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Abstract

Little is known about the transition mechanisms that govern early lymphoid lineage progenitors from common lymphoid
progenitors (CLP). Pellino2 (PELI2) is a newly discovered E3 ubiquitin ligase, which plays important roles in inflammation
and the immune system. However, the physiological and molecular roles of PEL/2 in the differentiation of immune cells are
largely unknown. Here, by using a conditional knockout mouse model, we demonstrated that PEL/2 is required for early
B-cell development and stressed hematopoiesis. PELI2 interacted with and stabilized PU.1 via K63-polyubiquitination to
regulate IL-7R expression. The defects of B-cell development induced by PEL/2 deletion were restored by overexpression
of PU.A. Similarly, PELI2 promoted TCF3 protein stability via K63-polyubiquitination to regulate IL-7R expression, which is
required for the proliferation of B-cell precursor acute lymphoblastic leukemia (BCP-ALL) cells. These results underscore
the significance of PEL/2 in both normal B lymphopoiesis and malignant B-cell acute lymphoblastic leukemia via the reg-
ulation of IL-7R expression, providing a potential therapeutic approach for BCP-ALL.

Introduction

B-cell development arises from the commitment of hemato-
poietic stem cells (HSC) into common lymphoid progenitors
(CLP) and subsequent B-cell lineage specification in the
bone marrow (BM).! CLP include two distinct populations:
an all-lymphoid progenitor (ALP) subset that retains full
lymphoid potential and early thymic seeding activity, and
a B-cell-biased lymphoid progenitor (BLP) population that
primarily acts as an early B-cell progenitor pool.?2 Early B-cell
progenitors progressively differentiate through well-defined
intermediates before they migrate to peripheral lymphoid
tissues for the functional activation in response to antigen
exposure, including pre-pro-B cells, pro-B cells, pre-B
cells, immature B cells, and mature B cells stages."® This
process is characterized by the sequential expression of
B-cell gene program and V(D)J recombination events, and
is controlled by a network of transcription factors including
PUJ, Ikaros, E2A, Ebf1, and Pax5.3* Mutations or alterations

of these transcription factors represent an underlying
cause of phenotypic features such as the developmental
arrest observed in B-cell precursor acute lymphoblastic
leukemia (BCP-ALL).®

Several signaling events via transmembrane receptors are
critical for B-cell lineage development.®® Among them, IL-
7R signaling not only plays essential roles in B-cell lineage
specification from CLP, but is also required for the sur-
vival and proliferation of early B-cell progenitors.®™" |[L-7R
is a heterodimer formed by the IL-7Ra-chain (IL-7Ra) and
a common y chain (yc).® Binding of IL-7 to IL-7R initiates
phosphorylation of JAK1 and JAK3, which recruits and
activates downstream signal transducer and activator of
transcription (STAT) as well as PI3K/Akt/mTOR and MEK-
ERK pathways. These signalings co-operatively activate a
B-cell lineage gene expression program including Pax5,
Ebf1, and BCL-2 family proteins.” Deficiencies in the IL-7R
signaling in mice or humans result in severe lymphope-
nia.?"™® The importance of keeping /L-7R-mediated signaling
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under control is also illustrated by studies showing that
IL-7 transgenic mice develop B-cell lymphomas, and that
IL-7 induces proliferation of BCP-ALL cells.® Furthermore,
most recent studies have demonstrated that IL-7R muta-
tional activation is sufficient to trigger BCP-ALL.™®
Pellino2 (PELI2) is a newly discovered E3 ubiquitin ligase,
which regulates the protein degradation, protein-protein
interaction, protein translocation and signaling transduction
via the ubiquitination of target proteins.”® PEL/2 possess-
es a C-terminal RING-like domain and a phospho-thre-
onine-binding forkhead-associated (FHA) domain that
are responsible for ubiquitin ligase activity and substrate
binding, respectively.?’ There is growing evidence that PEL/2
acts as a critical mediator for innate immunity via multiple
signalings through IL-1 receptors, Toll-like receptors, and
NOD-like receptors.??2 However, the physiological and
molecular roles of PELI2 in the development of immune
cells are largely unknown. Here, we generated and char-
acterized a conditional knockout mouse model in which
PELI2 was specifically depleted in hematopoietic cells.
We found that PEL/2 was required for early B-cell devel-
opment, the deficiency of which resulted in a defect of
the B-cell progenitors committed from CLP. Furthermore,
PELI2 promoted the proliferation of BCP-ALL cells via the
expression of IL-7R.

Methods

Mice

PELI2 floxed mice (PELI2"") were generated by inserting
loxp sites flanking exon 2, which when deleted results in a
frame-shift and form a premature stop codon in the reading
frame. All animal studies were approved by the Institutional
Animal Care and Use Committees at Shandong University.

Human BCP-ALL xenograft

Nalm-6 cells xenografts were carried out as previously
described.? The 6-week-old male NSG mice (Charles River
Laboratories, Beijing, China) were irradiated at 1 Gy before
tail vein injection of 5x10° Nalm-6 cells infected with ob-
ject virus.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChlIP) assays were per-
formed as previously described.?* Cells were fixed and lysed
using a SimpleChIP Enzymatic Chromatin IP Kit (Cell Signal-
ing Technology) according to the manufacturer’s protocol.

Statistical analysis

Statistical analyses were performed with unpaired two-
tailed Student t test except where indicated otherwise
using Prism (GraphPad). P<0.05 was considered statistically
significant.

Additional methods and detailed information are provided
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in the Online Supplementary Appendix.

Results

PELI2 was required for early B-cell development

To explore the physiological roles of PEL/2 in hematopoie-
sis, we generated a conditional PEL/2 knockout model. Mice
bearing PELI2 allele with loxP-flanked exon 2 (PEL/2V) were
crossed with Vav-Cre transgenic mice, to generate hema-
topoietic-specific PELI2 knockout mice (PELI2"T; Vav-cre,
CKO) with a deletion of the exon 2 (Online Supplementary
Figure S1A). The deletion of PELI2 expression was confirmed
by qPCR assays in the mononuclear cells from BM (Online
Supplementary Figure S1B). The mice with PELI2 deficiency
did not differ in morphology, growth, or viability from their
wild-type (WT) littermates (data not shown). However, CKO
mice clearly exhibited leukopenia, as demonstrated by the
reduced white blood cells but unaffected red blood cells
and platelets in the peripheral blood (PB) (Figure 1A, On-
line Supplementary Figure S1C). In addition, the reduced
numbers of lymphocytes accounted for the leukopenia
phenotype in the CKO mice, which was mainly caused by
the reduction in B cells (B220*) in the PB (Figure 1A, B,
Online Supplementary Figure S1D).

We then examined the B-cell compartment in BM, the
primary tissue in which early B-cell development occurs.
The frequency and numbers of B cells (B220*) in BM was
significantly decreased in CKO mice compared to that in
WT mice (Figure 1C, D, Online Supplementary Figure S1E),
while other lineage cells including T cells appeared normal
in CKO mice (date not shown). Similarly, CKO mice also
showed reduced numbers of B cells in the spleen, as well
as a mild decrease in spleen weight (Online Supplementary
Figure S1F, G). Although T cells were also reduced in CKO
mice spleen, the early T-cell development in thymus was
for the most part normal in CKO mice (Online Supplemen-
tary Figure STH, I).

To clarify the defect in B-cell development upon the PELI2
deletion, we examined the subpopulations of B cells. The
frequencies of pro-B cells and pre-B cells were slightly
reduced in PEL/2°%® BM while mature B cells showed a
slight increase, indicating that PEL/2 deficiency disrupted
the sequential differentiation bias of B-cell progenitors
(defined as B220*lgM-lgD") (Online Supplementary Figure
S1J). Notably, all the subpopulations of B cells were re-
duced in PEL/2°*°® BM compared to WT controls (Online
Supplementary Figure S1J). Although HSC (Lin-Scal*c-Kit*)
and HPC (Lin"Scalc-Kit*) were not apparently compro-
mised in CKO mice (Online Supplementary Figure S1K), CLP
in CKO BM were significantly reduced compared to that
of WT mice (Figure 1E, F). Using the surface marker Ly6D,
we further divided CLP into ALP (Ly6D~) and BLP (Ly6D*)
populations? (Figure 1E). Compared to the equal numbers
of ALP cells, the absolute BLP cells that primarily act as
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early B-cell progenitors were significantly reduced in CKO were significantly reduced from CKO BM cells (Figure 1H).
mice (Figure 1G). This was further confirmed by the colo- These findings suggested that PEL/2 is required for the
ny-forming assays with CKO BM Lin- cells supplemented commitment and proliferation of B-biased lymphoid pro-
with IL-7, which showed that the colony number and size genitor cells from CLP.
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Figure 1. PELI2 deficiency impairs early B-cell development. (A) Peripheral blood analysis of wild-type (WT) and 8-week old
PELI2°%°© mice (CKO) (N=11). Data presented as meanzStandard Deviation (SD). (B) Quantification of B cells (B220*) and T cells
(CD3e") in the peripheral blood mononuclear cells (PBMC) from mice as in (A). Each dot represents one mouse. Data presented
as meanzSD. (C) Representative flow cytometric analysis of B cells and T cells in the bone marrow (BM) of 8-week-old WT and
PEL/2°%° mice. (D) Quantification of the percentage of B cells and T cells in (C). Each dot represents one mouse. Data presented
as meantSD. (E) Representative flow cytometric analysis of common lymphoid progenitor (CLP) cells, B-cell-biased lymphoid
progenitor (BLP) cells, and all-lymphoid progenitor (ALP) cells in the BM of 8-week-old WT and PEL/2°® mice. (F) Quantification
of the numbers of CLP cells, BLP cells and ALP cells in (E). Each dot represents one mouse. Data presented as meanzSD. (G)
Quantification of the percentage of BLP cells and ALP cells in the BM from indicated mice as in (E) (N=5). Data presented as
meanzSD. (H) Pre-B-colony formation assays of BM lineage- cells from WT and PEL/2%*° mice (N=4). Data presented as mean+SD.
(Top) Representative colony morphology on day 7. Scale bar: 50um. (Bottom) Colony number and size was quantified. All P values
were determined by unpaired two-tailed Student t test unless otherwise indicated. See also Online Supplementary Figure S1 for
supporting information. CKO: hematopoietic-specific PELI2 knockout mice (PELI2V, Vav-cre).
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Loss of PELI2 impaired the reconstitution capacity of
hematopoietic stem cells

To test whether a B-cell defect is the cell-intrinsic effect
of HSC, we performed BM transplantation assays in which
WT or CKO BM cells were transplanted into the lethally
irradiated mice (Figure 2A). CKO-BM reconstituted mice
exhibited persistently low lymphocyte counts but other
blood cell values were normal at four months post trans-
plantation (Figure 2B, Online Supplementary Figure S2A).
The frequency of B cells was also significantly reduced in
PB, BM and spleen of CKO-BM reconstituted mice (Figure
2C). Furthermore, CKO-BM reconstituted mice showed
reduced CLP compared to WT controls (Figure 2D).
Although the total LSK (Lin-Scal*c-Kit*) cells were com-
parable (data not shown), the numbers of SLAM-LSK
(CD150*CD48°LSK) indicating the enriched HSC were signifi-
cantly decreased in CKO-BMT mice (Online Supplementary
Figure S2B). Correspondingly, PEL/2 deficiency led to the
increased quiescence in SLAM-LSK (Online Supplementary
Figure S2C). To examine the effect of PEL/2 deficiency on
HSC functions, we challenged the CKO mice with 5-fluo-
rouracil (5-FU) that induces the cell death of cycling HSPC
to activate and mobilize HSC.?®* CKO mice exhibited a sig-
nificant decrease in LSK expansion upon 5-FU administra-
tion (Figure 2E), and succumbed to BM failure significantly
earlier than their WT littermates (Figure 2F). Moreover, we
further assessed the absolute number of functional HSC
with limiting-dilution assays and observed an approximately
2.5-fold reduction in HSC in CKO mice (Figure 2G). These
findings suggest that PEL/2 is required for the self-renewal
of HSC in stressed hematopoiesis.

To further confirm the functional roles of PEL/2 in HSC, we
performed competitive BM transplantation assays (Online
Supplementary Figure S2F). PELI2°%°-derived cells showed
a progressive decrease in PB in the primary transplant
recipients, coinciding with a significantly impaired recon-
stitution in the BM (Figure 2H, ). However, PEL/2°° HSC
were efficiently engrafted in the recipient BM as the WT
controls indicated by homing assays (Online Supplementary
Figure S2D, E). Notably, PEL/2°*° HSC exhibited dramati-
cally impaired proliferation but no relevant alteration in
the lineage commitments in the recipient mice (Figure 2J,
Online Supplementary Figure S2G). The competitive disad-
vantage of PEL/2°%° HSC reconstitution was persistent in
subsequent secondary recipients (Online Supplementary
Figure S2H, I), indicating the defective self-renewal of HSC
in PELI2°%° mice.

To rule out the possibility that the defect of PEL/2°° mice
is due to a long-term accumulated consequence from
the embryo stage, we also evaluated the role of PEL/2 in
adult hematopoiesis, using chimeric mice transplanted
with PEL/I2%; Ubc-cre-ERT2 BM. Similar to PEL/2°%° mice,
PELI2 deletion after injection of tamoxifen also impaired
the reconstitution capacity of HSC and early B-cell devel-
opment in adult mice (Online Supplementary Figure S3).

Y. Xu et al.

PELI2 regulated early B-cell development through IL-7R

signaling pathway

The reduced pool of B220* cells and BLP in PEL/2°%° mice
prompted us to investigate the basis of impaired B-cell
development. Loss of PEL/2 led to a slight increase in cell
death in B220* BM cells, whereas PEL/2%© CLP showed
comparable survival to WT (Online Supplementary Fig-
ure S4A, B). Importantly, B-cell proliferation in vivo was
markedly restrained upon the PEL/2 deletion indicated by
BrdU incorporation assays (Figure 3A). In line with this,
the expression of ccnd3, a proliferation-related gene, was
significantly reduced in PEL/2°%° CLP and B220* BM cells
(Figure 3B). These data indicated that the B-cell defect
observed in PEL/2°*® mice was mainly due to the inhibition
of early B-cell progenitor cell proliferation.

To understand the molecular mechanism underlying the
impaired B-cell development induced by PEL/2 deficien-
cy, we performed bulk RNA sequencing of B220* BM cells
from PEL/2°° mice and their WT controls. A total of 537
differentially expressed genes (DEG) were found (=1.5-fold,
P<0.05), including transcription factors related to early
B-cell development such as EBF1, FOXO1, and PAX5 (Fig-
ure 3C). These genes were also confirmed to be markedly
down-regulated in the CLP as well as B220* BM cells from
PEL[2°° mice (Figure 3D, Online Supplementary Figure
S4C). IL-7TR, the key factor for early B-cell differentiation,
was also down-regulated upon PEL/2 deletion, which was
further confirmed by its notably reduced expression and
surface protein level in the PEL/2°¢° CLP (Figure 3D, E). As
expected, loss of PEL/2 led to the inhibition of IL-7R signal-
ing, as indicated by the reduced phosphorylation of Stat5
and AKT (Figure 3F, G). Although signals from IL-7R were
shared in B/T cell-biased lymphoid progenitors from CLP,
PELI2 deletion had no effect on the T-cell specific genes,
including E2AE47, HES1, and NOTCH1 (Online Supplementary
Figure S4D).

To further confirm the critical role of IL-7R in the PELI2
loss-of-function phenotype, we performed rescue exper-
iments in which PEL/2°%° cKit* BM cells transduced with
lentivirus expressing IL-7R were transplanted into recipient
mice. As we expected, IL-7R overexpression significantly
reversed the defect of B-cell differentiation in PEL/2°K°
mice, indicated by the increased number of B220* cells
and BLP in BM and spleen accompanied by the high levels
of lymphocytes in PB (Figure 3H, |, Online Supplementary
Figure S4E, F).

PELI2 regulated IL-7R expression via PU.1 ubiquitination
in early B-cell development

Several transcription factors have been seen to control the
expression of IL-7R, including PU.1, RUNX1, and GA-binding
protein transcription factor.?® Although the mRNA level of
PU.1 was unaltered, its protein level was clearly reduced
in PELI2-deficient B220* BM cells (Figure 4A, Online Sup-
plementary Figure S5A). In line with this, PU.1 target gene
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Figure 2. B lymphopenia in PELI2°*° mice was cell autonomous. (A) Schematic illustration of serial bone marrow (BM) transplan-
tation with wild-type (WT) and hematopoietic-specific PELI2 knockout (PEL/2°%°) (CKO) mice BM cells. (B) Peripheral blood (PB)
chimerism analyses at the indicated time points after 15t non-competitive BM transplantation. Each dot represents one mouse.
Data presented as meantStandard Deviation (SD). (C) Percentage of B cells in the peripheral blood mononuclear cells (PBMC),
BM, and spleen of indicated mice 24 weeks after BM transplantation. Each dot represents one mouse. Data presented as mean+SD.
(D) Numbers of common lymphoid progenitor (CLP) cells in the BM of indicated mice as in (C). Each dot represents one mouse.
Data presented as meanzSD. (E) Quantification of LSK cells in the BM of WT and PEL/2°*° mice 8 days after 5-fluorouracil (5-FU,
150 mg/kg) treatment via single intraperitoneal injection. Each dot represents one mouse. Data presented as mean+SD. (F) Ka-
plan-Meier survival curve of indicated mice with 5-FU (150 mg/kg) via intraperitoneal injections every 7 days for two rounds.
Data obtained from 8 mice in each group. P values determined by Log-rank (Mantel-Cox) test. (G) (Top) Poisson statistical anal-
ysis from the limiting dilution assays. Symbols represent the percentage of negative mice for each dose of cells. Solid lines in-
dicate the best-fit linear model for each dosage. Dotted lines represent 95% Confidence Intervals. (Bottom) Frequencies of
functional hematopoietic stem cells (HSC) were calculated according to Poisson statistics. (H) Quantification of donor-derived
PB cells at the indicated time points after competitive transplantation. Data obtained from 8 mice in each group. P value deter-
mined by two-way ANOVA. (I) Quantification of donor-derived BM cells of indicated mice 24 weeks after competitive transplan-
tation. Data presented as mean%SD from 8 mice in each group. (J) Quantification of donor-derived LSK and SLAM-LSK cells of
indicated mice as in (I). Data presented as mean+SD from 8 mice in each group. All P values determined by unpaired two-tailed
Student t test unless otherwise indicated. See also Online Supplementary Figures S1, S2 for supporting Information. CRU: com-
petitive repopulating units (long-term repopulating hematopoietic stem cells).
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Figure 3. PELI2 regulated early B-cell development through IL-7R signaling. (A) Proliferation analysis of bone marrow (BM) B cells
(B220*) from indicated mice. 8-week old mice were injected intraperitoneally with BrdU for 3 hours. BM cells were collected and
stained with anti-B220 antibodies in combination with BrdU detection methodology. Percentages in the bar graph indicate
BrdU-positive cells in the gated B220* cells. Each dot represents one mouse. Data presented as meantStandard Deviation (SD).
WT: wild-type. (B) Quantification of mRNA expression of CCND3 in the common lymphoid progenitors (CLP) and B220* cells from
BM of WT and hematopoietic-specific PELI2 knockout (PEL/2°%°) mice (CKO). Data presented as mean+SD from 3 independent
experiments. (C) BM B220* cells isolated from 8-week-old WT and PEL/2°%° mice and analyzed by RNA sequencing. Volcano plot
of the differentially expressed genes between WT and PEL/2°*° BM B220* cells are shown. (D) Quantification of mRNA expression
of Ebf1, Foxol, Pax5, and /L-7R expression in the BM CLP cells of WT and PEL/2°°® mice. Data presented as meanzSD from 3 in-
dependent experiments. *P<0.05; **P<0.01. (E) Flow cytometric analysis of cell surface expression of IL-7R in the BM CLP cells
of indicated mice. (Right) Quantification of mean fluorescence intensity (MFI) of IL-7R. Data presented as mean+SD from 3 inde-
pendent experiments. (F) Immunoblotting analysis of indicated proteins in B220* BM B cells from indicated mice. HSC70 was
used as loading control. (G) Flow cytometric analysis of intracellular Stat5 phosphorylation in cells as in (F) except the cells were
treated with IL-7 (50 ng/mL) for 30 minutes. (Right) Quantification of mean fluorescence intensity (MFI) of phosphorylated Stat5s.
Data presented as mean+SD from 3 independent experiments. (H and I) Quantification of B-cell-biased lymphoid progenitor (BLP)
cells and B220* cells in BM from mice transplanted with WT and PEL/2°%° cKit* BM cells transduced with lentivirus expressing
IL-7R or blank vector (OE-C) at one month post transplantation. Each dot represents one mouse. Data presented as mean+SD.
All P values were determined by unpaired two-tailed Student t test unless otherwise indicated. See also Online Supplementary
Figure S4 for supporting information.

expression was transcriptionally repressed in PELI2°® Supplementary Figure S5B).

mice (Online Supplementary Figure S5A). In addition, PELI2 Considering PELI2 is an E3 ubiquitin ligase, we speculat-
overexpression protected PU.1 from the time-dependent ed that PEL/2 promotes PU.1 stability via ubiquitination.
degradation upon cycloheximide (CHX) treatment (Online Co-immunoprecipitation (Co-IP) assays demonstrated an
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interaction between PEL/2 and PU.1 (Figure 4B). To map the
domains that are critical for the interaction of PEL/2 and
PU.1, we constructed a series of truncated forms of the two
proteins (Figure 4C, E). Co-IP assays with these truncations
revealed that the PEL/2 FHA domain was responsible for
the interaction with the PEST domain of PU.1 (Figure 4D, F).
Overexpression of PELI2 promoted K63-linked ubiquitination
of PU.1 (Online Supplementary Figure S5C), whereas similar
approaches using K48-linked ubiquitin failed to detect any
increase in ubiquitination of PU.1 (Online Supplementary
Figure S5D). In line with this, a reduction in K63-linked
ubiquitination but an increase in K48-linked ubiquitin of
PU.1 were observed in B220* BM cells from PEL/2°%° mice
(Figure 4G). These data demonstrated that PEL/2 regulates
PU.1 protein stability via K63-linked ubiquitination.

PU.1 induced a marked increase in luciferase activity in
HEK293T cells transduced with /L-7R promoter, which
was further enhanced by PELI2 overexpression (Online
Supplementary Figure S5E). We then analyzed chromatin
occupancy of PU.1 on the /L-7R promotor region by ChIP, and
found that the binding of PU.1 to the /L-7R promoter was
significantly reduced in B220* BM cells upon PEL/2 deletion
(Figure 4H). Importantly, PU.1 overexpression significantly
restored the reduced IL-7R expression, which successfully
reversed the impaired pre-B CFU formation of BM Lin- cells
from PELI2°¢° mice (Figure 4 |, Online Supplementary Figure
S5F). Similar rescue for the defect of B-cell differentiation
was also observed in CKO mice with PU.1 overexpression
(Online Supplementary Figure S6). Collectively, these data
demonstrated that PEL/2 promotes PU.1 stability via K63-
linked ubiquitination to regulate IL-7R expression, which
is required for early B-cell development.

PELI2 regulated cell proliferation via IL-7R signaling in
B-cell precursor acute lymphoblastic leukemia cells
Given that PELI2 is essential for IL-7R expression, we as-
sessed whether PEL/2 plays important roles in the progres-
sion of BCP-ALL characterized by excessively activating
IL-7R signaling.””™® We first analyzed the published RNA se-
quencing data from patients with BCP-ALL, and found that
PELI2 is highly expressed in parallel with IL-7R expression
in PB samples obtained from 23 BCP-ALL patients com-
pared with the corresponding normal individuals (Online
Supplementary Figure S7A). Consistent with this, our inde-
pendent assays with BM mononuclear cells from 7 BCP-ALL
patients also revealed a significant upregulation of PEL/2
expression and positive correlation with IL-7R (Figure 5A,
B), which was confirmed by the increase in both protein
levels in the primary BCP-ALL cells (Figure 5C).

We next utilized a BCP-ALL cell line Nalm-6 to explore
the roles of PEL/2 in BCP-ALL. PELI2 knockdown led to a
marked reduction in IL-7R expression (Online Supplementary
Figure S7B), thereby inhibiting its downstream signaling
including the phosphorylation of AKT and ERK, cMyc (Fig-
ure 5D). Indeed, silencing of PEL/2 dramatically inhibited
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the proliferation of Nalm-6 cells and 697 cells in BCP-ALL
cells (Figure 5E, Online Supplementary Figure S7C). This was
further confirmed by the down-regulated expression of
Ki67 and repressed DNA replication in Nalm-6 cells trans-
duced with PELI2 shRNA (Figure 5F, Online Supplementary
Figure S7D). Similarly, PELI2 knockdown also significantly
reduced the colony formation ability of primary BCP-ALL
CD34* cells (Figure 5G). On the contrary, ectopic expression
of PELI2 promoted the IL-7R signaling and proliferation of
Nalm-6 cells (Online Supplementary Figure S7E, F), and
even attenuated the effect of vincristine chemotherapy on
Nalm-6 cells (Online Supplementary Figure S7G). Notably,
overexpression of IL-7R effectively reverted the inhibitory
proliferation of Nalm-6 cells induced by PEL/2 knockdown
in vitro (Figure 5H). These findings suggested that PEL/2
regulates cell proliferation via IL-7R signaling in BCP-ALL
cells.

TCF3 was required for the IL-7R expression in B-cell
precursor acute lymphoblastic leukemia cells

Given our finding that PU.1 is relatively unaffected or un-
detectable in BCP-ALL (Figure 5C, Online Supplementary
Figure S7A), we screened 26 transcription factors (TF) of
IL-7R predicted from 3 independent databases (Online Sup-
plementary Figure S8A). Among those highly expressed in
BCP-ALL, TCF3 knockdown led to a significant reduction in
IL-7R expression (Figure 6A, Online Supplementary Figure
S8B), indicating that TCF3 is required for IL-7R expression in
Nalm-6 cells. Similarly, TCF3 was positively correlated with
the expression of PEL/2 and IL-7R in BCP-ALL (Figure 6B,
Online Supplementary Figure S8C, D), which is consistent
with the elevated protein level in BM cells from BCP-ALL
patients (Figure 5C). Furthermore, TCF3 knockdown inhib-
ited the proliferation of Nalm-6 cells, which phenocopied
the effects of PEL/2 silencing (Online Supplementary Figure
S8E).

Silencing of PEL/2 led to a dramatic reduction in TCF3,
while its ectopic expression resulted in an increase in
TCF3 protein level (Online Supplementary Figure S8F, G).
Importantly, overexpression of TCF3 effectively restored
the IL-7R expression and subsequent Nalm-6 cell growth
inhibited by PEL/2 silencing (Figure 6C, D), suggesting that
TCF3 mediated the regulation of PEL/2 on the Nalm-6 cell
proliferation via IL-7R expression.

To reveal the regulation of TCF3 on IL-7R expression, we
performed the luciferase reporter assays in HEK293T cells
driven by /L-7R promoter. Overexpression of TCF3 induced
a marked increase in luciferase activity, which was en-
hanced by PELI2 overexpression (Online Supplementary
Figure S8 I). The binding of TCF3 on the /L-7R promoter
was further confirmed by ChIP analysis in which PEL/2
knockdown greatly reduced their interaction in Nalm-6
cells (Figure 6E). Collectively, these data demonstrated
the PEL/I2-TCF3 axis regulates IL-7R expression, which is
required for the proliferation of BCP-ALL cells.
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Figure 4. PELI2 regulated IL-7R expression via protecting PU.1 from degradation in normal B-cell development. (A) Immunoblot-
ting analysis of PU.1 protein level in B cells purified from bone marrow (BM) of wild-type (WT) and hematopoietic-specific PEL/I2
knockout mice (PEL/I2°%°) mice. HSC70 was used as loading control. Numbers indicate the relative band intensity of PU.1 that
normalized to HSC70. (B) Reciprocal co-immunoprecipitation (Co-IP) of exogenous FLAG-mouse PU.1 and HA-mouse PELI/2 in
HEK293T cells. Bands obtained from independent membranes blotted with indicated antibodies. (C) Structure of full-length and
truncated mouse PEL/2. (D) Co-IP analysis of PEL/I2 mutants binding to PU.1. HEK293T cells were co-transfected with mouse
PELI2 truncations (HA tagged) and FLAG-mouse PU.1, and IP analysis was performed with anti-FLAG antibody. (E) Structure of
full-length and truncated mouse PU.1. (F) Co-IP analysis of PU.1 mutants binding to PEL/2. HEK293T cells were co-transfected
with mouse PU.1 truncations (FLAG tagged) and HA-mouse PEL/2, and IP analysis was performed with anti-HA antibody. (G) Im-
munoblotting analysis of ubiquitination of PU.1 immunoprecipitated from BM B cells of WT and PEL/2°° mice with K63-linkage
and K48-linkage specific polyubiquitin antibodies. Numbers indicate the relative band intensity of the ubiquitin blots to WT. (H)
Chromatin IP analyses of promoter binding activity of PU.1 to /L-7R in BM B220* cells from WT and PEL/2°° mice. Data presented
as meanzStandard Deviation (SD) from 3 independent experiments. (I) Pre-B colony formation assays of BM lineage™ cells from
WT and PEL/2°%® mice transduced with lentivirus expressing PU.1 or blank vector (OE-C). Colony number was quantified. Data
presented as meantSD from 3 independent experiments. All P values determined by unpaired two-tailed Student t test unless
otherwise indicated. See also Online Supplementary Figures S5, S6 for supporting information.
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Figure 5. PELI2 was required for the cell proliferation via IL-7R signaling in B-cell precursor acute lymphoblastic leukemia cells.
(A) Quantification of mMRNA expression of PEL/2 and /L-7R in the bone marrow mononuclear cells from primary B-cell precursor
acute lymphoblastic leukemia (BCP-ALL) patients and healthy donors. Each dot represents one mouse. Data presented as meant
Standard Deviation (SD). (B) Correlation of PEL/2 expression with IL-7R in (A). Pearson’s correlation coefficient (r) and paired t test
P values are shown. (C) Immunoblotting analysis of indicated proteins in the bone marrow mononuclear cells from primary BCP-ALL
patients and healthy donors. GAPDH was used as loading control. (D) Immunoblotting analysis of indicated proteins in Nalm-6 cells
transduced with retroviruses encoding indicated shRNA. shNC represents a non-targeting shRNA. GAPDH was used as loading con-
trol. (E) Statistical analysis of cell proliferation in Nalm-6 cells as in (D). Data obtained from 3 independent experiments. P value
determined by two-way ANOVA. ****P<0.0001. (F) Nalm-6 cells as in (D) were labeled with EdU for 2 hours and stained with
azide-conjugated Alexa567 (red fluorescence) and DAPI (blue fluorescence). Scale bar: 20 um. (G) Primary BCP-ALL bone marrow
CD34* cells with PELI2 knockdown were subjected to colony-forming unit assays. (Left) Representative colony morphology on day
14. Colony number was quantified. shNC represents a non-targeting shRNA. Data presented as meantSD from 3 independent ex-
periments. (H) Statistical analysis of cell proliferation in Nalm-6 cells transduced with retroviruses encoding indicated shRNA in the
presence of IL-7R overexpression. Data obtained from 3 independent experiments. P value determined by two-way ANOVA. **P<0.01;
*%%*P<0.0001. All P values determined by unpaired two-tailed Student t test unless otherwise indicated. See also Online Supple-
mentary Figure S7 for supporting information.
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Figure 6. PELI2 stabilized TCF3 via K63-linked polyubiquitination to regulate IL-7R expression in B-cell precursor acute lympho-
blastic leukemia cells. (A) Immunoblotting analysis of IL-7R and PEL/2 expression in Nalm-6 cells transduced with retroviruses
encoding indicated shRNA. shNC represents a non-targeting shRNA. GAPDH was used as loading control. (B) Statistical analysis
of TCF3 mRNA level in the bone marrow mononuclear cells as in Figure 5A (each dot represents one sample). (C) Immunoblotting
analysis of indicated proteins in Nalm-6 cells transduced with retroviruses encoding indicated shRNA in the presence of TCF3
overexpression. shNC represents a non-targeting shRNA. GAPDH was used as loading control. (D) Statistical analysis of cell pro-
liferation in Nalm-6 cells as in (C). Data obtained from 3 independent experiments. P value determined by two-way ANOVA.
**%*P<0.001; ****P<0.0001. (E) Chromatin immunoprecipitation analyses of promoter binding activity of TCF3 to /L-7R in Nalm-6
cells transduced with retroviruses encoding indicated shRNA. shNC represents a non-targeting shRNA. Data presented as meant
Standard Deviation (SD) from 3 independent experiments. (F) Co-immunoprecipitation (Co-IP) analysis of endogenous PEL/2 and
TCF3 in Nalm-6 cells. (G) Structure of full-length and truncated human TCF3. Co-IP analysis of TCF3 mutants binding to PEL/2.
HEK293T cells were co-transfected with TCF3 truncations (FLAG tagged) and HA-PEL/2, and IP analysis was performed with an-
ti-HA antibody. (H) Immunoblotting analysis of ubiquitination of TCF3 immunoprecipitated from Nalm-6 cells transduced with
indicated retroviruses with K63-linkage and K48-linkage specific polyubiquitin antibodies. shNC represents a non-targeting shR-
NA. Numbers indicate the relative band intensity of the ubiquitin blots to corresponding control. All P values determined by
unpaired two-tailed Student t test unless otherwise indicated. See also Online Supplementary Figures S8, S9 for supporting
information.

Haematologica | 109 June 2024
1809



ARTICLE - PEL/2 is required for B-cell development

PELI2 promoted TCF3 protein stability via K63-linked
polyubiquitination in B-cell precursor acute
lymphoblastic leukemia cells

Based on the observed correlation of TCF3 protein level
with PEL/2 expression, we sought to determine whether
PELI2 regulates TCF3 protein level via ubiquitination similar
to PU.1. Indeed, upon CHX treatment, TCF3 protein stability
was reduced in Nalm-6 cells with PELI2 knockdown com-
pared to control groups (Online Supplementary Figure S9A),
while enhanced protein stability was observed in Nalm-6
cells with PELI2 overexpression (Online Supplementary
Figure S9B). Furthermore, the decrease in TCF3 protein
induced by PELI2 knockdown was clearly abolished by the
pre-treatment of MG132 (Online Supplementary Figure S9C).
Co-IP analysis demonstrated an interaction between PEL/2
and TCF3 in HEK293T cells (Online Supplementary Figure
S9D). Their interaction was confirmed by endogenous co-
IP in Nalm-6 cells (Figure 6F). Furthermore, PELI2-binding
domain in TCF3 was mapped to the interval between AD1
and AD2 domains (Figure 6G), and the FHA domain of PEL/2
is responsible for the TCF3-binding (Online Supplementary
Figure S9E) indicated by Co-IP experiments.
Overexpression of PELI2 promoted K63-linked ubiquitination
of TCF3 (Online Supplementary Figure S9F), whereas simi-
lar approaches using K48-linked ubiquitin failed to detect
any increase in ubiquitination of TCF3 (Online Supplemen-
tary Figure S9G). In line with this, we also observed that
K63-ubiquitination of endogenous TCF3 was increased upon
the overexpression of PEL/2 in Nalm-6 cells. Conversely,
PELI2 knockdown led to the reduced K63-ubiquitination
but increased K48-ubiquitination of TCF3 in Nalm-6 cells
(Figure 6H, Online Supplementary Figure S9H).

PELI2 inhibition reduced the leukemia burden in human
B-cell precursor acute lymphoblastic leukemia
xenograft mice

To assess the effect of PEL/I2 repression on tumor progres-
sion of BCP-ALL, we established PEL/2-silencing Nalm-6
cell lines using retroviral construct expressing shRNA tar-
geting PELI2, and transplanted these cells into immuno-
compromised NOD scid gamma (NSG) mice (Figure 7A). All
Nalm-6-bearing mice died at around 26 days, whereas the
mice bearing PEL/2-silencing Nalm-6 exhibited significantly
prolonged median survival (Figure 7B).

As previously reported,?” Nalm-6-bearing mice exhibited
rapid tumor burden and cell infiltration in spleen and BM.
Compared with control Nalm-6-bearing mice, the spleen
size of mice bearing PELI2-silencing Nalm-6 was signifi-
cantly reduced (Figure 7C, D). Nalm-6 cell frequencies were
much lower in these mice compared to controls (Figure
7E). Consistent with the role of TCF3 in mediating IL-7R
expression and BCP-ALL cell proliferation in vitro, its over-
expression aggravated the progression of Nalm-6-driven
BCP-ALL in vivo (Figure 7B, Online Supplementary Figure
S10A). Notably, replenishment of TCF3 significantly reversed
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the suppression phenotypes of mice bearing PEL/2-si-
lencing Nalm-6, including the shorter survival (Figure 7B),
enlarged spleen (Figure 7C, D), and aggravated infiltrating
Nalm-6 cells in spleen and BM (Figure 7E). A similar rever-
sal of PEL/2 inhibition-induced suppression phenotypes of
Nalm-6-driven BCP-ALL was also observed in mice bearing
PEL/2-silencing Nalm-6 with IL-7R overexpression (Online
Supplementary Figure S10B-F).

We also performed the xenotransplantation experiment
to determine the in vivo effect of PELI2 inhibition on the
progress of human BCP-ALL. Primary human BCP-ALL
mononuclear cells were transduced with PEL/2 shRNA and
then transplanted into NSG mice. Compared to the poor
survival in the control group, PEL/2-knockdown significantly
prolonged the survival of BCP-ALL-bearing mice (Figure 7F).
Furthermore, PELI2 silencing led to a significant reduction
in the frequency of human leukemic blasts in the BM and
spleen in recipient mice at two months post transplantation
(Figure 7G). These results indicated that PEL/2 inhibition
reduced the human BCP-ALL burden in vivo.

Discussion

IL-7R signaling mainly controls the proliferation and survival
of early B-cell progenitor cells in normal B-cell develop-
ment.?® Our study demonstrated that PEL/2 promotes PU.1
stability via ubiquitination to regulate IL-7R expression.
Loss of PELI2 leading to the degradation of PU.1, which in
turn down-regulated the IL-7R expression, impaired the
commitment and proliferation of early B-cell progenitors
(Figure 8), whereas T-lineage differentiation was unaffect-
ed. This is consistent with the critical role of PU.1in IL-7R
expression, which specifically occurred in B-cell lineages
but not T-cell lineages.?®2° Given that IL-7R is essential for
lymphoid development, it is reasonable to suppose that
the differing commitment of CLP relies on the available
transcription factors of IL-7R. In line with this, an upstream
regulatory element of PU.1 functions as a PU.1 enhancer in
B cells but as a repressor in T-cell precursors.*

Our data demonstrated that PEL/2 functions as a key me-
diator at the transition from the CLP to the earliest stage
of B-cell specification via PU.1, which is consistent with the
role of PU.1in early lymphopoiesis, the deficiency of which
led to the compromised differentiation of CLP into BLP.*' In
addition, PU.1 is also required for the developmental pro-
gression of CLP from LMPP, the deficiency of which leads
to the reduced CLP and consequent B-cell development.?'*2
Given that PEL/2 deletion led to reduced numbers of CLP,
we cannot exclude the possibility that loss of PEL/2 dis-
rupts the transition of early lymphoid progenitors LMPP
to CLP via PU.1.

Although the frequency of HSC in PELI2°%°® mice BM is
comparable to that of WT controls, PEL/2°%° HSC exhibited
notably impaired self-renewal and reconstitution upon the
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Figure 7. PELI2 inhibition reduced leukemia burden in the human B-cell precursor acute lymphoblastic leukemia xenograft. (A)
Schematic representation of human BCP-ALL xenograft. Five million Nalm-6 cells, transduced with indicated retroviruses, were
injected into irradiated NOD scid gamma (NSG) mice (1 Gy). shNC represents a non-targeting shRNA. (B) Kaplan-Meier survival
curve of indicated Nalm-6-xenograft mice. Data obtained from 8 mice in each group. P values determined by Log-rank (Man-
tel-Cox) test. (C) Representative spleen of indicated mice as in (B). (D) Statistical analysis of spleen weight from mice in (C). Each
dot represents one mouse. Data presented as meanzStandard Deviation (SD). *P<0.05, **P<0.01. (E) Human CD45* and CD19*
cells from bone marrow (BM) and spleen of indicated mice were analyzed by flow cytometry. Each dot represents one mouse.
Data presented as meantSD. (F) Kaplan-Meier survival curve of indicated patient-derived xenograft (PDX) mice. Data obtained
from 7 mice in each group. P values determined by Log-rank (Mantel-Cox) test. (G) Human CD45* and CD19* cells from BM and
spleen of indicated PDX mice were analyzed at two months post transplantation by flow cytometry. Each dot represents one
mouse. Data presented as mean+SD. P values determined by unpaired two-tailed Student t test unless otherwise indicated. See
also Online Supplementary Figure S10 for supporting information.
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challenge of 5-FU. This was further confirmed by the defects
of functional HSC in the competitive transplantation and
limiting dilution assays, indicating that PEL/2 is required
for stressed hematopoiesis. Indeed, PU.1 is expressed in
HSC and exhibits a gradual decrease during the subse-
guent differentiation into common lymphoid and myeloid
progenitors.®® PU.1 has also been identified as a master
regulator in HSC cell fate decisions and homing through
the interaction with a variety of regulatory factors.3*
Considering that PU.1 protects HSC from excessive exhaus-
tion by controlling the transcription of multiple cell-cycle
regulators,* PELI2 may regulate HSC through PU.1 protein
stability that is similar to its role in IL-7R expression during
early B-cell progenitor commitment and proliferation. Given
that the regulatory roles of PEL/2 in immunity and potential
inflammatory modulation of hematopoiesis, there is also
a possibility that the defects of functional HSC in PEL/2
knockout mice are feedback cues by the altered immunity
induced by PEL/2 deletion.

Our study also provides strong rationales for targeting IL-
7R for the treatment of BCP-ALL, which is characterized
by a block in lymphoid differentiation leading to the accu-
mulation of immature progenitor cells.®” There is growing
evidence indicating that excessive IL-7R signaling is on-
cogenic, being responsible for resistance to conventional
chemotherapy and targeted therapeutics.?¥-4° TCF3, a de-
fined transcription factor in normal B-cell differentiation,
is genetically altered via translocations, deletions or mu-
tations in BCP-ALL,® leading to aberrant gene expression
patterns in leukemic cells. Our data demonstrated that
PELI2 promotes TCF3 protein stability via ubiquitination
that is required for the IL-7R expression in BCP-ALL cells
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Figure 8. Schematic diagram illustrates
the regulatory role of PELI2 in normal B
lymphopoiesis and B-cell precursor acute
lymphoblastic leukemia. PEL/2 regulated
early B-cell progenitor homeostasis and
the progression of BCP-ALL by maintain-
ing the IL-7R expression via the ubiquiti-
nation of PU.1 and TCF3, respectively.

BCP-ALL

(Figure 8). Indeed, TCF3 showed different expression with
PU.1 during normal B-cell differentiation (Online Supple-
mentary Figure S8H), which may account for its distinct
requirement for IL-7R expression in BCP-ALL that occurs
in late B-cell progenitor cells. Inhibition of PELI2 sup-
pressed the proliferation of BCP-ALL cells in vitro and in
vivo. Therefore, the high expression of PEL/2 in BCP-ALL
provides therapeutical benefit for targeting PELI2 in the
treatment of BCP-ALL.

In summary, we demonstrate that PEL/2 regulated early
B-cell progenitor homeostasis and the progression of BCP-
ALL by maintaining IL-7R expression via the ubiquitination
of PU.1 and TCF3, respectively (Figure 8). Therefore, these
findings provide not only a new insight into the pathogenic
mechanism for B-cell precursor malignancies, but also a
proof of principle that targeting PEL/2 restricts B-cell pre-
cursor expansion via IL-7R inhibition.
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