
and processed ex vivo in ambient air
oxygen (;21%O2) or cultured in ambient
air. Ambient air O2 levels are not the same
as physoxia (lowered O2 levels present
in vivo that are relevant to in vivo physi-
ology). Collecting and processing cells
in ambient air results in a phenomenon
termed extra physiological shock/stress
(EPHOSS).12 EPHOSS is associated with
enhancedmitochondrial ROS, and is linked
with P53, opening of the mitochondrial
permeability transition pore, ROS, hypoxia
inducing factor-1a, and the hypoximir
miR210. Mitigating EPHOSS by collecting
and processing cells at a loweredO2 allows
for detection of increased HSCs and de-
creased slow- cycling HPCs.12,13 Hence, it
is appropriate to reevaluate the effects
of radiation and RIBEs by collecting/
processing and culturing cells at lowered
O2/physoxia to remove the confounding
influences of EPHOSS on collected cells.
This approach will provide a more accurate
reading of the results andmay be especially
important for evaluation of the effects of
radiation and RIBEs on cells of aged mice13

and humans.

Another area that could use reanalysis in
this context is that of RIBE-induced cy-
tokines, chemokines, and growth factors
and whether these molecules, produced
or released in response to radiation, are
in a full-length or truncated form. Dipep-
tidylpeptidase4 (DPP-4) is an enzyme that
truncates selected proteins with an ala-
nine, proline, or other amino acid at the
penultimate N terminus.14 Full-length and
DPP-4–truncated proteins do not have
similar functional activities. In certain
situations, DPP4-truncated proteins (such
as granulocyte colony-stimulating factor,
granulocyte-macrophage colony-stimulating
factor, IL-3, TPO, and EPO) have no or
less activity than their full-length forms,
but can block activities of their full-length
forms.14

In their article, Hu et al add to and bring
us closer to a more in-depth analysis of
the impact of RIBEs on human HSCs and
HPCs in the context of HCT. It is clear that
there is much more to be learned about
health benefits involving radiation (see
bottom of figure). This is a virgin field,
ready for continued rigorous evaluation
in terms of cell responses and in-depth
mechanistic insight.
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Comment on Domostegui et al, page 3351

Blocking RiBi to suppress
MYC lymphomagenesis
Jean-Francois Peyron | INSERM

In this issue of Blood, Domostegui and colleagues demonstrate that in MYC-
driven B-cell lymphoma, activation of the ribosome biogenesis (RiBi) checkpoint
triggers an apoptotic response, through thep53-induced, proteasome-dependent
degradation of MCL-1.1

The MYC bHLH (basic Helix-Loop-Helix)
transcription factor may be the most
deregulated oncogene in all of human
cancers, where it promotes increased
cell metabolism and growth, enhanced
survival, and abnormal proliferation.2 In
particular, MYC is a strong stimulator of
RiBi and is unique by its simultaneous
enhancing effect on the activity of the RNA
polymerases pol-I, pol-II, and pol-III. They
respectively enhance transcription of the
47S precursor ribosomal RNA (rRNA), of
messenger RNAs (mRNAs) for the 80 ribo-
somal proteins (RPs), and of the 5S rRNA, in
order toboost theproductionof ribosomes.3

MYC is the hallmark oncogene amplified
in aggressive diffuse large B-cell lym-
phoma (DLBCL) and Burkitt lymphoma
(BL). Myc-driven lymphomas can be mod-
eled in Em-MYC mice, where MYC is
overexpressed in B lymphocytes under
the control of the strong immunoglobulin
heavy chain enhancer. Not surprisingly, it
was observed that Em-MYC lymphomas
are addicted to RiBi and protein syn-
thesis. Indeed, the survival of Em-MYC
mice was greatly increased by inducing a
haploinsufficiency of either of the genes
coding for the L24/RPL24 or L38/RPL38
RPs, correcting the enhanced protein
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synthesis rate of Em-MYC lymphoma cells
back to homeostatic values.4 These re-
sults were in accordance with the ribo-
some being considered an active player
in cancerous transformation and also
an attractive anticancer target. Blocking
either RiBi or the ribosome directly has
shown promising effects5 and homo-
harringtonine, a protein synthesis inhibitor
that directly blocks the ribosome, has
been approved for clinical use in resistant
chronic myeloid leukemia and is being
evaluated in acute myeloid leukemia in
various clinical trials. In a different di-
rection, the depletion of the RPL24 gene
triggers a p53-dependent cell-cycle arrest.6

Moreover, a multimolecular complex, the
impaired ribosome biogenesis check-
point (IRBC), consisting of 5S rRNA, RPL5,
and RPL11, was then identified as a
checkpoint of efficient RiBi. Upon RiBi
inhibition, 5S rRNA, RPL5, and RPL11 are
released from the preribosomal complex
to form the IRBC that interacts with and
blocks HDM2/mdm2 to induce p53 sta-
bilization, acting as a tumor suppressor.7

The current study addresses the contri-
bution of decreased global translation vs

activation of IRBC/p53 in the anticancer
effects of targeting RiBi. The authors
used cell lines derived from Tp531/1; Em-
MYC mice. They show that the inducible
short hairpin RNA-depletion of RPL7a or
RPL11 both decreased protein synthesis.
However, only the depletion of RPL7a, which
does not affect the IRBC, could trigger a
p53-dependent apoptotic response.

TheMCL-1 antiapoptotic protein of theBCL-
2 family is frequently coamplified with MYC
to cooperate for transformation. Domoste-
gui et al showed that after interference
with RiBi, p53 induced polyubiquitination
of MCL-1. Ubiquitinated MCL-1 is then de-
graded by the proteasome, leading to ap-
optotic cell death (see figure). This was not
observed in a p53-mutated background.

The authors also show that low doses of
actinomycin D (ActD), that blocks the
transcription of rDNA by RNA polymer-
ase I, induced IRBC and apoptosis of
p531/1 lymphoma cells. Their analysis of
the Genomics of Drug Sensitivity in Can-
cer database revealed that cancer cell
lines originating from blood cells are
more sensitive to ActD than other tumor

types, and among them the p53 status is
predictive of the response to ActD. This
was confirmed in vitro on a panel of BL
and DLBCL cell lines. This important re-
sult supports the potential use of ActD in
treating wt-TP53 hematological malig-
nancies. ActD is already used, albeit at
higher doses, for some pediatric tumors
such as Wilms tumors, rhabdomyosar-
coma, and Ewing sarcoma. Interestingly,
it has been realized that interference with
RiBi was a property of many classical
antineoplastic drugs, such as anthracyclines.8

Also, oxaliplatin was recently shown to act
through a RiBi stress response, in contrast
to the other members of the cisplatin drug
family that induce DNA damage.9 It would
be interesting to explore the implications
of this study on IRBCon themodeof action
of these classical drugs.

Genetic defects that alter RiBi or ribo-
some function/production are at the roots
of ribosomopathies, such as Diamond-
Blackfan anemia or Schwachman-Diamond
syndrome, that are congenital diseases
associated with a high risk of developing
cancer, particularly leukemia. One of
the hypotheses to explain the malignant
transformation is that the defects in RiBi/
ribosome trigger during a hypoprolifer-
ative stage associated with inefficient
protein synthesis, a salvage activation of
p53 in an attempt to eliminate defective
cells. However, the occurrence of a sec-
ondary genetic event that blocks the p53
pathway allows the cells to escape apo-
ptotic elimination and to proceed to ma-
lignant transformation.10 Here also it could
be interesting to analyze the potential role
of IRBC and of MCL-1 in the support of
the survival of RiBi defective cells. Finally,
the work of Domostegui et al suggests that
direct interference of MCL-1 function with
specific BH3 mimetics could be an alterna-
tive approach in treating p53 mutated lym-
phomas, in association with RiBi inhibition.
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The amplified MYC oncogene in DLBCL and BL lymphoma strongly stimulates RiBi that supports cell proliferation
and tumor progression through enhanced protein synthesis. Blocking RiBi with ActD or the pol-I inhibitor CX5461
decreases ribosome numbers impacting abnormal proliferation. In parallel, the IRBC comprising 5S rRNA, RPL5,
and RPL11 is formed that blocks mdm2 to activate p53. p53 interferes with proliferation through induction of p21
and stimulates ubiquitination of the antiapoptotic BCL-2 family member MCL-1 that is frequently amplified in MYC-
driven lymphomas. Ubiquitinated MCL-1 is then degraded in the proteasome to free BAK-BAX dimers that trigger
mitochondrial membrane disruption and apoptosis, leading to tumor regression.
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A new option for
Richter syndrome
Martin R. Müller | KRH Klinikum Siloah Hannover

In this issue of Blood, Vaisitti et al1 demonstrate that the receptor tyrosine
kinase–like orphan receptor 1 (ROR1), which is expressed on the cells of
various hematological malignancies and solid tumors, but not on normal adult
tissues, is a potential therapeutic target for treatment of Richter trans-
formation. Using a xenograft mouse model, they showed a significant ther-
apeutic effect using the ROR1-directed antibody drug conjugate (ADC)
VLS-101 (see figure).

RS refers to the development of an ag-
gressive lymphoma in patients with chronic
lymphocytic leukemia (CLL).2 While dif-
fuse large B cell lymphoma (DLBCL) is by
far the most common histology, Hodg-
kin lymphoma and T-cell lymphomas
can also occur. DLBCL-like RS carries
a particularly dismal prognosis. The clonal
relationship between the underlying
CLL and the DLBCL provides the most
important prognostic information. Pa-
tients with a clonally related DLBCL
transformation show a median survival of
only 14 months, whereas patients with
clonally unrelated transformation have
a significantly better prognosis, with a
median survival of 5 years.3 Approxi-
mately 80% of patients with DLBCL-like
RS have clonally related disease and,
thus, a bad prognosis. Transformation
while on therapy with targeted agents
like ibrutinib or venetoclax seems to be
associated with an even poorer outcome,
with a median survival of only 3months.4

The mainstay of therapy for RS is
anthracycline-containing chemotherapy
plus rituximab, with R-CHOP (rituximab
plus cyclophosphamide, doxorubicin,
vincristine, and prednisone) and dose-
adjusted EPOCH-R (etoposide, prednisone,
vincristine, cyclophosphamide, doxoru-
bicin plus rituximab) being the preferred
regimens. Nonmyeloablative allogeneic
hematopoietic stem cell transplantation
is an option for a subpopulation of pa-
tients and significantly improves the
clinical outcome when performed during
the first remission.5 A number of novel agents
(ibrutinib, venetoclax, pembrolizumab,
nivolumab, and selinexor) have shown
clinical activity but with disappointing
remission durations. The optimal combi-
nation of classical immunochemotherapy
and novel agents is currently being
investigated in several clinical trials. Two
recently reported studies have demon-
strated promising results with chimeric
antigen receptor T cells.6 Overall, the

therapeutic options especially for clon-
ally related RS remain very limited, and
new therapeutic options are desperately
needed.

ADCs are a novel set of anticancer
agents with excellent activity in a variety
of malignancies. They typically consist of
a monoclonal antibody directed against
a specific antigen on malignant cells
that is linked to several molecules of a
cytotoxic drug. Upon binding their re-
spective antigen, ADCs are rapidly inter-
nalized and eventually release the cytotoxic
agent into the cytosol of the tumor cell. A
number of ADCs are currently approved
for cancer therapy. Brentuximab vedotin
is a CD30-directed ADC approved for the
treatment of Hodgkin disease and sys-
temic anaplastic large cell lymphoma.7

Trastuzumab emtansine is used in the
treatment of Her-2/neu–positive breast
cancer.8 Inotuzumab ozogamicin,9 which
is directed against CD22, is approved for
the treatment of relapsed and refractory
acute lymphoblastic leukemia, whereas
gemtuzumab ozogamicin, which targets
CD33, is used in the first-line treatment
of acute myeloid leukemia. Polatuzumab
vedotin10 is a CD79b-directed ADC that
significantly improves the clinical out-
come in patients with DLBCL when used
in combination with bendamustine and
rituximab.

Vaisitti et al now report that ROR1 is
expressed on the surface of RS cells and
can be efficiently targeted using the ADC
VLS-101, resulting in significant remis-
sions and improvement of overall survival
in amousemodel. The authors employed
a xenotransplant mouse model to in-
vestigate tumors derived from patients
with DLBCL-like RS with different ex-
pression levels of ROR1. In chronic lym-
phocytic leukemia cells, ROR1 binds to
the noncanonical Wnt signaling member
Wnt5a, resulting in the activation of dif-
ferent guanine exchange factors and
subsequently phosphatidylinositol-3 ki-
nase and Janus kinase signaling cas-
cades, culminating in cell proliferation.
A phase 1 study with naked antibody to
inhibit the ROR1 pathway failed to show
significant clinical activity. This prompted
the group to create the ROR1-directed
ADC VLS-101, which was used in this
study. While the ROR1 pathway does not
appear to be activated in RS cells, the
investigators show that ROR1 can serve
as a robust target for the ADC. The treat-
ment of mice with transplanted human
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