 100 | 75 78 88 72 75 83
C3 95 100 | 100 | 76 86 91 67 76 81

® Results are expressed as percentage of tumor oaifgration compared to vehicle-treated

(control) cells and are the mean of two indepen@speriments (SD always < 10%).

Table 3. Inhibition of invasive potential of by derivativéds’, B3, C3 andreference compound
Roneparstat. Matrigel cell invasion assay performediT1080, US7MG and U20S tumor cells
upon 24 hours of treatment. Compounds were testethea fixed concentration shown in
brackets. Score symbols: ““no inhibitioh:” < 50% inhibition; ++ 50-90% inhibition of cell

invasion, with respect to invading cells in theealxe of drugs.

Cell lines
Compounds HT1080 U87MG Uu20S
Roneparstat A0 uM)| - (A0 umM) | - | (10 uwm) -
A7 oum)| - (10uM) | - | (10 puM) -
B3 A0uMm)| ++ | QuM) | + | (1uM) -
C3 oum)| - (10uM) | - | (10puM) -
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Table 4. Inhibition of glioblastoma cell adhesion by derivas A7, B3, C3 and reference
compound Roneparstat, performed on U887MG gliobfaat@ells upon 24 hours of treatment.
Compounds were tested at the fixed concentratibiesvis in brackets. Results expressed as

percent cell adhesion with respect to vehicle-aeatlls.

Cell adhesion
Compound Id
(% versus vehicle-treated cells)
Concentration
(10 pM) (0.1 uM)
Roneparstat 22.9 54.0
B3 27.2 62.9
A7 21.5 57.5
C3 12.8 83.2
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ABBREVIATIONS

Biotin-spacer-NH, Biotinylated linkers amine end functionalizedpBn-spacer-M,

Biotinylated linkers azide end functionalized; Biespacer-NHS, Biotinylated linkers activated
ester end functionalized; gs, Glycol split; I, Lutdnic acid; G, D-Glucuronic acid; RO, reduced
oxidized; Boc-NH-PEGCO,H, 15-(tert-Butyloxycarbonyl)amino-4,7,10,13-tetraa-pentanoic
acid; tBuO-PegNH,, 15-Amino-4,7,10,13-tetraoxa-pentadecanoic adidtid ester; DS,

Degree of substitution; NS, Number of substituehté/-SPPS, solid phase synthesis -heating
assisted. (PEG,) polyethylene glycol; DCC, Diciclohexyl carbodiidd; EDC, 1-ethyl-3-(3-
dimethylamino)propyl) carbodimide; NHS, N-Hydroxgsinimide; DIEA,N-
Ethyldiisopropylamine; DMSO, Dimetyl sulfoxide; HCT O-(6-chlorobenzotriazol-1-yl)-
N,N,N’,N’-tretramethyluronium; HT1080, human fibrereoma; U87MG, human glioblastoma

astrocytoma; U20S, human osteosarcoma cell lines;

36



REFERENCES

! sanderson, R. D., Ramani, V. P. C., Noseda, ABagbieri, P. (2018). Roneparstat combined
therapy of multiple myeloma. U.S. Patent Applicatido. 15/556,183 and Casu, Benito, Torri,
G., Naggi, A. M., Giannini, G., Pisano, C., & Pen&"Derivatives of partially desulphated
glycosaminoglycans as heparanase inhibitors, endlovith antiangiogenic activity and devoid
of anticoagulating effect.” U.S. Patent No. 7,788,424 Aug. 2010.

2 Naggi, A., Casu, B., Perez, M., Torri, G., Casine., Penco, S., ... & Vlodavsky, .
Modulation of the heparanase-inhibiting activityhefparin through selective desulfation, graded
N-acetylation, and glycol splittingJournal of Biological Chemistry2005 280 (13),12103-
12113.

® Ritchie, J. P., Ramani, V. C., Ren, Y., Naggi, Aqrri, G., Casu, B., et al. SST0001, a
chemically modified heparin: Inhibits myeloma grbwdand angiogenesis via disruption of the
heparanase/syndecan-1 axifinical Cancer Resear¢i2011, 17, 1382—-1393.

4 Cassinelli, G., Favini, E., Dal Bo, L., Tortoretd,, De Maglie, M., Dagrada, G., ..& Lanzi, C..
Antitumor efficacy of the heparan sulfate mimic eparstat (SST0001) against sarcoma models
involves multi-target inhibition of receptor tyrog kinasesOncotarget,2016 7(30), 47848-
47863.

® Rivara S., Milazzo F.M., Giannini G. Heparanaseaiabow pharmacological target associated
to multiple pathologies including rare diseasagure Med Chen016 8, 647-680

® Galli, M.; Chatterjee, M.; Grasso, M.; Specchia, Glagen, H.; Einsele, I.; Celeghini;
Barbieri, P.; Paoletti, D.; Pace, S.; SandersobD,;RRambaldi, A.; Nagler, A. Phase | Study of
The Heparanase Inhibitor Roneparstat: An Innovatipproach For Multiple Myeloma Therapy.
Haematologic&2018 103(3).

" Barbieri, P.; Paoletti, D.; Giannini, G.; SandersRalph D.; Noseda, A. Roneparstat and
Heparanase Inhibition: A New Tool for Cancer TreatinJ Pharmacol Clin Toxicak017, 5(2),
1071.

8 Buller, H.R., Halperin, J., Hankey, G.J., Pillio@,., Prins, M.H., Raskob, G.E. J. of
Thrombosis and Haemostask914 12. 824-830.

® Harry, R.; Biiller, MD.; Gallus, A.S.; Pillion, GPrins, M. H.; Raskob,; G.E. . Enoxaparin
followed by once-weekly idrabiotaparinux versus »aparin plus warfarin for patients with
acute symptomatic pulmonary embolism: a randomisidible-blind, double-dummy, non-
inferiority trial. The Lancet2012 379, 123-129.

19 3avi, P., Herault, J. P., Duchaussoy, P., MilletSchaeffer, P., Petitou, M., ... & Herbert, J.
M.. Reversible biotinylated oligosaccharides: a napproach for a better management of
anticoagulant therapyournal of Thrombosis and Haemostag&808 6(10), 1697-1706.

1 Russell-Jones, G.; MC Tavish, K.; McEwan, J.; Rite Nowotrik, D. Vitamin -mediated
targeting as a potential mechanism to increase ajptake by tumoursl. Inorg. Biochem2004

98, 1625-1633.

2| eamon, C.P. Folate-targeted drug strategieshertteatment of cancer. Curr. Opin. Invest.
Drugs2008 9, 1277-1286.

13 Alekseeva, A., Mazzini, G., Giannini, G., & Nagd\,. Structural features of heparanase-
inhibiting non-anticoagulant heparin derivative eparstatCarbohydrate polymer2017 156,
470-480.

37



1 Huisgen, R..1,3-Dipolar Cycloadditions. Past entLiFe. Angew. Chem. Int. Ed. Engl963

2, 565-598.

“ Rostovtsev, V.; Green, L.; Fokin, V.; SharplessBKA. Stepwise Huisigen Cycloadditio Process:
Copper(l)- Catalyzed Regioselsctive “Ligation”Adides and Terminal Alkyneé\ngew. Chem. Int. Ed.
Engl.,2002,41, 2596-2599.

®¥ Cui; G L Guo; Y F Liu; Y Z Mao; R Zhang; C F Wand J H Zhang: Construction of three different
recombinant scorpion fusion proteins with bifunotibactivity.Indian Journal of Biochemistry &
Biophysics2011, 48, 141-147.

17 0.Mander; Y. Shovo; F. AlbericiJ. Peptide SciVol 14,2008 97-101;Chimica oggi 2002
718, 37.

¥ Alper, P.B., Shang-Cheng Hung, Chi-Huey Wohetrahedron Lett.1996 37, 6029-6032.

19 Arthur S. Perlin. "Glycol-cleavage oxidationAdvances in carbohydrate chemistry and
biochemistry2006 60, 183-250.

20 Torri, G; Naggi, A. Derivatives of N-desulfatedugbsaminoglycans and use as drugss.
Patent ApplicatioNo 15/032,248, 2016.

L Guerrini M.,Naggi A., Guglieri S., Santarsiero Rorri G. Complex Glycosaminoglycans>
profiling substitution patterns by two/dimensionaiclear magnetic resonance spectroscopy.
Anal Biochem2005,337, 35-47.

? Hammond E, Li CP, Ferro V. Development of a col@irit assay for heparanase activity suitable for
kinetic analysis and inhibitor screenidgnal. Biochem201Q 396, 112-116.

23K, Hirai G, Murakami K, Teruya T, Simizu S, Sodedi, Osada H. Structure-based design of
a selective heparanase inhibitor as an antimeiasig¢ntMol Cancer Ther2004 3, 1069-77.

24 Zetser A, Bashenko Y, Miao HQ, Vlodavsky I, llan Neparanase affects adhesive and
tumorigenic potential of human glioma celBancer Res200363 (22), 7733-41.

25 Cassinelli G, Lanzi C, Tortoreto M, Cominetti DetRangolini G, Favini E, Zaffaroni N,
Pisano C, Penco S, Vlodavsky I, Zunino F. Antitunedficacy of the heparanase inhibitor
SST0001 alone and in combination with antiangiogemjents in the treatment of human
pediatric sarcoma modelBiochem Pharmacof013 85(10) 1424-32.

%6 Goldshmidt O. et al., Heparanase mediates cebsidh independent of its enzymatic activity.
FASEB J2003 17(9), 1015-25.

2’Yi Qing He, Elissa L. Sutcliffe, Karen L. Buntingasmine Li, Katharine J. Goodall, lvan K.A.
Poon et al. The endoglycosidase heparanase ehgeraitleus of T lymphocytes and modulates
H3 methylation at actively transcribed genes via itfiterplay with key chromatin modifying
enzymes. Jlranscription 2012 3, 130-145.

28 Chen, L., Sanderson, R. D. Heparanase regulatess|of syndecan-1 in the nucle®..0S
One2009 4, 4947.

29 Schubert, S.Y.; llan, N.; Shushy, M.; Ben-Izhak; @odavsky, I.; Goldshmidt, O. Human
heparanase nuclear localization and enzymaticigcthaboratory Investigation2004 84, 535-
544,

% Borsig, L., Vlodavsky, 1., Torri, G., and Vismar&, Sulfated hexasaccharides attenuate
metastasis by inhibition of P-selectin and hepasameoplasia201], 13:445-52.

31 Ritchie JP; Ramani VC; Ren Y; Naggi A; Torri G;<0aB; Penco S; Pisano C; Carminati P,
Tortoreto M; Zunino F, Vlodavsky I; Sanderson RDdaviang Y. SST0001, a chemically
modified heparin, inhibits myeloma growth and aggoesis via disruption of the
heparanase/syndecan-1 aRigh Cancer Res2011 17, 1382

38



%2 peterson, S. B., Liu, J. Unraveling the specificiif heparanase utilizing synthetic
substratesJournal of Biological Chemistry201Q JBC. M110. 104166.

33 Mauri, L., Boccardi, G., Torri, G., Karfunkle, MMacchi, E., Muzi, L., Keire D., Guerrin, M..
Qualification of HSQC methods for quantitative carspion of heparin and low molecular
weight heparinsJournal of Pharmaceutical and Biomedical Analy2i317, 136, 92-105.

3 Bertini, S., Bisio, A., Torri, G.,Bensi, D., andTerbojevich, M. Molecular Weight
Determination of Heparin and Dermatan Sulfate byeSExclusion Chromatography with a
Triple Detector ArrayBiomacromolecule2005 6 (1), 168—-173.

% Ramani, V.C., zZhan, F., He, J., Barbieri, P., NiaseA., Tricot, G. and Sanderson R.D.
Targeting heparanase overcomes chemoresistance danthishes relapse in myeloma.
Oncotarget2016 7(2) 1598-1607.

% Hostettler N., et al. P-selectin- and heparanapenident antimetastatic activity of non-
anticoagulant heparinsASEB J2007,21(13), 3562-3572.

37 Vlodavsky, I. and Elkin, M. Tail vein assay of can metastasi<Current Protocols in Cell
Biology. John Wiley & Sons, New York, N.Y., 2001, 12, 19:29.2.7

39



Fig.1

Antithrombin-binding region (ATBR)

A

Iy Anacson I Annacss G Ans3ses Iy A nses G’ Anac 6oH
. - CHzO'; CH,0S0;- co,- co,- CH,OH
. ) o) o) jE— o)
Heparin /ég \hf OH N ) Q/O? ) OH OH OAH
(a) w uo w\ 0 O-LR
0S0,- NHAc NHAC OH OH NHAC
(n<m)
1. N-desulfation
2. N-acetylation
3. NalO,
4. NaBH,
ls Anses gsG Anaceo I Anaces 8sG Ansses s A \ses gsG’ AnacsoH
CH,0SO0;- (|702' 5 CHzOg CH,0S0;- €0, CH,0S0,- CH,0S0,- Cco,- CH,OH
SST0001 i o\hfo \ o\ o O\ o /—0 o}
29T VUU L // OH2 OH o_J OH OH Q_j 0SO,- o OH o OH
0SO,- NHSO;- OH OH NHAc NHAc OH OH 0503_ NHSOS- HO OH NHAC


naggi
Font monospazio

naggi
Font monospazio
Fig.1


Fig.2

Heparin

30<(h+m)<40

COO-
”VO’\

OoX

[A]
N-desulfation (I-1)
N-acetylation (I-2)
NalO, (I-3)

Reductive amination

A WNR

with Biotin-spacer-NH, /

NaBH,

CH,0S0,-

O

\OJOH \o

XH HN NHAC

X= -spacer-Biotin or O

N

Spacer-Biotin

Al-7

[B]

N =

7)

4. N-Acetylation

N-desulfation (I-1)
NalO,/ NaBH, (I-4)

3. N-Acylation with
Biotin-spacer-NHS (I-

GI

OH

0o

rSpacer-Biotin

J

[C]

N

N-acetylation (I-2)
Reductive amination

X=S0O5 or H
Y=S05 or CH;CO-

with Propargyl-NH, (I-5)

192 SN

NalO,/ NaBH,, (I-6)
Click reaction with

1. N-desulfation (I-1)
3 : .
. - 2
) . 4 . 4 -

Biotin-spacer-N,

CH,0S0,-
/C'ZO_Z- @) /— 0
e/ N~
0S0,- NHAC
C1-3

Spacer-Biotin



naggi
Font monospazio
Fig.2


Fig.3
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Fig.6
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Fig.8
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Fig.9
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Heparanase is regarded as a promising target for anticancer drugs and Ronepastat is one of one of its most
promising inhibitors.

A new class of glycol-split heparins have been synthetized as biotinylated congeners of Roneparstat (N-
desulfated-N-acetyl-gs-heparin through a linker of different functional groups.

Compounds were characterized by NMR and evaluation of molecular weight.

Derivatives tested “in vitro” as inhibitors of tumor cell adhesion and of expression of proangiogenic factors,
and “in vivo” upon experimental tumor models, CAG myeloma, and murine B16F10 showed that the
chemical modifications introduced do not hinder their biological activity.
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