Proteasome inhibitors block lkaros degradation by
lenalidomide in multiple myeloma

Survival in multiple myeloma (MM) has improved
remarkably since the introduction of the proteasome
inhibitors, (PI), bortezomib (BOR), carfilzomib (CAR), and
the immune modulating cereblon-binding molecules
(CBMs) thalidomide (THAL), lenalidomide (LEN), and
pomalidomide (POM). BOR reversibly, and CAR irre-
versibly, inhibit proteasome function, thus inducing apop-
tosis in MM cells.! CBMs bind to a specific pocket in the
protein cereblon (CRBN)** an interaction which enhances
the E3-ubiquitin-ligase activity of the
CRBN/Cul4A/Cul4B/DDB1/Roc1 complex. As a result, the
downstream substrates of CRBN, Ikaros (IKZF1) and
Aiolos (IKZF3), important regulators in T- and B-cell devel-
opment, are more efficiently ubiquitinated and
degradated.” As a consequence specific downstream tar-
gets of IKZF1/3 including IRF4 and subsequently MYC are
down-regulated and MM cell death is induced, while
simultaneously transcription of Interleukin-2 is enhanced
and the immune compartment activated.’

To better visualize IKZF1 degradation we created an ade-
noviral vector expressing IKZF1 fused to luciferase and
used this vector to transfect 14 MM cell lines to investigate
LEN induced IKZF1 degradation. We also utilized a lentivi-
ral system to create two stable cell-lines (H929/IKZF1Luc
and 8226/IKZF1Luc), both expressing an IKZF1-luciferase
fusion gene and used them to assess the IKZF1 degradation
capacity of other CBMs, as well as the synergistic and
antagonistic effects of LEN-based combination therapies.

Specifically, we first created a plasmid (pCDHIKZF1Luc)
containing a CMV promoter controlled luciferase-IKZF1
fusion gene, a control vector expressing luciferase and con-
structed an adenoviral vector, that expressed an IKZF1-
luciferase fusion gene (AdIKLuc) as well as a luciferase only
control vector (AdLuc). Next, we infected 14 MM cell lines
with the adenoviral vector AdIKLuc or control vector and
documented successful protein production. The cell lines
were then treated with LEN for six days and their viability
measured by MTT assay to document sensitivity or resist-
ance to drug. Subsequently, we tested the ability of LEN to
degrade IKZF1, by measuring luciferase activity 5 and 24 h
after drug exposure and correlated this with drug sensitivi-
ty. Finally, we assessed the same response in the stable cell
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Figure 1. The capacity to degrade IKZF1 correlates with the anti-myeloma potency of THAL, LEN and POM. (A and B) 8226 and H929 cells,
which stably express IKZF-luciferase fusion proteins were treated with the indicated dose of LEN, POM and THAL (see table below graph)
for 24 h and luciferase activity in drug-exposed cell-lines were measured. The relative ability of drug to degrade IKZF1 is dose dependent
and potency demonstrates THAL<LEN<POM. (C) 14 myeloma cell lines with variable sensitivity to LEN were infected with adenovirus
expressing IKZF1-luciferase fusion proteins. Cells were treated with vehicle (DMSO) or LEN for 5 h and luciferase activities were measured.
Cell lines are ranked from most LEN resistant on the left to most LEN sensitive on the right and luciferase percent degradation in response
to LEN is shown in the bars. Data generated from each cell line were normalized to vehicle-treated control. Overall ability to degrade IKZF1

strongly correlates with drug responsiveness.

haematologica 2 00:e315




LETTERS TO THE EDITOR

e T e T

7

Figure 2. Proteasome inhibitors abro-
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lines, 8226/IKZF1Luc and H929/IKZF1Luc, to other CBMs
and the effects of combination treatment (LEN/DEX,
LEN/BOR, LEN/CAR, and LEN/SAHA) on the degradation
capacity of IKZF1 in 8226/IKZF1Luc cells.

Luciferase expression was examined after exposure to all
three CBMs in 8226/IKZF1Luc (Figure 1A) and
H929/IKZF1Luc (Figure 1B). With each of them IKZF-
luciferase levels dramatically decreased and depletion was
dose dependent. Using this surrogate marker cell-line assay
luciferase is most efficiently degraded by POM which is
twice as potent as LEN, but a thousand times more potent
than THAL (ED50 for H9291ZKF1Luc, POM: 4.9nM, LEN:
10.2 nM, and THAL: 4795 nM).

We next tested cytotoxicity in 14 MM cell lines after LEN
treatment. Based on MTT (Online Supplementary Figure
S1A), these cell lines can be divided into three groups
including XG1, KMS11, MM1.S, MM1.R, and H929 (sensi-
tive), OPM2, U266, KMS18 (intermediate response), and
OCI-My5, SKMM2, KMS12PE, FR4, EJM and JJN3 (resis-
tant). We infected these cell lines with an adenovirus
expressing the IKZF1-luciferase fusion protein or a control
expressing luciferase only, followed by treatment with
LEN. After drug exposure a reduction of IKZF1-luciferase
was observed in the positive control cell lines and minimal
reduction was seen in the AdLuc negative controls (data not
shown). As shown in Figure 1C, the degree of luciferase
reduction observed 5 h after LEN treatment paralleled the
cytotoxicity of MM cell lines to LEN. For example,
luciferase activity dropped more than 80% in sensitive cell
lines, while it declined less than 50% in all resistant cell
lines. Similar effects were also observed at 24 h post treat-
ment (Online Supplementary Figure S2). Of interest, all LEN-
resistant cell lines were also unresponsive to THAL and
POM treatment as measured by MTT and by ability to
degrade IKZF1-luciferase (Online Supplementary Figure S3).
Drug doses employed were those which are reliably cyto-
toxic in sensitive cells.

We next compared gene expression levels measured by
RNAseq of the resistant versus the non-resistant cell lines
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and despite the small sample size and wide confidence
intervals observed statistically significantly higher levels of
IKZF3 (P=0.05) and a trend for higher KPNA2 (P=0.07),
IKZF1 (P=0.1) and CRBN (P=0.44) levels in the sensitive
cell lines (Online Supplementary Figure S4).

Since successful degradation of Ikaros and Aiolis require
an intact proteasome, we then investigated whether pro-
teasome inhibitors can alter CBM anti-MM activity. We
treated 8226IKZF1Luc with LEN in combination with
increasing doses of BOR or CAR for 24 h. Strikingly, both
proteasome inhibitors almost totally blocked LEN-induced
IKZF1-fusion protein degradation, at a dose of 6 nM for
BOR treatment and 40 nM for CARF (Figure 2A and B).
Similar results were achieved using H929IKZFLuc with
LEN and increasing doses of BOR (Online Supplementary
Figure S5). Of note, the blockage of IKZF1 degradation by
BOR was time- and dose-dependent, for example, in
8226IKZF1Luc, the inhibition mediated by 100nM BOR
only required 1 h of pre-treatment, but it took 3 h if a
reduced dose of 40 nM of BOR was applied (Figure 2C).
Interestingly, 3-5 nM concentrations of BOR did not fully
block IKZF1-fusion protein degradation (Figure 2A), but
were sufficient to mediate cytotoxicity (Figure 2D), suggest-
ing the existence of a dosage window in which combined
PI and CBM might still independently exert anti-MM
effects.

Based on this dose window observation, we explored
lower doses of BOR below that which abrogate CBM activ-
ity, and we were able to confirm synergistic toxic effects by
MTT of combined LEN and BOR treatment in both H929
and MM1.S (Online Supplementary Figure S6). Interestingly,
in both we observed the highest synergy when LEN was
administered prior BOR treatment (Online Supplementary
Table S1) suggesting that the rapid degradation of IKZF1
may occur quickly enough to still allow for combination
efficacy if dosing of BOR is delayed compared to LEN. To
validate the specificity of our approach, we finally assessed
the effect of combined LEN either in combination with
DEX or the pan-HDAC inhibitor, SAHA. Neither signifi-
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cantly influenced LEN-induced IKZF1 degradation (Online
Supplementary Figure S7). However, SAHA was shown to
enhance both luciferase control and IKZF1-luciferase accu-
mulation.

Anti-MM CBM action is mediated by proteasomal degra-
dation of IKZF1 and IKZF3.7° BOR reversibly and CAR irre-
versibly block the proteasome, suggesting that combining
both drugs might be counterproductive. However, clinical
experience suggests that CBM and PI combination thera-
pies in MM treatment lead to improved response rates and
deep and durable remissions.”” To explore this paradox,
we have described a model, in which the degradation
capacity of IKZF1 can be measured by luciferase activity.
We report that the IKZF1 degradation capacity of POM and
LEN clearly outperformed that of THAL. Furthermore,
POM showed an impressive 1000-fold higher IKZF1 degra-
dation capacity than THAL, giving evidence that the clini-
cal potency of CBMs is strongly related to their capacity to
degrade IKZF1. The ability of drug-bound cereblon to pro-
mote degradation of IKZF1 is thus a hallmark of MM cellu-
lar response to CBMs.

We explored whether PI therapy can alter CBM induced
IKZF1 degradation, and, strikingly, we were able to com-
pletely abrogate the CBM-induced IKZF1 degradation by
concomitant PI treatment. We propose four possibilities
that might explain the apparent biologic discrepancy with
clinical results. First, and probably the most simple expla-
nation, is that commonly used regimens administer CBMs
continuously over a 21-day period whereas only 4 doses of
BOR or 6 doses of CAR are given in a 21-day or 28-day
cycle. These differences in the administration schedule
might, therefore, allow dual action, if the proteasome inhi-
bition is not complete or does not persist over the whole
treatment cycle. Similarly, if a CBM is given prior to a PI
then the rapidity of IKZF degradation may be such that
proteasome inhibition comes too late to be of significant
clinical consequence. Delivery of BOR or CAR prior to
CBM would, however, be counterproductive. An alterna-
tive but speculative theory might be that IMiD and PI treat-
ment are additive independent of proteasome function
which would be possible if inactivation of IKZF proteins
resulted from its polyubiquitination alone and the non-
functional heavily ubiquitinated IKZF protein was suffi-
cient to exert IMiD-based anti-MM properties. A final pos-
sibility is that we have noticed cellular cytotoxicity due to
PI at levels of PI drug below those required to inhibit IKZF1
degradation (Figure 2C and Online Supplementary Figure S3).
This finding suggests the potential existence of a therapeu-
tic window in which both drugs can be used concurrently;
however, such thresholds in humans are unknown and
need to be determined.

Overall our data suggest that CBM administration on
days of PI, and especially concurrent with or shortly after PI
administration, might be ineffective. Consequently, clinical
trials are needed to investigate whether CBM administra-
tion can be safely omitted on those days, reducing cost and
potentially lowering toxicity, while maintaining treatment
efficacy. Alternatively, such trials could potentially enhance
activity by introducing a 6-12 h window after oral delivery
of a CBM and the use of a PI. Formal pharmacokinetic and
pharmacodynamics studies would be very helpful in
widening our understanding.

In summary, we have demonstrated that CBM-induced
IKZF1 degradation can be rapidly and completely abrogat-
ed by proteasome inhibitors. Our data suggest that the tim-

ing and dosing schedules of clinical use of CBMs in combi-
nation with PI treatment is critical, providing evidence that
established treatment regimens need to be carefully re-
evaluated to maximize anti-tumor effects at the lowest
costs and toxicity for the patient.
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