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‘We have previously shown that proteasome inhibitor bortezomib stabilizes p53 in
stem and progenitor cells within gastrointestinal tissues. Here, we characterize the
effect of bortezomib treatment on primary and secondary lymphoid tissues in mice.
We find that bortezomib stabilizes p53 in significant fractions of hematopoietic stem
and progenitor cells in the bone marrow, including common lymphoid and myeloid
progenitors, granulocyte-monocyte progenitors, and dendritic cell progenitors. The
stabilization of p53 is also observed in multipotent progenitors and hematopoietic
stem cells, albeit at lower frequencies. In the thymus, bortezomib stabilizes p53 in
CD4 CD8" T cells. Although there is less p53 stabilization in secondary lymphoid
organs, cells in the germinal center of the spleen and Peyer’s patch accumulate p53
in response to bortezomib. Bortezomib induces the upregulation of p53 target genes
and p53 dependent/independent apoptosis in the bone marrow and thymus, sug-
gesting that cells in these organs are robustly affected by proteasome inhibition.
Comparative analysis of cell percentages in the bone marrow indicates expanded stem
and multipotent progenitor pools in p53R172H mutant mice compared with p53
wild-type mice, suggesting a critical role for p53 in regulating the development and
maturation of hematopoietic cells in the bone marrow. We propose that progenitors
along the hematopoietic differentiation pathway express relatively high levels of p53
protein, which under steady-state conditions is constantly degraded by Mdm2 E3
ligase; however, these cells rapidly respond to stress to regulate stem cell renewal
and consequently maintain the genomic integrity of hematopoietic stem/progenitor
cell populations.

p53 | bortezomib | hematopoietic | cancer | T cells

Hematopoiesis is initiated from a rare population of multipotent hematopoietic stem cells
(HSCs) that can self-renew and differentiate into all blood lineages (1). HSCs produce
multipotent progenitor cells (MPPs) that further differentiate into lymphoid-primed multipo-
tent progenitors (LMPPs) and the progenitors of two main categories of leukocytes—common
myeloid progenitors (CMPs) for myelopoiesis and common lymphocyte progenitors (CLPs)
for lymphopoiesis according to the classic hierarchical tree-like model of hematopoiesis (2).
HSC:s also produce immediate progenitors of erythrocytes and platelets called megakaryocyte/
erythroid progenitors (MEPs). Hematopoietic progenitor cells (HPCs) are immature cells
that ultimately differentiate into all mature blood cells via a fast-amplifying process. The
development of immune cells from hematopoietic stem and progenitor cells (HSPCs) is a
complex process, and their maturation involves the bone marrow, circulation, residing tissues,
pathogen interactions, etc. Granulocyte-macrophage progenitors (GMPs) derive from CMPs
and produce four types of granulocytes that play critical roles in the innate immune system;
the most abundant granulocytes are neutrophils. Macrophages are produced by the differen-
tiation of monocytes within tissues. Monocytes and dendritic cells (DCs) are tissue-resident
immune cells that rapidly mature upon encountering a pathogen. Their immediate progenitors
in the bone marrow are macrophage/dendritic progenitors (MDPs) and common dendritic
progenitors (CDPs). B lymphocytes remain in the bone marrow for maturation. In contrast,
the progenitors of T lymphocytes exit the bone marrow and migrate to and colonize the
thymus, undergoing a series of maturation steps before terminal differentiation.

'The entire process of hematopoiesis is subjected to multiple checkpoint regulations and
cell death mechanisms (3, 4). The role of p53 in regulating hematopoietic pathways has
become evident from studies using genetically engineered mice, in which either the loss or
mutation of p53 itself or p53 pathway components led to aberrant immune profiles and
increased incidence of leukemia and lymphoma (5, 6). The p53 pathway, activated in
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response to DNA damage in eliminating stressed, damaged, or
otherwise suboptimal cells for tissue function and homeostasis, is
well established (7). Genomic stresses such as radiation exposure
or genotoxic agents activate the serine/threonine kinases
ataxia-telangiectasia mutated kinase, which stabilize p53 and
induce the upregulation of p53 target genes, resulting in cell cycle
arrest and/or apoptosis. Mutant p53 can also be stabilized but lacks
normal p53’s tumor suppression function and has potentially
gained oncogene properties (8). The critical roles of p53 in cell
cycle processes and thus cell proliferation have been well established
(9-11). Recent studies have identified a role for p53 in the main-
tenance of quiescence in HSCs and in cell cycle checkpoint regu-
lation of hematopoietic cells (12). Litte is known about the
involvement of p53 pathways in hematopoiesis and particularly in
progenitor cell populations that have high cell plasticity and might
be prone to tumorigenesis under stress or following gene
mutation.

The proteasome inhibitor bortezomib is a modified dipeptidyl
boronic acid and an inhibitor of the proteasomal degradation
machinery, aiding the stabilization of proteins/substrates (13).
We previously characterized the effects of bortezomib in stabi-
lizing and activating p53 in proliferative compartments of
mouse gastrointestinal organs (14). We also noted the stabili-
zation of p53 in cell fractions within hematopoietic organs. It
is essential to explore the effects of bortezomib on normal
hematopoietic cells since it is the first proteasome inhibitor
anticancer drug used in treating multiple myeloma and mantle
cell lymphoma (15). Here, we expanded our initial observations
and identified the cell populations that had stabilized p53
within lymphoid tissues in response to bortezomib, particularly
in the bone marrow and thymus, the primary site of hemato-
poiesis and T cell development. We further analyzed the
immune compartments of p53R172H mutant mice to address
the impact of p53 itself in HSC, progenitor, and mature
immune cell populations.

Results

Rapid Induction of p53 in a Subset of Bone Marrow Cells in
Response to Bortezomib. p53 roles in immune cell differentiation
and replenishment of tissue immune cells from the bone marrow
HSC pool are poorly understood. We addressed the kinetics of
p53 stabilization induced by bortezomib treatment in the bone
marrow. Mice were injected intraperitoneally with bortezomib at
3 mg/kg and examined ac 0.5 h, 1.5h, 3 h, 6 h, 9 h, 18 h, 24 h,
48 h, and 72 h compared to vehicle control [Ctrl as bortezomib
(BTZ) 0 h] (Fig. 14). The vertebra and femur/tibia were harvested
for bone marrow p53 immunohistochemistry (IHC) analyses.
In bone marrow, p53 stabilization by bortezomib was induced
throughout the course of 0.5 to 6 h (Fig. 1 Band C), after which
p53 expression gradually returned to basal levels by 24 h post-
treatment. Peak p53 staining intensities were observed 1.5 h
post bortezomib treatment. The kinetics of bortezomib-induced
p53 stabilization observed here for the bone marrow differed
from our previous observations in gastrointestinal organs (14).
Significant levels of p53 stabilization were maintained for up
to 6 h after treatment in cell populations within bone marrow,
whereas gastrointestinal organs typically displayed strong p53
stabilization for 1.5 to 3 h. Basal p53 levels are readily detectable
in mouse bone marrow (Fig. 1C, purple arrows, Fig. 1B, light
brown), indicating relatively high-level expression of p53 protein
despite its active degradation. The rapid increase of p53 protein
in response to bortezomib in the bone marrow further indicates
that a large amount of protein is continuously synthesized but
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actively degraded. Such a mechanism is likely to facilitate rapid
activation of p53 in response to endogenous/exogenous stress
signals to protect hematopoietic cells from genotoxic injury.

Bortezomib Stabilizes p53 in Stem and Progenitor Cells of the
Bone Marrow. To determine the cell populations stabilized for p53
in response to bortezomib in the bone marrow, we designed flow
cytometry staining panels for hematopoietic stem/progenitors, as well
as fully mature immune cells (S Appendix, Table S1), and employed
various gating strategies for HSPCs, myeloid and lymphoid cells
based on immune markers (S/ Appendix, Fig. S1 A-C). We harvested
the bone marrow at 1.5 h post bortezomib treatment, when the
highest levels of p53 expression were present. 5 to 10% of HSCs
(Lin"Sca-1"c-Kit"CD135") displayed p53 stabilization following
bortezomib treatment (Fig. 2 A and A”). Increased frequencies of
p53" cells were found in multipotent progenitor cells MPPs and
LMPPs, and frequencies increased still further in early progenitors
such as CLP, GMP, CMP, MEP, and MDP (19 to 60%). In contrast,
the frequency of p53" cells was reduced in intermediate progenitors
(CDPs) and further reduced to basal levels in precursors and various
mature hematopoietic cells (Fig. 2 A’ and B and SI Appendix,
Fig. S1D). For example, MDPs, which are dendritic cell (DC)
early progenitors, showed significantly elevated frequencies of
p53" cells comparable to intermediate progenitors (CDPs) after
bortezomib treatment (Fig. 2B). The frequency of p53" cells was
at basal levels in DC precursors (pre-DCs). Most mature immune
cells such as cDC, pDC and monocytes, neutrophils, and T cells in
the bone marrow present lower frequencies of p53" cells following
bortezomib treatment, except ~1% of B cells and ~6% of natural
killer (NK) cells (Fig. 2 A’ and B).

In summary, we examined the stabilization of p53 in 18 cell types,
including HSPCs and mature hematopoietic cells, representing 75%
of the CD45" cells in the bone marrow (Fig. 2C and SI Appendix,
Table S2). Under normal conditions (Fig. 2D, vehicle control mice),
p53 was observed in only 0.004% of CD45" cells, including HSC,
CMP, MEP and tissue-resident cells cDC, pDC, and Mono cells.
In BTZ-treated mice (Fig. 2E), 0.85% of CD45" cells were positive
for p53, and the dominant p53" cells in the bone marrow were GMP,
CMP, MEP and B cells and NK cells. 77p53 transcripts were detected
in the bone marrow and colocalized with K7z, a cytokine receptor
expressed in HSCs and multiple hematopoietic progenitors (Fig. 2F).
High levels of 77p53 transcripts and rapid stabilization of p53 in
HSPCs of the bone marrow in response to proteasome inhibition,
suggesting robust levels of p53 transcription and translation within
this compartment and potential p53 roles in maintaining genomic
integrity in hematopoietic stem and progenitor cell populations.

Bortezomib Drives p53 Activation and p53 Mutation Leads to
the Expansion of Hematopoietic Stem/Progenitor Cell Pool in
Bone Marrow. To determine whether bortezomib-stabilized p53
is functionally active and whether p53-dependent cellular effects
are induced in response to bortezomib in the bone marrow, we
performed quantitative reverse-transcription polymerase chain
reaction (QRT-PCR) analysis on bone marrow samples from
p53”" (p53wt) and p53” (p53ko) mice injected with 3 mg/
kg bortezomib or vehicle control for 3 h rather than 1.5 h time
point to capture p53 target gene response following p53 protein
stabilization (Fig. 34). We detected maximum p53 stabilization
at 1.5 h after bortezomib treatment (Fig. 1 B and C). However,
we found that p53 target genes were mostly induced after 3 h (or
longer) of bortezomib treatment. Specifically, we analyzed p53
target genes known to be involved in cell cycle arrest (Cdknlal
p21), apoptosis (Bbc3/Puma), and DNA repair (Gadd45a). To
estimate the p53-specific effects on cell cycle-relevant genes, we
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Fig. 1. Time course for the stabilization of p53 by bortezomib in mouse bone marrow. (A) The schedule of bortezomib (BTZ) time course experiments (n =3

to 4). p0, neonatal; wk, week, h, hour; p.i., intraperitoneal injection.

(B) Quantification of p53-positive frequencies at various time points from mice treated with

vehicle (BTZ 0 h) or BTZ. Moderate and strong p53 staining signals are classified as p53 2-3+ (in brown), mild p53 staining signals are classified as p53 1+ (in light
brown). The indicated P values were calculated by multiple unpaired ¢ tests using Prism. *P < 0.05; **P < 0.001. Error bars represent the mean (SEM) for each
group. (C) IHC analysis of p53 in bone marrow from mice at indicated time points after 3 mg/kg BTZ treatment. Purple arrow points to detectable p53 in cells
treated with vehicle, indicating high p53 activity in the bone marrow. (Scale bars, 20 pm.)

also quantified messenger RNA (mRNA) levels of Cena2. In
bone marrow, bortezomib-induced p53 stabilization resulted in
the upregulation of Cdknla and Bbc3 (Fig. 3B). In contrast, the
cell cycle genes Cena2, DNA repair gene Gadd45a, and mRNA
levels of 7ip53 itself were unaffected by p53 stabilization at these
time points. Protein induction of p21 at 3 h/9 h and Puma at
9 h post bortezomib treatment, detected by IHC, was readily
apparent in p53wt mice (Fig. 3 Cand D). In contrast, there was
no detectable upregulation of cell cycle arrest and pro-apoptotic
genes in the bone marrow of p53ko mice treated with bortezomib.
These results demonstrate that bortezomib-induced stabilization of
p53 is crucial for the upregulation of downstream genes involved
in cell cycle arrest and apoptosis.

We measured bortezomib-induced apoptosis in the bone mar-
row of p53wt and p53ko mice by analyzing the expression of
cleaved caspase 3 at the indicated time points (Fig. 3 A and E).
We detected a significant increase in the frequency of cleaved
caspase 3" cells as early as 3 h post bortezomib administration in
p53wt mice. Apoptosis was also consistently induced at 6 h, 9 h,
and 18 h post bortezomib administration, albeit at decreasing
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frequencies (Fig. 3 Eand £). In contrast, apoptosis in the bone
marrow of p53ko mice was only observed at 9 h post bortezomib
administration, indicating the existence of a p53-independent
apoptotic cascade in the bortezomib-treated bone marrow. These
findings demonstrate that bortezomib treatment stabilizes tran-
scriptionally active p53 to drive activation of p53 target genes and
p53-dependent apoptosis, highlighting important p53-mediated
regulatory activities in response to bortezomib within the hemato-
poietic stem and progenitor cells of the bone marrow.

Robust stabilization of p53 by BTZ and its target gene induction
in the bone marrow prompted us to explore whether p53 mutation
would affect hematopoiesis and immune cell differentiation. We
compared the frequency of different cell pes in the bone marrow
of 5 to 6-mo-old p53wt and p53R17 /R172H (p53mt) mice.
p53R172H is known to cause loss of p53 transcriptional function
and p53mt mice are tumor prone and accordingly get sick when
they age. Increased frequencies of HSC, MPP, and LMPP were
observed in p53mt mice (Fig. 3F). The frequencies of all downstream
progenitors and mature cells were not significantly changed in p53mt
mice compared with p53wt mice, suggesting that p53 mutation has

https://doi.org/10.1073/pnas.2219978120 3 of 9



H
A HSC MPP LMPP CMP MEP GMP CLP A -
° 0.62 0.83 0.70 0.047 9.86E-3 0.086 1.42 =
8 o
> ©
o o - . . - o
el @ e e e e e P =
O ‘: ooy e 3 ooy s e vy s sy sao gy e sy e s S ey vemey ey - 0\0
g 0.53 1.56 0.91 0.1 0.13 0.39 267 o
2" g
o 0.28 0.52 0.30 0.066 0.039 0.21 1.29
Q.
=
Q" 3 - m HSC Em oDC
|r:| ,921 ‘ ﬁ [—2 - @ = MPP =3 pDC
m 10 =3 LMPP B3 Mono
o = CLP Neu
7.72 136 14.1 o GNP mm Bl
o = CMP B3 NKcell
9 - = MEP 0= CD4*T
Q. - = VMDP =3 cpg*
e e e =&
10" . = Pre-DC
S ca-1 =3 Other cell types Total75
D + o E + o,
p53™ % of CD45 p53™ % of CD45
B  wmpP cDP pDC  Beell NKecel —_ .. e = o
027 0 0.89 0.096 0.13 = CwmP =1 MPP ESI NK cell
o, - = MEP O3 LMPP =3 CD4* T
Q' mEm cDC = CLP =3 cDs*' T
%,] : = pDC = GMP
° c = Mono = CvP
-8 @ o 0 @ | = i
Sl = MDP
= CDP
0 0 0.54 0.17 1.05 0.080 0.15 = Voo
o Neu
i g Total=0.004 Total=0.85
X 6 o 0 @ v ‘ @ =) »@“ = p53 neg = 99.99 = p53neg = 99.15
N ks —
© 0 0 113 0.71 1.56 0.093 0.099 F
Q_m‘
2 - -
ot _ . S e ‘ I T
gD e e | 8@ @ @ _
xn
mf 41.0 303 1.16 1.02 1.03 115 4.24 <
Sm-' ) =Z L
Q. * * - — X
W' ) o ksl
CD135 Ly6C SiglecH CD19 CD3e

Fig. 2. Stabilization of p53 in the HSPCs of mouse bone marrow by bortezomib. (A) Representative fluorescence-activated cell sorting (FACS) plots showing
bone marrow cells stained for p53 or isotype controls from mice treated with Ctrl or BTZ, gated on different HSPC populations (n = 3 to 4). (A") Quantification of
p53-positive frequencies of HSPCs and mature cells from mice treated with Ctrl (in grey) or BTZ (in brown). The indicated P values were calculated by multiple
unpaired t tests using Prism. *P < 0.05; **P < 0.001; ***P < 0.0001; ****P < 0.0001; ns, no significance. The error bars represent the mean (SEM) for each group.
(B) Representative FACS plots showing the bone marrow cells stained for p53 or isotype control from mice treated with Ctrl or BTZ, gated on DC progenitors/
precursors, matured DC and B/NK cells (n = 3 to 4). (C) Quantification of frequencies of various CD45" HSPCs and mature cells from mice treated with Ctrl only.
(D and E) Quantification of frequencies of p53* in HSPCs and mature cells of CD45" bone marrow cells from mice treated with Ctrl and BTZ. ACtrl and ABTZ
were calculated to remove nonspecific staining (A = p53° frequency - isotype” frequencies). Note: 0.004% of CD45" cells in Ctrl mice and 0.85% of CD45" cells
in BTZ-treated mice positive for p53, whereas 99.99%, and 99.15% CD45" cells in Ctrl and BTZ-treated mice are p53 negative. (F) Duplex mRNA ISH analysis of

Trp53/Kit in the bone marrow of p53 wild-type mice. (Scale bars, 20 pm.)

less impact on lineage commitment progenitors and mature cells.
Collectively, we found a noticeable increase in stem and early pro-
genitor frequencies in the bone marrow of p53mt mice, especially
in HSC and MPP, which comprise the bone marrow stem cell pool
(3) and serve as the primary source of cells that reconstitute all blood
lineages through hematopoiesis. These findings indicate an impor-
tant role for p53 in maintaining and regulating the differentiation
of immune cell stem/progenitor cells in the bone marrow.

Bortezomib Treatment Stabilizes p53 in Double-Negative T Cells
in the Thymus. We next sought to determine how p53 is stabilized
by bortezomib in the thymus, another primary lymphoid organ
specific for T cell development and maturation. IHC analyses of
p53 expression in the thymus revealed a significant number of cells
that stabilized p53 upon bortezomib treatment. p53 stabilization
was induced throughout the course of 0.5 to 24 h treatment,
predominantly within the cortex region (Fig. 44 and SI Appendix,
Fig. S2A) where T cell precursors undergo cell division and
commence T cell receptor (TCR) gene arrangements. p53 expression
levels peaked at 3 h and stayed high for 9 h. p53 expression returned
to basal levels at much later time points, 48/72 h post bortezomib
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administration in the thymus rather than 24 h in the bone marrow
(Figs. 1Cand 4A), indicating variations in cell turnover rates, drug
metabolism, or p53 degradation mechanisms in different organs.

T cell progenitors migrate from the bone marrow to the thymus
and then differentiate via CD4 CD8™ (double negative, DN) to
CD4'CD8" (double positive, DP) thymocytes, and finally to either
CD4 or CD8 single positive (SP) T cells (16). Thus, we analyzed
these four CD4""CD8"'" subpopulations using flow cytometry anal-
yses (Fig. 4B). Although DP cells are the dominant cell population
in the thymus (S7 Appendix, Fig. S2B), expression levels of p53 were
particularly high in DN thymocytes, the earliest stage of differenti-
ation, compared to all other populations; ~42% of DN thymocytes
stabilized p53 in response to bortezomib (Fig. 4C, Lefrand Fig. 4C7).
In contrast, only 1 to 8% of DP and SP thymocytes presented
stabilized p53 and no p53 stabilization was observed in vehicle con-
trols. The DN population can be subdivided into four subsets, based
on expression of the surface proteins CD44 and CD25:
CD44'CD25" (DN1), CD44'CD25° (DN2), CD44 CD25'
(DN3), and CD44 CD25™ (DN4) (Fig. 4B). Numerous gene rear-
rangements such as af TCR rearrangement occur during transition
from DN3 to the DN4 cell population. 20 to 65% of DN2, DN3,
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Fig.3. p53target gene expression and apoptosis induction in bone marrow following bortezomib treatment. (A) The schedule of bortezomib (BTZ) experiments
for detecting p53 target gene and apoptotic induction (n = 3 to 4). p0, neonatal; wk, week, h, hour; p.i., intraperitoneal injection. (B) qRT-PCR analysis of Cdkn1a,
Puma, Gadd45a, Trp53, and Ccna2 expression in the bone marrow of p53wt and p53ko mice treated with BTZ (3 mg/kg, 3 h). (C and D) IHC analysis of p21 and
Puma in the bone marrow from mice at indicated time points after vehicle (BTZ 0 h) or 3 mg/kg BTZ treatment. (Scale bars, 20 um.) (€ and £”) IHC analysis and
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mice (n=9to 10). For B, the indicated P values were calculated by two-way ANOVA using Prism. For C’ and D, the indicated P values were calculated using multiple
unpaired t tests using Prism. *P < 0.05; **P < 0.001; ***P < 0.0001; ****P < 0.00001, ns, no significance. The error bars represent the mean (SEM) for each group.

and DN4 subsets stabilized p53, and DN4 exhibited the highest
p53 levels after bortezomib treatment (Fig. 4C, Righr and Fig. 4C ).
The DN subset failed to stabilize p53. p53 was thus prominently
stabilized in DN thymocytes that represent the earliest T cell pre-
cursors in the thymus, while p53 levels decreased with further
differentiation into DP and SP thymocyrtes.

PNAS 2023 Vol.120 No.13 2219978120

Bortezomib treatment also upregulated expression of Cdknla
and Bbc3 in the thymus (Fig. 4D). As observed in the bone marrow,
no significant changes in expression of Gadd45a, Trp53, and Cena2
in response to bortezomib occurred in the thymus. In contrast to
the mode of apoptosis-induction in the bone marrow, two waves
of apoptosis occurred in the thymus in response to bortezomib,
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Fig. 4. Stabilization of p53 in the thymus by bortezomib. (A) IHC analysis of p53 levels in the thymus from mice at indicated time points post vehicle or 3 mg/
kg BTZ treatment. Upper panel: thymus cortex. Bottom panel: thymus medulla or medulla/cortex region (n = 3 to 4). (Scale bars, 20 um.) (B) Gating strategy for
analyzing thymocytes based on expression of CD4 and CD8, and DN subsets based on expression of CD44 and CD25. (C) Representative FACS plots of p53-
positive subsets in various T cell development stages and the DN subsets. (C" and C”) Quantification of the frequency of p53" subsets in respective parent cell
populations. (D) qRT-PCR analysis of CdknTa, Puma, Gadd45a, Trp53, and Ccna2 expression in the thymus of p53wt and p53ko mice treated with BTZ (3 mg/kg,
3 h). (E) IHC analysis of the expression of cleaved caspase 3 in the thymus of p53wt and p53ko mice at indicated time points post vehicle (BTZ 0 h) or 3 mg/kg
BTZ treatment (n = 3 to 4). (Scale bars, 20 pm.) (F) Quantification of the frequencies of various T cell subsets in the thymus from p53wt and p53mt mice (n =7 to
9). For C’, C”, and F, the indicated P values were calculated by multiple unpaired ¢ tests of using Prism; For D, the indicated P values were calculated by two-way
ANOVA using Prism; *P < 0.05; **P < 0.001; ***P < 0.0001; ****P < 0.00001; ns, no significance. Error bars, mean (SEM) for each group.

the first peak at 1.5 to 3 h and the second peak at 18/24 h post
administration (Fig. 4F and SI Appendix, Fig. S2C). Although
p53-dependent apoptosis was observed at 3 h post bortezomib
treatment, apoptosis was also induced in the thymus of p53ko
mice at both 3 h and 18/24 h, albeit rather at low levels, suggesting
that thymocytes are more sensitive to proteasome inhibition.
Strikingly, DN and DP thymocytes were perturbed by p53
mutation with increased frequencies of DN and reduced fre-
quencies of DP in p53mt mice (Fig. 4F). There appears to be a
stall up in the DP stage in the p53mt mice; malfunction of p53
in the transition from the DN stage to the DP stage could be
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the reason that leads to abnormal cell maturation and ultimately
lead to tumorigenesis.

Bortezomib Treatment Stabilizes p53 in Secondary Lymphoid
Tissues and Blood. The spleen and lymph node are two major
secondary lymphoid organs that host mature lymphoid and myeloid
populations, especially B cells, T cells, and DCs, which coordinate
to serve their immune functions by generating immune responses
and tolerance. Therefore, we focused on mature lymphoid and
myeloid cell populations in these two organs. In contrast to the bone
marrow and thymus, we observed fewer p53-stabilized cells in the
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spleen (S Appendix, Fig. S3A) except for clusters of germinal center
cells (Fig. 54, red arrows). p53" cells were scattered throughout the
red pulp, white pulp, and marginal zones of the spleen (Fig. 5A4).
Several immune cell subsets exhibited bortezomib-induced p53
stabilization, albeit at much lower frequencies than p53 stabilization
in HSPCs, but comparable to the same cell types in bone marrow.

The frequency of p53 stabilization in B cells, NK cells, and CD4" or
CD8" T cells in the spleen is 0.8—1.2%. In the myeloid population,
~6% of conventional DC1 (cDC1) displayed stabilized p53 (Fig. 5 B
and B’ and ST Appendix, Fig. S3 Band C). In summary, we detected
87% of the total CD45" cell population in the spleen, comprising
mainly B and T cells (Fig. 5Cand SI Appendix, Table S3). In control
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Fig. 5. Stabilization of p53 in the spleen and lymph node by bortezomib. (A) IHC analysis of p53 levels in the spleen from mice at indicated time points post
vehicle control (Ctrl, BTZ 0 h) or 3 mg/kg BTZ treatment. Red arrows point to the germinal center. (Scale bars, 20 pm.) (B) Representative FACS plots showing
the splenocytes stained for p53 from mice treated with Ctrl or BTZ for 1.5 h, gated on matured lymphoid and myeloid cells. (8") Quantification of p53* subsets
of the indicated splenocytes from mice treated with Ctrl (in grey) or BTZ (in green). (C) Quantification of frequencies of various splenocytes of CD45" cells from
mice treated with Ctrl. 87% of the total CD45" population was analyzed. (D) Quantification of frequencies of p53*in splenocytes of CD45" cells from mice treated
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showing staining for p53 in mLN cells from mice treated with Ctrl or BTZ for 1.5 h, gated on matured lymphoid and myeloid cells. (£') Quantification of p53*
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mice, p53 was spontaneously expressed in a small percentage of
cells, including NK cells and CD4" and CD8" T cells (Fig. 5D, Left,
ACul. A = p53" frequency - isotype” frequencies). In bortezomib-
treated mice, the major p53-stabilized populations were B cells,
CD4" and CD8" T cells, and a small percentage of NK cells and
DCs (Fig. 5D, Right, ABTZ).

'The frequency of p53-stabilized cells induced by bortezomib in
the mesenteric lymph node (mLN) was comparable to the results
observed in the spleen, with higher fractions of NK cells presenting
p53 stabilization than in the spleen (Fig. 5 E and E’, SI Appendix,
Fig. S3D). Notably, ~9% of macrophages had stabilized p53 after
bortezomib treatment in the mLNs, but not in the spleen and bone
marrow (S Appendix, Fig. S3C). In the mLN, we detected 87% of
the total CD45" cell population, comprising mainly B and T cells
(Fig. 5F and SI Appendix, Table S4). p53 was spontaneously
expressed in a small percentage of cells identified as CD4'/CD8* T
cells, dendritic cells, and NK cells in control mice (Fig. 5G, Lefd). In
bortezomib-treated mice, the major p53 stabilized populations were
still B cells and CD4"/CD8" T cells (Fig. 5G, Right), but the fre-
quencies of CD4"/CD8" T cells were higher in the mLN than in
the spleen, indicating distinct p53 immune functions in the mLN
and spleen. We also observed a striking bortezomib-driven stabili-
zation of p53 in the geminal center of the Peyer’s patch (S Appendix,
Fig. S4A4), where rapidly proliferating B cell blasts undergoing
somatic hypermutation and IgV gene rearrangement reside (17).
p53 stabilization peaked at 1.5 h and 3 h post bortezomib treatment.
p53-dependentapoptosis occurred at 3 to 6 h, while p53-independent
apoptosis occurred at 9 h post bortezomib treatment (S7 Appendix,
Fig. S4B). There was no significant increase in the frequencies of p53
stabilization in detected cell types in the blood in response to borte-
zomib (8] Appendix, Fig. S5 A and A"). We detected 77% of the
total CD45" cell population in the blood (S Appendix, Fig. S5B),
p53 stabilization was observed in low percentages of neutrophils, B
cells, and NK cells in control mice, and in low percentages of B cells,
CD4" and CD8" T cells in BTZ-treated mice in the blood
(SI Appendix, Fig. S5C). Collectively, our analyses of p53 stabiliza-
tion in different secondary and tissue-associated lymphoid structures
reveal several immune cell populations with the capacity to stabilize
p53 upon proteasomal inhibition with bortezomib to various extents
that may reflect their specific p53 immune functions.

Discussion

Few studies have elucidated the expression and/or activity of p53
in hematopoietic tissues in the absence of DNA damage or outside
the context of hematologic malignancies. Without using genotoxic
reagents, we performed proteasomal inhibition using the drug
bortezomib that stabilizes and visualizes wild-type p53 protein and
employed immunophenotypic profiling to identify specific myeloid
and lymphoid progenitor subsets in mouse bone marrow and CD4"
CD8 DN cells in the thymus where p53 protein translation is
activated in healthy tissues. After administering a single manufac-
turer-recommended dose (1.3 mg/mz) of bortezomib to patients
(18), the initial plasma distribution half-life is less than 10 min and
maximum proteasome inhibition occurs in 1 h. The final elimina-
tion half-life is more than 40 h and in vivo levels return to baseline
around 72 to 96 h post administration. p53 stabilization by borte-
zomib in various lymphatic organs of mice in our study was induced
over the course of 0.5 to 6 h and gradually returned to basal levels
by 24 h in the bone marrow and spleen or 48/72 h in the thymus
post treatment, which coincide with the dynamic distribution and
half-life of bortezomib in humans. In addition, we observed robust
Trp53 transcripts in HSCs and multiple hematopoietic progenitor
populations. Our findings are in consistent with recently published
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single-cell transcriptomics data in mice, revealing high 77p53 tran-
scription levels in bone marrow progenitors, DN thymocytes and
immature T cells in the thymus (19). This tempts us to speculate
that p53 is stabilized by bortezomib in cells with high levels of p53
transcription and peak p53 protein stabilization correlates with
maximal proteasomal inhibition in vivo. Another dataset, from a
study that performed single-cell RNA sequencing on hematopoietic
stem and progenitor cells (20), revealed uniformly high levels of
Trp53 transcripts in CMPs, MEPs, and GMPs in similar expression
patterns to Kit and Pena, while heterogeneous levels of 7rp53
expression were found in clusters representing more primitive sub-
sets such as long-term HSC and MPP. The presence of robust 7ip53
mRNA levels in the immune stem/progenitor cells and those cells
prompt respond to bortezomib indicates an intrinsic ability to ini-
tiate rapid p53 protein translation, achieve increased levels of p53
protein, and ensure immediate responses to exogenous or endoge-
nous stresses to maintain the genomic integrity of hematopoietic
stem/progenitor cell populations.

Although there is less p53 stabilization in secondary lymphoid
organs, cells in the germinal center of the spleen and Peyer’s patch
accumulate p53 in response to bortezomib. Several immune cell
populations in the spleen and lymph node with the capacity to sta-
bilize p53 upon proteasomal inhibition to various extents that may
reflect their specific p53 immune functions. In response to borte-
zomib treatment, 1) extremely high levels/frequencies of p53 stabi-
lization were detected in proliferating B cell blasts in the germinal
centers of the spleen and Peyer’s patch, indicating a possible role for
p53 in gene rearrangement and somatic hypermutation. 2) Higher
frequencies of p53 stabilization in CD4" and CD8" T cells of the
spleen and mLN compared with bone marrow, revealing T cell func-
tion in secondary lymphoid organs in helping T cell-dependent
antigen to activate B cells. 3) Higher frequencies of p53 stabilization
in cDC1 and cDC2 antigen-presenting cells involved in T cell acti-
vation in the spleen and mLN. 4) Markedly higher frequencies of
p53 stabilization in macrophages of the mLN, an important popu-
lation that engulfs and digests pathogens, including cancer cells.
While we have previously established p53 roles in regulating the M2
polarization process (21), the observed capacity of many other
immune populations to stabilize p53 suggests other, currently
unknown functions of p53 in the immune system. Excess levels of
p53 may be harmful to normal proliferative tissues. Bortezomib
treatment is known to cause side effects in the hematopoietic system
in patients, including thrombocytopenia which is highly correlated
with altered NF-kB signaling (22). Any adverse effects of stabilized
p53 in the hematopoietic system during bortezomib treatment there-
fore needs to be carefully evaluated. More research is needed to
develop novel methods to maximize the benefits of p53 activation
in cancer therapy with minimal accompanying side effects.

Aswe have previously observed in the small intestine (14), bortezomib
treatment upregulates the expression of p53 target genes associated with
cell cycle arrest (Cdknlalp21) and apoptosis (Bbc3/Puma) in both the
bone marrow and thymus, demonstrating that in a significant fraction
of bone marrow progenitors and thymocyte DN subsets, p53 protein
is activated and maintained, potentially poised to trigger cell cycle arrest
or apoptosis. In turn, this may limit the size of the bone marrow stem
and progenitor pool. In developing T and B cells, we found that the
highest p53 stabilized populations are in the CD4 CD8 DN T cell
subset and in activated B cells forming the germinal center, both of which
undergo variable (V), diversity (D), and joining (J) recombination or
expansion upon successful pre-TCR or pre-B cell receptor gene rear-
rangement (16, 17, 23). Consistent with this notion, we and others
found that 5 to 6-mo—old p53mt or p53ko mice become sick or develop
tumors in different organs, most frequently in hematopoietic organs and
especially in thymus (24-26). Transcriptional inactivation of p53 led to
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increased frequencies of stem and progenitor populations, most notably
HSCs and MPPs (Fig. 3F). The phenotypes resulting from loss of p53
function are most prominent in the thymus with markedly increased
the frequency of DN and reduced DP cell populations. The loss of p53
function by point mutation or gene deletion in these cell populations
would lead to aberrant proliferaton and differentiation, promoting
tumorigenesis in these organs. We are interested in exploring whether
the cell populations in the thymus displaying bortezomib-driven p53
stabilization contribute to the development of lymphomas, the most
prevalent tumor type that occurs in p53mt and p53ko mice.

Materials and Methods

Mice and Bortezomib Treatment. C57BL/6 mice were used in this study. All
experiments and procedures were approved by the Agency for Science, Technology
and Research (A*STAR) Institutional Animal Care and Use Committee (IACUC) and
performed in compliance with IACUC regulations. Experiments generally used
male mice ranging from 8 to 12-wk-old, except in comparisons between p53
wild-type and p53R172H strains (8), in which mice were used at 5 to 6 mo of
age. Bortezomib (S1013) was purchased from Selleck Chemicals and dissolved in
DMSO0 at 5 mg/mLstock concentrations. The drug was diluted in phosphate-buff-
ered saline and injected intraperitoneally at 3 mg/kg.

Immunohistochemistry (IHC), In Situ Hybridization (ISH), and Imaging. [HC
was performed as described previously (8). Harvested tissues were fixed in cold
10% natural buffered formalin for 36 to 40 h and sent to histopathology facility
(Advanced Molecular Pathology lab, AMPL) for paraffin block embedding. Tissues
were sectioned at 5 pm sections and deparaffinized for IHC.The most critical step
forp53, p21,and Puma IHC staining is that we used ethylenediaminetetraacetic
acid-based pH 9.0 antigen retrieval solution to exposure antigen epitopes. Details
of antibodies used for IHC see S/ Appendix, Table S5.The quantification of p53*
and cleaved caspase 3* populations was calculated by counting immune-positive
cellsin 20x magnification images. Duplex mRNA ISH was performed according
to the manufacturer's instructions using a RNAscope 2.5 duplex Assay and Trp53
and Kit probes (ACDbio). Paraffin blocks prepared for IHC can be used for ISH;
however, tissue sections need to be freshly prepared. Slides were imaged using
Nikon microscope with NIS-Elements software.

Flow Cytometry. Staining Panels (S/ Appendix, Table S1): Panel 1 for hematopoi-
etic stem and progenitor cells; Panel 2 for myeloid cells; Panel 3 for lymphocytes;
and Panel 3 modified for the analysis of double-negative T cell subsets in the
thymus. Reagents used for flow cytometry are listed in S/ Appendix, Table S5.
Antibodies against specific cell surface markers are listed in S/ Appendix,
Table Sé (Antibody list). Preparation and staining of cells from bone marrow,
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spleen, thymus, lymph nodes and peripheral blood were performed as previously
described (27). Cocktails for cell surface marker staining used antibodies for flow
cytometry at a concentration of 1:100 in FACS buffer. For staining panels that
include biotinylated antibodies, samples were incubated with streptavidin-con-
jugated PE-Cy7 (1:300 in FACS buffer) for 15 min in the dark at 4 °C. For intracel-
lular staining of p53, cells were fixed and permeabilized for 20 min at RT using
eBioscience Fix/Perm reagents (Thermofisher). Samples were then stained with
eitheranti-p53 or IgG isotype control in the dark at 4 °C for 45 min (1:200 in FACS
buffer) and resuspended in FACS buffer for acquisition on an LSRII instrument
(Becton, Dickinson and Company Biosciences). Data were analyzed using FlowJo
software (Tree Star).

Quantitative reverse-transcription polymerase chain reaction (QRT-PCR).
Bone marrow samples isolated from femurs and tibias were treated with RBC lysis
buffer (Roche) and stored in TRIzol reagent. Thymic lobes were homogenized in
TRIzol using Tissuelyser LT equipment (Qiagen). Total RNA was prepared using
RNeasy mini kit (Qiagen) following the manufacturer’s protocols and cDNA syn-
thesized using iScript Reverse Transcription Supermix (Bio-Rad). qRT-PCR was
performed using SYBR" Green Supermix (Bio-Rad). Primers used are listed in
Sl Appendix, Table S7.

Statistical Analysis. All statistical analyses were performed using GraphPad
Prism 8.1.2 (GraphPad Software, Inc.). Two-way ANOVA was used for multiple
comparisons and paired t test for comparisons between groups.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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