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The Pandora’s box of
thalidomide analogs and
their substrates

Paola Neri | University of Calgary

In this issue of Blood, Sperling et al describe the biological determinants
underlying the activity of thalidomide analogs in a given cell and potential
mechanisms of resistance. By developing a quantitative mass spectrometry
(MS)-based assay, they measured the levels of cereblon (CRBN) and thalid-
omide analog protein substrates to characterize the activity of thalidomide
analogs and identify novel modes of drug resistance.’
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Cullin-RING E3 ubiquitin (Ub) ligase complex and thalidomide analog protein substrates. Schematic representation
of the CRLASREN complex and its competing substrates. DDB1, damage specific DNA binding protein 1; E2,
ubiquitin-conjugating enzyme E2; ROC, regulator of cullins.
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Thalidomide and its analogs exert sig-
nificant activity in the treatment of several
hematologic malignancies, especially
multiple myeloma (MM) and myelodys-
plastic syndrome (MDS). They bind to
CRBN,? a substrate receptor in the cullin-
RING E3 ubiquitin ligase complex
(CRL4SREN)and in MM they are known
to induce proteasomal degradation of
transcriptional factors lkaros and Aiolos®#
with an ensuing transcriptional repression
of MYC and IRF4, two important proteins
for MM proliferation and survival (see
figure). In del(5g) MDS, the target critical
for drug activity is the casein kinase 1«
(CK1a) encoded by CSNKT1A1.5 Several
other thalidomide analog-induced sub-
strates have been described,® but how
these substrates interact with one an-
other and whether they influence drug
activity is still unknown. Our understanding
of the determinants of activity and re-
sistance of thalidomide analogs in a given
cell is also limited.

MS is one of the most commonly used
technologies for quantifying proteins in
complex samples, and it has excellent
assay specificity as a result of direct de-
tection of the mass-to-charge ratio of
each target molecule. However, MS-
based proteomics has a bias toward
measuring high-abundance analytes, so
itis challenging to detect low-abundance
analytes at ng/mL or pg/mL concen-
trations in complex samples. Therefore,
immunoaffinity enrichment and targeted
MS approaches such as multiple-reaction
monitoring (MRM) have been developed
to measure low-abundance proteins with
high specificity.” Sperling et al used
immunoaffinity enrichment and MRM-
targeted MS with a heavy isotope-
labeled peptide to detect thalidomide
analog-induced substrate degradation,
and they demonstrated that the assay is
sensitive, quantitative, and precise. Not
surprisingly, they observed that substrate
sensitivity is dependent upon the ability
of individual drugs to induce strong
binding of a given substrate to the CRBN
adaptor protein. Therefore, the degree
of drug-induced substrate binding drives
both the rate and degree of substrate
degradation. The authors demonstrated
that once this binding occurs, the rate of
substrate degradation depends on the
level of CRBN, which confirms that MM
cell sensitivity to thalidomide analogs
correlates with CRBN expression levels.
In addition, the authors demonstrated
that multiple substrates compete for
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access to a limiting pool of CRBN, which
leads to an ordered degradation of
substrates. In their article, Sperling et al
also delineate how the variable thalid-
omide analogs differ in their substrate
binding and explain their differential cy-
totoxicity and potency. Therefore, cellu-
lar sensitivity to thalidomide analogs is
determined by a complex interplay that
involves not only the expression levels
of the CUL4A E3 ubiquitin ligase and its
adaptor CRBN but also the stability of the
ternary complex (E3 ligase-thalidomide
analog-substrate) and, importantly, the
cellular expression and abundance of
competing substrates.

Overall, the results presented by Sperling
et al are pivotal to expanding our un-
derstanding of thalidomide analogs’
mechanisms of action and MM cells’
acquired resistance to the drugs. In
particular, these findings highlight a po-
tentially novel mechanism of resistance
to this class of drugs mediated by com-
petition between substrates for access to
a limiting pool of the E3 ubiquitin ligase.
However, the clinical relevance of this
competing substrate model remains to
be confirmed in large transcriptomic data
sets available from clinical trials that
evaluate the clinical efficacy of these
drugs. In particular, the data provided by
the authors suggest that overexpression of
competing substrates has a modest pro-
tective effect in cells exposed to lenalido-
mide. Current knowledge clearly supports
that CRBN-truncating mutations that result
in the loss of CRBN® or posttranscriptional
modification to the CRBN thalidomide-
binding domain (exons 10 and 11)? are
implicated in MM cells’ resistance to
thalidomide analogs.

Through rigorous scientific studies, we
have finally come to understand the
mechanisms that led to the tragic tera-
togenic effects of thalidomide in the
1960s. Current studies are helping us
begin to unravel the mechanisms that
mediate the activity of and possibly re-
sistance to this class of drugs in variable
hematologic malignancies. The success
of thalidomide analogs as anticancer agents
has reinvigorated the development of
degronimids and proteolysis-targeting
chimera (PROTAC) technology as active
areas of drug development.’® Approaches
such as the immuno-MRM assay described
by Sperling et al will be essential for de-
termining the activity of the developed
E3 ligase-engaging degraders and the

accurate measurement of target sub-
strates. From tragic beginnings to a tri-
umphant ending, thalidomide analogs
are the Pandora’s box that never stops
amazing us!

Conflict-of-interest disclosure: The author
declares no competing financial interests. W

REFERENCES

1. Sperling AS, Burgess M, Keshishian H, et al.
Patterns of substrate affinity, competition, and
degradation kinetics underlie biological ac-
tivity of thalidomide analogs. Blood. 2019;
134(2):160-170.

2. ltoT, AndoH, Suzuki T, et al. Identification of a
primary target of thalidomide teratogenicity.
Science. 2010,327(5971):1345-1350.

3. Kronke J, Udeshi ND, Narla A, et al.
Lenalidomide causes selective degradation of
IKZF1 and IKZF3 in multiple myeloma cells.
Science. 2014;343(6168):301-305.

4. LuG, Middleton RE, Sun H, etal. The myeloma
drug lenalidomide promotes the cereblon-
dependent destruction of Ikaros proteins.
Science. 2014;343(6168):305-309.

5. Kronke J, Fink EC, Hollenbach PW, et al.
Lenalidomide induces ubiquitination and
degradation of CK1a in del(5g) MDS. Nature.
2015;523(7559):183-188.

6. Donovan KA, An J, Nowak RP, et al.
Thalidomide promotes degradation of SALL4,
a transcription factor implicated in Duane
Radial Ray syndrome. eLife. 2018;7:e38430.

7. Whiteaker JR, Zhao L, Yan P, et al. Peptide
immunoaffinity enrichment and targeted mass
spectrometry enables multiplex, quantitative
pharmacodynamic studies of phospho-
signaling. Mol Cell Proteomics. 2015;14(8):
2261-2273.

8. Zhu YX, Braggio E, Shi CX, et al. Cereblon
expression is required for the antimyeloma
activity of lenalidomide and pomalidomide.
Blood. 2011;118(18):4771-4779.

9. Neri P, Maity R, Keats JJ, et al. Cereblon
splicing of exon 10 mediates IMiDs resistance
in multiple myeloma: Clinical validation in the
CoMMpass Trial [abstract]. Blood. 2016;
128(22). Abstract 120.

10. Fisher SL, Phillips AJ. Targeted protein deg-
radation and the enzymology of degraders.
Curr Opin Chem Biol. 2018;44:47-55.

DOI 10.1182/blood.2019001420

© 2019 by The American Society of Hematology

Comment on Hsu et al, page 186

Deconstructing

myelodysplastic syndromes

Monica del Rey Gonzalez and Christopher Y. Park | New York University School

of Medicine

In this issue of Blood, Hsu et al show that myelodysplastic syndrome (MDS)

cells can be efficiently reprogrammed into induced pluripotent stem cells

(iPSCs) to capture the clonal intermediates that appeared during MDS

progression.’

Myeloid malignancies such as MDS arise
following the accumulation of multiple
genetic (and potentially also epigenetic)
changes in hematopoietic stem cells
(HSCs) that confer a competitive advan-
tage to mutant clones.? Historically, hu-
man MDS has been challenging to study
because of the reduced ability of MDS
hematopoietic stem and progenitor cells
(HSPCs) to grow in vitro, engraft immu-
nodeficient mice, or give rise to cell lines.
Although we and others have shown that
MDS patient HSPCs can engraft in im-
munodeficient mice and recapitulate fea-
tures of human disease, engraftment
levels are generally low, and serial trans-
plantation of disease, the gold standard
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assay for HSC function, remains chal-
lenging even with newer humanized im-
munodeficient mouse strains.®

Given these challenges, it is not surpris-
ing that there is an absence of studies in
primary MDS patient samples that in-
vestigate the functional impact of the
order of mutations or the consequences
of additional mutations on HSC self-
renewal and differentiation in the con-
text of prior mutations. This represents an
important gap in our knowledge because
the order of mutations has been shown to
have an impact on clinical outcomes in
myeloproliferative neoplasms.* Indeed,
in MDS, it is generally thought that the
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