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Hematopoietic stem cells (HSC) maintain blood production throughout life. Nevertheless, HSC functionality
deteriorates upon physiological aging leading to the increased prevalence of haematological diseases and
hematopoietic malignancies in the elderly. Deubiquitinating enzymes (DUBs) by reverting protein
ubiquitination ensure proper proteostasis, a key process in HSC maintenance and fitness.

The ubiquitin system

Ubiquitination is a reversible post-translational modification involved in the regulation of most cellular
processes. Ubiquitin (Ub), a 76 amino acid polypeptide, is primarily conjugated to lysine residues of substrate
proteins through the sequential activity of E1 Ub-activating, E2 Ub-conjugating and E3 Ub-ligating (Ub-
ligase) enzymes, generating a complex code written on thousands of proteins [1].

Major roles of deubiquitinating enzymes (DUBSs)

DUBEs catalyse the removal of ubiquitin from substrates, maintaining the balance between ubiquitination and
deubiquitination [2]. The 100 human DUBs have been categorized into seven structurally related
superfamilies: the cysteine proteases ubiquitin-specific proteases (USP), ovarian tumor proteases (OTU),
ubiquitin C-terminal hydrolases (UCH), Josephin/MDJ, MINDY and ZUFSP families as well as the
JAMM/MPN+ family of metalloproteases [2]. Besides rescuing proteins from degradation, DUBs regulate
protein function by cleaving and editing non-degradative ubiquitin signals. Through these mechanisms, DUBs
control proteostasis and cellular signalling networks [2, 3].

Main DUB targets and mechanisms of regulation of HSC activity

In physiological aging as in Myelodysplastic Syndrome (MDS) and Acute Myeloid Leukaemia (AML), DUBs,
including USP7, USP15, and A20, exhibit either increased or decreased expression [4-7]. Moreover, in
leukaemia, USP10, USP9X, BRCC36, and BAP1 participate in chromosomal translocation or are inactivated
by somatic mutations [8, 9] (Table 1). Substrate analysis, genetic deletion and/or mutation of DUBs in mouse
models, and data from human samples confirm a wide role of DUBs in biological functions relevant to both
normal and malignant HSC (leukemic stem cells, LSC) [8]. This is achieved through engagement in different
molecular mechanisms: DNA damage response[5, 10-15], epigenetic drift[9, 15-19], protein biosynthesis[20],
inflammation [21], and proteasome-independent or dependent signalling [6, 11, 22-29] (panels A-E and Table
1). These processes ultimately impact signal transduction, cell cycle and differentiation. Individual DUBs are
often involved in multiple pathways such as maintenance of genome stability, chromatin modifications and
intra/extracellular cytokine and stress signalling. Many DUBs act on the same mechanism with pleiotropic
effect (F).

DUBs in hallmarks of HSC aging and myelodysplastic transformation

The same biological processes mentioned earlier contribute to key features observed in old HSC which are
shared by LSC in age-related pathologies such as MDS and AML[30, 31]. DUB knockout mice display features
of premature aging HSC including perturbed quiescence (i.e. A20 [21]), reduced self-renewal and
reconstitution capacity (i.e. USP3[12], USP15[5], USP16[17]), pool expansion and myeloid lineage bias (i.e.
A20[7],USP22[18], BAP1[9]), inflammation (A20[21]), increased genomic instability (i.e. USP1[10], USP3
[12], USP15[5]), epigenetic changes (i.e. USP16 [17], USP22 [18], BAP1[9], MYSMI1 [15, 19]) and clonal
hematopoiesis (BRCC36[28]). Given their mechanistic pleiotropic effect, DUBs often impact more than one
aspect and have partially overlapping roles in HSC fitness (Table 1).

Small molecules targeting DUBs in myeloid leukaemia

Several DUB inhibitors small molecules have been developed and tested in in vitro and in vivo models of
myeloid leukaemia, where their inhibition promotes proteasomal degradation of oncogenic proteins (such as
FLT3-ITD upon USP10 inhibition [24]) [22, 23, 26, 27, 29] (Table 1). First-generation compounds, such as
P22077, have largely non-specific pan-DUB inhibitory activity [3]. The new class of small molecules, like the
USP7 inhibitor FT671, shows high specificity with efficacy in primary AML cells at nanomolar concentration
[16].
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cells[11] BAPI1 *BAP1deubiquitinates the cell cycle regulator HCF-1 and its binding partner OGT] to
AUSP3 | -Usp3 KO mice display enhanced monoUb H2A and H2B, lymphopenia, reduced suppress proliferation and cell cycle progression, limiting myeloid transformation [9].
HSC compartment, and decline in HSC repopulation potential upon aging[12]. *Mutant ASXL1-MT/BAP1 complex promotes leukaemia transformation[8, 32].
-USP3 regulates Ub-dependent DNA damage signalling to protect HSC from Josephin/MDJ
genotoxic stress[12]. . . oy
JOSD1  *JOSDI interacts with and stabilises JAK2-V617F mutant to promote AML cells SB1-F-70; XL-
USP7 *USP7 inhibition: a) upregulates Gelsolin to induce differentiation of MDS cells[33]; P22077 [13, 16, survival[29]. 9872-106C [29]
b) rgdluceg tllleé Viabi({itly of primalz A9MIace11§ ?nc}( tumour burden i’ill vivo iri PIEX 33] JAMM/MPN+ metalloproteases
1 ' MLL.AFOi DL :
Xme‘;loegfgﬁs’[w]]’ ©) delays TEHced TenRACTiia it vivo T itiman fetkaciia BRCC36 -Deficiency of JAK2 K63-polyUb deubiquitination by BRCC36, as part of the BRISC
et - L L AL cell<l 13 P5091 [22, 33] (BRCC3) complex, stabilises JAK2 signalling, promoting HSC expansion[28].
*U: { ) el 1qu1t1n.a;es alé si[a ! 1se1s € q .1n | ?e s[. _]' _ ot *BRCC36 is mutated in MDS and AML [8].
P[I{CII).71 1181;[:;?1011[;[\71/ 16t]. PRCL.1 complex and its catalytic activity is required for FT671 MYSMI1 -MYSMI deubiquitinates H2AK119Ub, regulating transcriptional programs in
* . . ) . (napqmolar USP7 HSPC [15, 19].
ce[:{lss ngileumqultmates and stabilises BCR-ABL to promote the survival of CML inhibitor) [16] -Inactivating MYSMI mutations cause an inherited bone marrow failure syndrome
P | (IBMFS) [13].
*USP7 is differential expressed in MDS[4]. -MYSMI-deficient HSC exhibit increased oxidative stress [15, 20], YH2ZAX DNA
AUSP9X  *USP9X binds to FLT3-ITD and its downregulation cooperates with WP1130 DUB ~ Wp1130; G9 [23, damage mark, ribosomal stress and p53 activation [15, 37].
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