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Latexin deletion protects against radiation-induced

hematopoietic damages via selective activation of Bcl-2

prosurvival pathway

Exposure to ionizing radiation (IR) causes dysfunction of
multiple organs of which the hematopoietic system is the
most sensitive tissue.! Radiation damage to the hemato-
poietic system induces acute myelosuppression that in-
creases the risk of infection and bleeding.? It also causes
long-term bone marrow (BM) injury, which underlies the
development of BM failure or hematological malignancies.?
Therefore, IR-induced acute and long-term BM injuries are
the most significant consequence of accidental or inten-
tional exposure to IR and also represent a serious side ef-
fect of radiation therapy.

To date, few effective medical countermeasures have been
developed to protect and mitigate radiation-induced
hematological toxicity. Recently, a significant progress has
been made toward identifying novel radioprotectants, such
as toll-like receptor 5 agonists* and CDK4/6 inhibitors®, in-
hibitors of the protein C (aPC) pathway,® and cell-based
therapy such as infusion of endothelial or progenitor cells.”
However, further novel approaches, based on mechanistic
data, are warranted since the translation of these findings
into the clinic remains a significant challenge. Elucidating
cellular and molecular pathways that govern the high sen-
sitivity of hematopoietic cells, particularly hematopoietic
stem cells (HSC), to IR can provide a better strategy to ra-
tionally develop medical countermeasures against radi-
ation-induced hematopoietic toxicity.

We previously discovered that lack of the protein latexin
(Lxn) in HSC enhances HSC survival and regeneration in
vivo, while Lxn overexpression sensitizes myeloid cell line
to radiation.?® In this study, we examined the role of Lxn
in IR-induced BM injury and HSC damage using the Lxn
knock-out mouse model (Lxn”"). Lxn”- mice have a signifi-
cantly increased survival advantage compared to wild-type
(WT) mice after lethal doses (8 Gy and 9 Gy) of total body
irradiation (TBI) (Figure 1A). IR-induced acute myelosup-
pression is a primary cause of lethality. Therefore, we
monitored the dynamic changes of blood and BM cells at
different time points for 2 months post a sub-lethal dose
(6.5 Gy) of TBI, and found that blood leukocytes and pla-
telets and BM hematopoietic stem/progenitor cell (HSPC)-
enriched lineageScal*c-Kit* (LSK) cells recovered
significantly faster in Lxn”- mice than WT mice during the
first month post-IR (Figure 1B). The rapid recovery was not
due to the increased proliferation of LSK cells (Online Sup-
plementary Figure S1A). We next determined the role of Lxn
deletion in protecting HSC from radiation-induced long-

term damage. We irradiated Lxn”/- and WT mice with 6.5
Gy TBI, collected BM cells at 56 days post-IR at which time
blood cell and HSPC counts returned to the normal level
(Figure 1B), and performed various functional assays to
evaluate HSC regeneration and self-renewal functions, in-
cluding cobblestone area forming cell (CAFC) assay, in vivo
limiting dilution competitive repopulation unit (CRU) assay,
and serial transplantation. The results showed that Lxn"/-
BM had a significantly elevated number of CAFC day 35
cells compared to the WT mice after IR (Figure 1C). The CRU
assay showed that Lxn”- mice indeed preserved a signifi-
cantly higher frequency of long-term repopulating HSC in
the BM (Figure 1D). In competitive repopulation and serial
transplantation, BM cells (CD45.2) from irradiated Lxn”/- and
WT mice were transplanted into lethally irradiated primary
recipient mice (CD45.1) along with an identical number of
competitor cells (CD45.1). At 16 weeks post-transplanta-
tion, PB and BM chimerism was analyzed for CD45.2-de-
rived cells, and CD45.2 BM cells were sorted and
transplanted into the secondary recipients. The same
regimen was repeated in the tertiary transplantation. The
result showed that Lxn”- HSC had a higher capacity to re-
generate PB and BM LSK cells in the secondary and tertiary
recipients than WT HSC (Figure 1E), demonstrating en-
hanced HSC self-renewal activity.® Mice or humans ex-
posed to radiation, especially fractionated low-dose
radiation regimen, exhibit residual HSC functional defects
even months after hematopoiesis has recovered from the
exposure.” We exposed Lxn”- and WT mice with clinically
relevant fractionated low-dose radiation (2 Gy daily for 5
days), and examined the long-term effect at a 16-20-
month period post-IR along with age-matched non-IR WT
and Lxn”- mice. We found that numbers of BM LSK cells,
long-term (LT-), short-term HSC (ST-HSC), and multipotent
progenitors (MPP), identified by flow cytometry, were much
better preserved in Lxn”- mice compared to WT mice after
radiation although radiation reduced the numbers of these
cell populations in both strains (Figure 1F). Radiation in-
duces the accumulation of reactive oxygen species (ROS)
and senescence, and DNA damage. We didn’t find any
changes in ROS level and senescence in irradiated Lxn”/-
LSK cells compared to WT cells (Online Supplementary
Figure S1B, C). By using y-H2A.X staining and the comet
assay, we found that Lxn”- LSK cells had fewer y-H2A.X
foci and a shorter length of comet tail post-IR compared
to WT cells (Online Supplementary Figure S1D, E), suggest-
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Figure 1. Latexin deletion protects radiation-induced acute myelosuppression and long-term hematopoietic stem cells functional
impairment. (A) Significant more latexin knock-out (Lxn") mice survived after exposure to 8 Gy (left) or 9 Gy (right) of total body
irradiation (TBI) in *"Cesium from JL Shepard Mark | irradiator. The mean survival time for Lxn”- mice was 16 days compared to
13 days of wild-type (WT) mice in 8 Gy TBI. The mean survival time for Lxn”/- mice was 21 days compared to 9 days in 9 Gy TBI.
Prism software was used to determine the mean survival time (N=5/group). (B) Lxn”- mice had accelerated recovery in the
numbers of blood leukocytes, platelets, and hematopoietic stem/progenitor cells (HSPC) post sublethal 6.5 Gy TBI. HSPC was
identified as Lin-, Scal*, c-kit* cells (LSK cells). Data were collected on days 0, 1, 3, 7, 14, 28, and 56 days post-TBI (N=5/group at
each time point). (C-E) WT and Lxn”- mice were subject to 6.5 Gy TBI. BM cells were isolated from these mice at 56 days post-
TBI and evaluated for the HSC function by cobblestone area forming cell (CAFC) assay, limiting dilution competitive repopulation
unit (CRU) assay, and competitive repopulation and serial transplantation. (C) More CAFC day 35 bone marrow (BM) cells were
preserved in Lxn”- mice after IR. BM cells were pooled from 5 mice in each group (N=5). Two independent CAFC assays were
performed. (D) CRU frequency (left panel) and absolute number per femur (right panel) were significantly higher in Lxn”- mice
compared to WT mice. 2x10%, 6x10%, 2x10° or 6x10° donor BM cells were collected from Lxn”- or WT (CD45.2) mice at day 56 after
6.5 Gy TBI, and mixed with 2x10° competitor BM cells (CD45.1) and retro-orbitally injected into lethally irradiated (9 Gy) recipient
mice (CD45.1). Percentages of donor (CD45.2*)-derived peripheral blood (PB) cells were determined at 16 weeks post transplan-
tation (N=10 recipient mice in each dilution). CRU frequency was calculated with LDA software. (E) In serial transplantation, Lxn”-
HSC had a higher capacity to regenerate PB and BM LSK cells in secondary and tertiary recipients. 1x10° donor cells from Lxn-
or WT BM (CD45.2) mice were mixed with an equal number of competitor BM cells (CD45.1) and retro-orbitally injected into
lethally irradiated (9 Gy) first recipient mice (CD45.1). At 16 weeks post-transplant, Lxn”- or WT BM cells (CD45.2) were sorted
from the primary recipients and transplanted into secondary recipients. An identical regimen was repeated one more time, cul-
minating in the engrafted tertiary hosts. Percentages of CD45.2-derived PB and BM LSK cells were evaluated in each round of
transplantation recipients (N=10 recipient mice at each time point). (F) Age-matched (8 weeks old) WT and Lxn”- mice with or
without the fractionated dose TBI (2 Gy daily for 5 days) were aged naturally for 16-20 months, and HSPC populations were ana-
lyzed for long-term effect. Representative flow cytometry analysis of HSPC subsets. Gating strategy for HSPC-enriched Lin-,
Scal*, c-kit* (LSK) cells, long-term HSC (LT-HSC) (LSK, CD34", Flt3-), short-term HSC (ST-HSC) (LSK, CD34*, Flt3-), and multi-
potent progenitor (MPP) (LSK, CD34*, Flt3*) is shown. Percentages of LSK cells, LT-HSC, ST-HSC, and MPP cells were significantly
higher in Lxn”- mice than in WT mice (N=5/ group). The statistical analysis was consulted with the Markey Cancer Center Bio-
statistics & Bioinformatics Shared Resource Facility. Data were examined for homogeneity of variances (F test), then analyzed by
a two-tailed, unpaired Student’s t test. The log-rank (Mantel-Cox) test was used to assess survival curves. All statistical analyses
were performed using GraphPad Prism Software version 7.0. Differences were considered significant at P<0.05. Results shown
represent mean * standard deviation; *P< 0.05, **P<0.01, ***P<0.001 and ****P<0.0001. Female mice were used at the age 7-8
weeks old. Mice were housed and handled at the University of Kentucky animal facilities following National Institutes of Health-
mandated guidelines for animal welfare and with Institutional Animal Care and Use Committee approval number 2021-3881.

ing that survived Lxn”- LSK cells maintained the genomic
integrity. This may explain the absence of hematologic ma-
lignancies in Lxn”- mice even 2 years after radiation (data
not shown). Overall, all these short-term and long-term
studies strongly suggest that Lxn deletion protects against
both IR-induced acute myelosuppression and long-term
HSC damage.

We determined the signaling pathways involved in Lxn
deletion-mediated radiation protection. We previously
identified ribosome protein subunit 3 (Rps3) as a novel
Lxn-binding protein in a myeloid cell line.® Rps3 was re-
ported to interact with the NF-kB p65 subunit and direct
the complex to the promoter of some specific pro-survival
genes upon IR, thus providing regulatory specificity.?"* We
performed immunofluorescence staining in LSK cells and
co-immunoprecipitation (Co-IP) in Lin- cells, and con-
firmed the binding of Lxn and Rps3, and the interaction
between Rps3 and p65 in primary HSPC (Figure 2A). Lxn
deletion didn’t change Rps3 mRNA level before and after
radiation (Online Supplementary Figure S2A). Rps3 itself is
involved in ribosome assembly and protein synthesis. We
asked whether Lxn deletion could affect protein synthesis
in HSPC. We performed in vivo O-propargyl-puromycin
(OP-Puro) incorporation assay and found similar OP-puro
incorporation between different subsets of Lxn”- and WT
cells except for the CMP, indicating that Lxn deletion did

not affect overall protein synthesis in hematopoietic cells
(Online Supplementary Figure S2B).* We thus hypothesized
that Lxn deletion releases Rps3 protein, which promotes
the nuclear translocation of the NF-kB complex and
stimulates prosurvival pathways upon radiation, enhancing
HSC survival. We used immunofluorescence-conjugated
Rps3 and p65 antibodies to detect their signal intensity in
the nucleus of single LSK cells and found there were more
Rps3 and NF-kB p65 detected in the nucleus of Lxn”/- LSK
cells compared with WT LSK cells post-IR (Figure 2B), sug-
gesting that Lxn deletion does enhance nuclear transloca-
tion of the Rps3-NF-kB complex. This result was further
confirmed by western blot in less primitive Lin- cells (On-
line Supplementary Figure S2C). We further identified Bcl-
2 as one of the downstream target survival genes that
were upregulated in Lxn”/- LSK cells (Figure 2C; Online
Supplementary Figure S2D). Chromatin immunoprecipita-
tion quantitative polymerase chain reaction (ChIP-gPCR)
and electrophoretic mobility shift assay (EMSA) confirmed
that Bcl-2 was the direct target of NF-kB p65 in Lxn”- cells,
and there was more binding in Lxn”/~ cells compared with
WT cells (Figure 2D, E). Consistently, we found that Lxn-
LSK cells were less apoptotic than WT cells at different
time points after radiation (Figure 2F). All these data con-
firm that Lxn deletion promotes nuclear translocation of
the Rps3-NF-kB complex upon IR and activates Bcl-2 tran-
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Figure 2. Latexin deletion upregulates RPS3-NF-kB-mediated transcriptional activation of Bcl-2 upon radiation and increases
hematopoietic stem/progenitor cell survival. (A) Immunofluorescence staining shows the co-localization of LXN and RPS3, as
well as RPS3 and NFKB p65 in a single LSK cell (top panel). Binding of LXN and RPS3, as well as RPS3 and NFKB p65 in Lin™ cells
was confirmed by reciprocal co-immunoprecipitation (CO-IP, bottom panel). (B) Lxn”/- LSK cells had increased nuclear trans-
location of RPS3 and NF-KB p65 after ionizing radiation (IR). Representative microimages of RPS3 and p65 staining in single LSK
cell from Lxn/- and wild-type (WT) mice with (6.5 Gy) or without IR (top panel). RPS3 (bottom left panel) and p65 (bottom right
panel) staining intensity in the nuclear of LSK cells from Lxn”- and WT mice without or with IR (6.5 Gy) were quantified and
presented (N=50-70 LSK cells evaluated per group). (C) Increased Bcl-2 mRNA expression of LSK cells from Lxn”/- mice compared
with WT mice at day 0, 7 and 28 after 6.5 Gy total body irradiation (TBI). Quantitative real-time poymerase chain reaction (PCR)
was performed. mRNA was extracted from a pool of 5 mice/group. Two independent real-time PCR were performed and each
experiment has 3 replicates. The data were pooled from 2 experiments. (D) Bcl-2 was a direct target of p65 and more p65 was
enriched in the Bcl-2 promoter in Lxn”- Lin- cells compared to WT cells. Chromatin immunoprecipitation assay was performed
by p65 antibody and Bcl-2 promoter sequence was determined by real-time PCR. The gel image (top panel) and quantification
(bottom panel) of real-time PCR were shown. (E) Electrophoresis mobility shift assay shows the direct binding of p65 to Bcl-2
promoter sequence, and more binding was present in Lxn”- Lin- cells compared to WT cells at day 28 days post 6.5 Gy TBI. The
quantification of the super shift band is labeled. (F) Percentage of apoptotic (Annexin V* 7-AAD") LSK cells was significantly lower
in Lxn”- mice than WT mice at day 0, 7, 14, and 28 days post 6.5 Gy TBI (top panel), consistent with the decreased expression of
cleaved caspase 3 in LSK cells at day 28 (bottom panel) (N=5 mice/group); *P< 0.05, **P<0.01, ***P<0.001, and ****P< 0.0001.
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Figure 3. Inhibition of Rps3-NFkB p65-Bcl-2 pathway sensitizes Lxn”- LSK cells to radiation-induced apoptosis. (A) Knock-down
of Rps3 increases apoptosis of wild-type (WT) and Lxn”- LSK cells and diminishes their survival difference without or with ionizing
radiation (IR) (left panel). Consistently, knockdown of Rps3 decreased p65, phosphorylated p65 (p-p65), and Bcl-2 expression
(right panel). Flow cytometry-sorted LSK cells from WT or Lxn”- mice were stimulated with cytokines including 100 ng/mL FMS-
like tyrosine kinase-3 ligand, 50 ng/mL mouse stem cell factor, 20 ng/mL interleukin-3 (IL-3), and 20 ng/mL TPO in StemSpan
SFEM (STEMCELL Technologies). After 24 hours (hrs), the cells were transduced with lentiviral particles encoding Rps3 small
hairpin RNA (shRNA) (catalog no: MSH030789-LVRUGGP, GeneCopoeia) or its related scramble control vector, at a MOI of 100
along with 8 pg/mL polybrene for 6 hrs at 37°C. After 48 hrs, the GFP-positive cells were sorted for apoptosis assay and western
blot. (B) NF-kB p65 specific inhibitor, JSH23, leads to the increased apoptosis of WT and Lxn”/- LSK cells and diminishes their
apoptosis difference without or with IR (left panel). JSH23 also results in decreased Bcl-2 expression in both WT and Lxn- LSK

Continued on following page.
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cells (right panel). The fold change of each protein expression was marked underneath. (C) Bcl-2 specific inhibitor, ABT-199, leads
to the increased apoptosis of WT and Lxn”/- LSK cells and diminishes their apoptosis difference without or with IR (left panel).
It also inhibits Bcl-2 expression in Lxn™/- LSK cells (right panel). The fold change of each protein expression was marked under-
neath. In (B and C), sorted WT or Lxn”- LSK cells were cultured in StemSpan SFEM (STEMCELL Technologies) with cytokines in-
cluding 100 ng/mL FMS-Llike tyrosine kinase-3 ligand, 50 ng/mL mouse stem cell factor, 20 ng/mL interleukin-3 (IL-3), and 20
ng/mL TPO. Immediately after 6.5 Gy irradiation, P65 inhibitor Il, JSH23 (final concentration 7.1 pm, Millipore Sigma, catalog#
481408), or Bcl-2 inhibitor, ABT-199 (final concentration 100 ym, CHEMIETEK, catalog# CT-A199) or control (dimethyl sulfoxide
[DMSO]), was added into the cells. After 6 hrs, cells were collected for apoptosis analysis or western blot. Apoptosis was
measured by Annexin V* 7TAAD. Protein expression was measured by western blot. Two independent experiments were performed
and each experiment has 3 replicates; **P<0.01, ***P<0.001, ****P<0.0001. (D) /n vivo treatment of Lxn”- mice by ABT-199 sup-
presses the survival advantage of radiation. New cohorts of WT and two groups of Lxn”- mice were subject to 8 Gy TBIl. One
group of Lxn”/- mice was intraperitoneally injected with ABT-199 the day after total body irradiation (TBI) with a dose 100 mg/kg
daily for 1 week. Mice survival was monitored and the mean survival time was calculated by using Prism software. The mean sur-
vival times for WT group and Lxn”- group with ABT-199 post TBI were 23 days and 22 days respectively, whereas Lxn"/- group all
survived during the 30 days of observation. The mice used in this experiment were 16-18 weeks old females (N=5/group); **P<0.01.
(E) Model of the molecular mechanism for Lxn deletion-mediated radiation protection. Lxn binds to Rps3. Rps3 is an integral
component of the NF-kB complex (p65/p50 dimer) by its specific interaction with the p65 subunit. In the absence of Lxn, Rps3
enhances the nuclear translocation of the NF-kB complex upon radiation and guides NF-kB complex specifically binding to the
promoter of the prosurvival gene, Bcl-2, and increases its transcription and expression. This leads to the increased survival of

Lxn”- hematopoietic stem/progenitor cells upon radiation.

scription, thus enhancing the survival of Lxn”- HSPC.

We next genetically or pharmaceutically inhibited each key
component of the Rps3- NF-kB-Bcl-2 pathway in Lxn”/-
LSK cells and determined whether it could blunt the sur-
vival advantage upon radiation. Annexin V* apoptotic cells
and Bcl-2 expression were used for functional and mol-
ecular evaluation. Rps3 knock-down increased apoptosis
in both WT and Lxn”/~ cells, abolished the survival advan-
tage of Lxn”/~ cells, and suppressed both NF-kB p65 nu-
clear translocation and Bcl-2 expression (Figure 3A). We
next treated cells with the NF-kB specific inhibitor JSH-
23 and found that NF-kB inhibition also attenuated radi-
ation protection and Bcl-2 activation in Lxn”/~ cells (Figure
3B). Similar effects were observed with the Bcl-2 specific
inhibitor ABT-199 (Figure 3C). In order to further confirm
the relationship between Lxn and Bcl2 in vivo, we treated
Lxn”- mice with ABT-199 in vivo after lethal IR (8 Gy), and
found that ABT-199 diminished the survival advantage of
Lxn”- mice after IR in comparison to the irradiated WT and
Lxn”/- mice without treatment (Figure 3D). Altogether,
these data suggest that in the absence of Lxn, HSC are
protected from radiation-induced apoptosis via activation
of a novel Rps3-NF-KB-Bcl-2 prosurvival pathway (Figure
3E). Lxn has thus a unique dual function in that it provides
protection against both acute and long-term hemato-
poietic damages upon radiation. Lxn is a novel regulator of
NF-kB signaling pathway via the specific interaction to
Rps3 protein. Such Rps3-dependent activation of specific
NF-kB target genes has been proposed as a novel strategy
to selectively, rather than globally, manipulate NF-kB ac-
tivity to reduce off-target side effects.?"" In the future, an
investigation of how Lxn is involved in this pathway will be
warranted. Lxn might be a new target for developing novel
radiomitigation compounds to minimize radiation-induced
injury. Moreover, we have reported that Lxn”/- mice had
better hematopoietic recovery from 5-FU-induced myelo-

suppression.t Pharmacological inhibition of Lxn could be
of clinical importance in improving outcomes for patients
with radiation and chemotherapy.
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