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ABSTRACT

Proteasome inhibition is a promising strategy for the treatment of multiple myeloma; unfortunately, this
disease is often associated with an increasing chemoresistance. One novel approach may be to target the
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immunoproteasome, a proteasomal isoform mainly present in cells of hematopoietic origin. We investi-

gated the activity of a panel of amides against immunoproteasome core particles as potential agents for
the treatment of multiple myeloma (MM). Amide 6 showed an ideal profile since it was able to inhibit
both the chymotrypsin-like activities of the immunoproteasome with K; values of 4.90 uM and 4.39 uM for
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p1i and f5i, respectively, coupled with an ECso =17.8 uM against MM.1R cells. Compound 6 inhibited also
ubiquitinated protein degradation and was able to act on different phases of MM cell cycle reducing the
levels of cyclin A/CDKT1, cyclin B/CDK1 and cyclin D/CDK4/6 complexes, which turns in cell cycle arrest.

Introduction

The 20S proteasome is the major non-lysosomal proteolytic sys-
tem in eukaryotic cells, and it plays a key role in the degradation
of most cellular proteins. Proteasome is characterised by a barrel-
like structure, composed of four stacked rings, each of which con-
tains seven subunits. The two outer rings contain o subunits
(x1-a7), while the two inner rings f§ subunits (1-f7). The catalytic
sites are associated with the f1¢, f2c and f5¢ subunits, which are
responsible for the caspase-like (C-L), trypsin-like (T-L) and chymo-
trypsin-like (ChT-L) activities, respectively’.

Vertebrates possess, in addition to the constitutive proteasome,
a specialised form of proteasome, named immunoproteasome
(i20S), predominantly expressed in monocytes and lymphocytes,
and responsible for the generation of major histocompatibility
complex (MHC) class | Iigandsz. Under the stimulation of IFN-y and
TNF-o, the constitutive core particles are replaced by the newly
formed immunosubunits: f5i (LMP7), f1i (LMP2) and f2i (MECL-
1)%. While 5i and $2i maintain the same type of activities than
p5c and f2c subunits, on the contrary, 1i mainly performs a ChT-
L activity, thus cleaving peptides after hydrophobic amino acids.

i20S is the major form of the proteasome expressed in cells of
hematopoietic origin, in particular in multiple myeloma (MM)
cells* however, Parlati et al. demonstrated that a specific inhib-
ition of either 35i or 5c alone is insufficient to produce an antitu-
mor response, differently, a selective inhibition of both f5i and
p5c is fundamental to promote an antitumor effect in MM, non-
Hodgkin lymphoma, and leukaemia cells with a reduction of the
toxicity in non-tumour cells®.

Our research group has been involved in the last years in the
development of novel peptidomimetics as inhibitors of the ChT-L
of activity of constitutive proteasome®™'’, in particular we focused
our efforts on non-covalent inhibitors, which might be a promis-
ing alternative to use in therapy, because of the lack of all side-
effects which may be related to irreversible inhibition.

In this context, we decided to investigate the activity against
immunoproteasome core particles of a panel of amides (i.e. 1-6),
previously synthesised by our research group®. The selected
amides were characterised by the presence of a constrained motif
represented by a bicyclic 1,6-naphthyridin-5(6H)-one or isoquino-
lin-1(2H)-one scaffold at the P3 site; a glycine or an alanine resi-
due was introduced at the P2 site, while the isopentylamine,
projecting into the S1 pocket, was kept unchanged as P1 moiety
(Figure 1). Some of the peptidomimetic amides were proven to be
active against the ChT-L activity of constitutive proteasome®: more
in detail, compound 3 showed a K; value of 10.5uM against f5¢
subunit, while amides 5 and 6 inhibited the f5c catalytic activity
with K; values of 0.56 and 2.34 uM, respectively .

In this work, we now evaluated the profile of amides 1-6
against the immunoproteasome core-particles. The effects of
active amides on immunoproteasome subunits were also eval-
uated in a cellular context, using the dexamethasone-resistant
(MM.1R) human multiple myeloma cells. Efficacy of these com-
pounds in inhibiting ubiquitinated protein degradation was
also evaluated.

Considering that cell division is the interplay of several cell
cycle regulatory proteins, we analysed the ability of active inhibi-
tors to modulate the expression of cyclins, cyclin-dependent
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Figure 1. Structure of peptidomimetic amides 1-6.

kinases (CDKs) and transcription factors, involved in cell cycle
check points.

Materials and method
In vitro 20S immunoproteasome inhibition assays

Human 20S immunoproteasome, isolated from human spleen, was
purchased from Enzo Life Science Supplier. The three distinct pro-
teolytic activities of the 20S immunoproteasome were measured
by monitoring the hydrolysis of the peptidyl 7-amino-4-methyl
coumarin substrates Suc-Leu-Leu-Val-Tyr-AMC (Bachem), Boc-Leu-
Arg-Arg-AMC (Bachem) and Ac-Pro-Ala-Leu-AMC (Biomol GmbH)
for f5i, f2i and f1i activities of immunoproteasome, respectively.
The preliminary screening for the inhibition of the three proteo-
lytic activities of the 20S immunoproteasome was performed at
100 uM inhibitor concentrations using an equivalent amount of
DMSO as a negative control, and MG-132 as positive control.
Compounds showing at least 70% inhibition at 100 uM were sub-
jected to detailed assays. The dissociation constants K; of the
enzyme-inhibitor complex were obtained from progress curves
(10min) at various concentrations of inhibitor by fitting the pro-
gress curves to a 2 parameter ICso equation, and correction to
zero substrate concentration from Ki=ICso/(1+[S] K ). Inhibitor
solutions were prepared from stocks in DMSO. Each independent
assay was performed twice in duplicate in 96-well-plates in a total
volume of 200 uL. Fluorescence of the product AMC of the sub-
strate hydrolyses was measured using an Infinite 200 PRO micro-
plate reader (Tecan, Mannedorf, Switzerland) at 30°C with a
380 nm excitation filter and a 460 nm emission filter.

Assaying the chymotrypsin-like activities (5i and p1i) of the
20S immunoproteasome

Human 20S immunoproteasome was incubated at 30°C at a final
concentration of 0.004 mg/mL with test compound present at vari-
able concentrations. The reaction buffer consisted of 50mM Tris
HCl, pH 7.4, 10mM NaCl, 25mM KCl, TmM MgCl,, 0.03% SDS.
Product release from substrate hydrolysis (50 uM) was monitored
continuously over a period of 10 min.

Assaying the trypsin-like activity (f2i) of the 20S
immunoproteasome

Human 20S immunoproteasome was incubated at 30°C at a final
concentration of 0.004 mg/mL with test compound present at vari-
able concentrations. The reaction buffer consisted of 50 mM Tris
HCl, pH 7.4, 50mM NaCl, 0.5mM EDTA I, 0.03% SDS. Product
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release from substrate hydrolysis (50 tM) was monitored continu-
ously over a period of 10 min.

Assessment of cytotoxicity by MTT assay

To test the efficacy of 5 and 6 a cell viability assay was performed.
Human multiple myeloma cells (MM.1R; ATCC® CRL-2975™) resist-
ant to dexamethasone were purchased by LGC Standards (Milan,
Italy) and cultured under standard conditions (37 °C, 5% CO,) with
standard RPMI 1640 medium added with L-glutamine, 10% foetal
bovine serum, and 1% antibiotic mixture (penicillin/streptomycin)
in sterile flasks. Cells were grown for a week before the assay.
Compounds 5-6 were tested at different doses (1-10-20-40-
80-100 uM) in a 96 well plate for 24 h to determine the cytotoxic
effect. The tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (Sigma Aldrich, Milan, Italy) dissolved
in sterile-filtered PBS at the dose of 5mg/ml was added to the
plate (20 ul/well) 5h before the end of the 24h and the plates
were returned into the incubator. At the end of the 5h, the
medium was removed and the insoluble formazan crystals were
dissolved with 200 pl/well of dimethyl sulphoxide (DMSO), and the
absorbance was read at 540 and 620 nm. The difference between
the two absorbance values was used to calculate mean for each
replicate and further assess cytotoxicity. All doses were tested in
duplicate, negative controls (cells without the tested compounds)
were in quadruplicate in each plate, and all the experiment was
repeated 5 times. Results were expressed as % of vitality and
reported as means and SEM.

Assessment of ubiquitin, cyclins, CDKs, NF-kB by western
blot assay

To test the inhibitory effect on proteasome activity, ubiquitin,
cyclins, CDK, NF-kB and pNF-kB were assessed by western blot.
Cells were seeded in 6-well plates and tested with the compounds
(5-6) at the doses of 10 and 20uM, based on the ICsq results.
After 24 h, cells were collected and protein extracted for analysis.
Protein extraction and western blot analysis were performed as
previously described'?.

Briefly, a total of 15ug of proteins were loaded in each lane
and specific antibodies were used to detect ubiquitin (Abcam,
Cambridge, UK), cyclin A, cyclin B, cyclin D1, CDK1, CDK4/6, NF-kB,
pNF-kB, PARP, and Caspase-3 (Cell Signaling, Danvers, MA, United
States). Beta actin (Cell Signaling), was used on stripped blots as
loading control. The images have been acquired using a dedicated
software and densitometric data were expressed as integrated
intensity and reported as means and SEM.



Table 1. Activity on immunoproteasome core-particles of amides 5-6.
K; (uM) or % of inhibition at 100 uM

Comp bai Bai Bsi

5 36% 19% 6.04+0.29
6 4.90+0.04 24% 4.39+0.18
MG-132 0.13+0.01 0.0010+0.00016 0.072+0.014

Statistical analysis

All data are expressed as means+SD Comparisons between differ-
ent treatments were analysed by one-way or two-way ANOVA for
non-parametric variables with Tukey's post-test for intergroup
comparisons. The possibility of error was set at p <.05 and it was
considered statistically significant. All analyses were performed
using Stata/IC 12.0 (StataCorp LP, College Station, TX). Graphs
were drawn using GraphPad Prism (version 5.0 for Windows).

Results and discussion

Compounds 1-6 were tested for their inhibitory properties on 20S
immunoproteasome isolated from human spleen, using the appro-
priate fluorogenic substrate for each one of the proteolytic activ-
ities. First, compounds underwent a preliminary screening at
100 uM using an equivalent volume of DMSO as a negative con-
trol, and MG-132, a reversible inhibitor of both proteasome and
immunoproteasome, as positive control. Only amides 5 and 6,
characterised by the presence of a bromine-substituted naphthyri-
dinone (i.e. 5) or isoquinolinone (i.e. 6) scaffold, respectively,
showed an inhibition of one or two ChT-L activities > 70%, thus
suggesting that the bromine could play a key role in establishing
halogen bonds with residues of S3 pockets, in agreement to our
previous findings on similar molecules.”

Thus amides 5 and 6 were characterised in detail, continuous
assays were performed (progress curve method, at seven different
concentrations, ranging from those that minimally inhibited to
those that fully inhibited the immunoproteasome subunit) to
determine the K; values reported in Table 1. An analysis of the
obtained K; values clearly point out that compound 1 inhibited
both the ChT-L activities (f5i and f1i) of i-20S to the same extent
(K; values of 4.39uM and 4.90 uM, respectively). Differently amide
2, was able to inhibit the sole f5i with a K; value of 6.04 uM.

To test the efficacy of compounds 5-6 in a cell system, we
used dexamethasone-resistant human multiple myeloma cells
(MM.1R), which are less responsive to chemotherapy, and are rep-
resentative of patients in the later stages of the disease, as previ-
ously described'. All compounds were tested in duplicate at
different doses (1, 10, 15, 20, 40, 80, 100 uM) and the cell survival
assay was carried out at 24 h and repeated for 5 times. MM.1R cell
survival was determined by the tetrazolium dye MTT assay and
untreated cells were used as reference and assumed as the 100%
of vital cells (Figure 2).

In this assay, compounds 5 and 6 were proven to be quite
equipotent, with a slight improved activity for compound 6
(ECsp =17.8 uM), with respect to amide 5 (ECso=21.2 uM).

To test the efficacy of these compounds in inhibiting ubiquiti-
nated protein degradation, a western blot analysis of ubiquitin
was performed (Figure 3). In fact, considering that proteasome
inhibition leads the cells to accumulate ubiquitinated protein into
the cytoplasm, we decided to assess the changes in levels of total
ubiquitinated proteins indirectly, by detecting changes in total
ubiquitin levels, by western blot analysis. In this case, a significant
increase of ubiquitin (p <.005) was detected in the presence of
compound 6 at 20 uM; on the contrary, no significant increase of
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Figure 2. Effects of several concentrations of compounds 5 and 6 on vitality of
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ubiquitin accumulation was observed for compound 5 at none of
the tested concentrations. It is worth noting that these changes
were dose-dependent, this adding an additional level of confi-
dence in our experimental approach.

Cyclin D1/CDK4 complex is crucial to promote G1/S transi-
tion', so we decided to assess the levels of cyclin D1 and CDK4,
as well as of other cell cycle progression markers such as Cyclin A,
Cyclin B, and CDK1. As previously reported, proteasome inhibitors
act as cytotoxic compounds by causing a reduction in both cyclins
and CDKs levels, thus determining cell cycle arrest and
apoptosis'>'°,

In the light of this, we decided to check whether our com-
pounds (amides 5 and 6) were able as well to act as negative reg-
ulators of cyclins and CDKs; we checked levels of cyclin D1, cyclin
A, and cyclin B, as well as those of CDK1 and CDK4/6
(Figures 4-6).

When MM1R cells were exposed to 15uM and 20 uM of amides
5 and 6 for a long-term incubation (24h), a very significant
(p <.005) reduction in cyclin A (Figure 4) was observed only for
compound 6 at both 15 and 20 uM. No trend of reduction was
observed in this case for compound 5.

A consistent reduction of the levels of cyclin B (Figure 5) and
D1 (Figure 6) was also observed at 20 uM of compound 6, while
amide 5 was able to reduce only cyclin D1 at the same
concentration.

In the case of compound 6, the levels of cyclin A, B and D1
changed along with those of CDK-1 (p<.05) and CDK4/
6 (p <.0005).

It is presumable to suppose that long-term incubation with
compound 6, leads to an inhibition of the cyclin A/CDK1, cyclin B/
CDK1 and cyclin D1/CDK4/6 complexes, thus blocking cell cycle
progression.

NF-kB transcription factors are primarily regulated by associ-
ation with IkB protein. Thus, in most cells, NF-kB exists in the cyto-
plasm in an inactive complex bound to IkB. Most agents that
activate NF-kB act through a common pathway based on phos-
phorylation-induced, proteasome-mediated degradation of 1kB.

With this in mind, western blot analysis were performed on
both NF-kB and on its activated form pNF-kB (Figure 7), in this
case, compound 6 induced a dose-dependent increase of NF-kB
while, like expected, a trend of reduction was observed for
pNF-kB.
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Figure 4. Figures depict western blots results relatively to cyclin A and CDK1, both normalized for B-actin (lower bands); panels A and B show results for compound 5

and 6, respectively. Each bar is obtained from the mean of 3 separate experiments. *

On the contrary, a paradoxical increase of pNF-kB was
observed with compound 5; this effect has been already reported
by several authors, and described in a plethora of cancer cell lines,
as well as in primary cells from human cancer samples. There is
still not a clear explanation of how proteasome inhibitors can acti-
vate, rather than inhibit NF-kB, but some authors hypothesised
that this somehow surprising effect can be due by a differential
NF-kB activation mechanism depending on type and/or dosage of
the administered proteasome inhibitor'”'°,

Apoptosis and necrosis are two cell death mechanisms that
may be activated by PARP and Caspase-3. Therefore, PARP and
Caspase-3 protein expression were studied to demonstrate that
the efficacy of the compounds was not related to cell death proc-
esses’®?'. No significant difference in PARP and Caspase-3

p < .005 versus ctrl; #p < .05 versus ctrl.

expression was observed using either compound 5 or 6 (Figure 8).
These results demonstrated that the mechanism of action of these
compounds is not related to apoptosis or necrosis.

Conclusions

In conclusion, in our work, we identified two non-covalent immu-
noproteasome inhibitors, one of which (i.e. compound 6) showed
an ideal profile. Amide 6 was able to inhibit all the ChT-L activities
of both proteasome and immunoproteasome, coupled with an
EC50=17.8 UM against MM.1R cells, which are less responsive to
chemotherapy and represent the late stage of the disease.
Compound 6 was also able to inhibit ubiquitinated protein deg-
radation, which is strictly related to proteasome inhibition. Lastly,
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