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RNA-binding motif protein 38 (Rbm38), also called RNPC1 [RNA-
binding region (RNP1, RRM) containing 1], is a target of the p53
family and modulates p53 expression via mRNA translation. To
investigate the biological function of Rbm38 in vivo, we generated
an Rbm38-null mouse model. We showed that mice deficient in
Rbm38 exhibit signs of accelerated aging and are prone to hemato-
poietic defects and spontaneous tumors. To determine the biological
significance of the p53-Rbm38 loop, we showed that Rbm38 defi-
ciency enhances accumulation of p53 induced by ionizing radiation
(IR) and sensitizes mice to IR-induced lethality in a p53-dependent
manner. Most importantly, Rbm38 deficiency markedly decreases
the tumor penetrance in mice heterozygous for p53 via enhanced
p53 expression. Interestingly, we found that Rbm38 deficiency short-
ens the life span of, and promotes lymphomagenesis in, mice de-
ficient in p53. These results provide genetic evidence that Rbm38 is
necessary for normal hematopoiesis and for suppressing accelerated
aging and tumorigenesis. Thus, the p53-Rbm38 axis might be ex-
plored for extending longevity and for tumor suppression.
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NA-binding proteins (RBPs) are master regulators of RNA

biogenesis and metabolism (1). Consistent with these crucial
functions, RBPs are found to be altered in many human diseases,
such as neurological disorders and muscular atrophy (2). Studies
also suggest that RBPs form a complex network with oncopro-
teins and tumor suppressors and thus have profound impacts on
tumor development and progression (3, 4).

Rbm38, also called RNPCI, encodes an RBP and is expressed
as two isoforms, Rbm38 with 239 aa and Rbm38b with 121 aa.
Both Rbm38 and Rbm38b contain one RNA recognition motif
(RRM), which shares a sequence similarity with the ones found
in Musashi, HuR, and nucleolin (5). Rbm38 is known to interact
with its target mRNAs and regulate their expression via mRNA
stability. For example, Rbm38 is necessary for mRNA stability of
p21, p73, GDF15, and HuR transcripts but suppresses mRNA
stability of p63 and Mdm?2 transcripts (5-10). Rbm38 is also
found to regulate alternative splicing of the EPB41 and FGFR2
genes (11, 12). Likewise, SUP-12, the Rbm38 ortholog in Cae-
norhabditis elegans, regulates alternative splicing of the ADF and
cofilin genes (13-15). Additionally, Rbm38 is found to repress
p53 mRNA translation via interaction with eIF4E on p53 mRNA
(16). Interestingly, phosphorylation of Rbm38 at serine 195 by
GSK3 abolishes its interaction with eIF4E and converts Rbm38
from a repressor to an activator of p5S3 mRNA translation (17).
Furthermore, Rbm38 is found to modulate p53 activity by re-
lieving microRNA-mediated repression of several p53 targets,
including p21, DDIT4, LATS2, and Rbm38, itself (18).

The biological function of Rbm38 is implicated in the cell
cycle control, differentiation, and senescence (5, 16, 19). Con-
sistently, altered expression of Rbm38 is found in many types of
cancers. For example, Rbm38 overexpression is found in breast-
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cancer patients with poor prognosis (20, 21) and is associated with
malignant transformation of colorectal adenoma to carcinoma
(22, 23). We show that Rbm38 is overexpressed in canine lym-
phoma, which is correlated with decreased expression of p53 (16).
However, a study also showed that Rbm38 is down-regulated in
breast cancer via promoter hypermethylation (18). In addition,
Rbm38 is found to be a target of E2F1, and overexpression of
E2F1 and Rbm38 is associated with increased survival in patients
diagnosed with ovarian cancer, breast cancer, and glioblastoma
(24). Thus, it seems that Rbm38 may have two opposing functions
during cancer development and thus further studies are needed to
elucidate the underlying mechanisms.

To investigate the biological functions of Rbm38 in vivo, we
generated and characterized Rbm38-deficient mice. We found
that Rbm38-null mice exhibit accelerated aging phenotypes and
are prone to hematopoietic defects and spontaneous tumors.
Moreover, we showed that the Rbm38 deficiency leads to p53-
dependent radiosensitivity and reduces tumor penetrance in p53
heterozygous mice. Furthermore, we showed that Rbm38 coop-
erates with p53 to suppress lymphomagenesis.

Results

Mice Deficient in Rbm38 Exhibit Accelerated Aging-Related Phenotypes.
To understand the biological function of Rbm38 in vivo, con-
ventional Rbm38-null mice were generated by intercrossing cre
transgenic mice (Ella-cre) with Rbm38"™" mice, which were
generated using the cre-loxP system (16). The loss of Rbm38
mRNA was confirmed in Rbm38~'~ mouse embryonic fibroblasts
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(MEFs) by RT-PCR (Fig. S14). We found that Rbm38-null mice
were viable and readily obtained at Mendelian ratios without any
apparent defects in survival or fertility. To investigate the func-
tion of Rbm38 in vivo, we monitored a cohort of wild-type (WT)
(n = 17) and Rbm38~'~ (n = 23) mice throughout their life span.
Interestingly, for the first year, Rbm38~/~ mice were indistin-
guishable from WT control mice. However, by 18 mo, most of
the Rbm38~'~ mice exhibited weight loss and ulcerated skin
lesions compared with WT mice (Fig. 14 and Fig. S1B). In ad-
dition, Rbm38~'~ mice had a shorter life span than WT mice. The
median survival time for tumor-free Rbm387~ mice (n = 11) was
94 wk compared with 121 wk for tumor-free WT mice (n = 14)
(Fig. 1B). The maximal life span was 128 wk for an Rbm38~/~
mouse but 144 wk for a WT mouse (Fig. 1B). Pairwise compar-
ison revealed a significant difference in survival between these
two groups (P = 0.006 by log-rank test). To determine a potential
cause associated with these phenotypes, age- and sex-matched
WT and Rbm38~~ mice were used for gross necropsies to de-
termine the size and weight of various organs. Indeed, we found
a significant reduction of adipose tissue in Rbm38~'~ mice com-
pared with WT mice. The relative percentage of gonadal fat vs.
body weight was 1.8% for WT mice, but only 0.4% for Rbm38~~
mice (Fig. 1C). H&E staining showed small adipocytes in
Rbm387"~ mice compared with WT mice (Fig. S1C). Thus, the
reduction of adipose tissue is most likely responsible for the loss
of weight in Rbm38~~ mice. Moreover, because Rbm38~'~ mice
showed hunchback, the degree of spinal curvature was measured
by microcomputed tomography (micro-CT) scan. We found pro-
nounced lordokyphosis in Rbm38~'~ mice compared with age- and
sex-matched WT mice (Fig. 1D and Fig. S1D). The average spine
angle was reduced from 103 degrees in WT mice (n = 3) to 76
degrees in Rbm38~'~ mice (n = 4) (Fig. S1E).

Mice deficient in Rbm38 exhibit signs of short lifespan,
reduced body fat, and lordokyphosis, which resembles some
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Fig. 1. Mice deficient in Rbm38 exhibit accelerated aging-related pheno-
types. (A) Representative photograph of 18-mo-old WT and Rbm38~~ mice.
(B) Kaplan—-Meyer survival curves of WT (n = 14) and Rbm38~"~ (n = 11) mice
(P = 0.006 by log-rank test). (C) Relative percentage of gonadal fat pad
weight relative to the whole body weight in WT (n = 3) and Rbm38~'~ mice
(n = 3). Bars represent means + SD. (D) Representative Micro-CT images from
age- and sex-matched WT and Rbm38~'~ mice. Rbm38~~ mouse displays a
pronounced lordokyphosis (curvature of the spine) phenotype. (E) SA-B-gal
staining of the liver tissue from age- and sex-matched WT and Rbm38~/~
mice. (F) The SA-B-gal-stained liver tissues shown in E were sectioned and
then counterstained with nuclear fast red. (G) The level of Rom38, p16Ink4a,
and GAPDH was determined in the liver tissues of 85-wk-old or 128-wk-old
WT and Rbm38~~ mice by RT-PCR. (H) The level of Rbm38, p53, and actin
was determined in the spleen and thymus of WT and Rbm38~~ mice.
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Fig. 2. Mice deficient in Rbm38 are prone to hematopoietic defects. (A)
Representative photographs of spleens from 2-mo-old (Left) and 18-mo old
(Right) WT and Rbm38~"~ mice. (B) Representative images of H&E-stained
sections of spleens from WT and Rbm38~'~ mice. (C) Representative images
of periodic acid-Schiff (PAS)-stained sections of bone marrows from WT and
Rbm38~'~ mice. (D) The level of hemoglobin and the percentage of he-
matocrit were measured from the blood samples of WT (n = 4) and Rbm38~'~
(n = 4) mice. Data are represented as mean + SD.

aspects of accelerated aging. Thus, the expression of senescence-
associated-p-galactosidase (SA-p-gal), a widely used biomarker
for aging, was examined in the tissues from WT and Rbm38~/~
mice at various ages. We found that young Rbm38~~ mice (17 wk
of age) showed slightly increased SA-B-gal staining in the kidney
but not in the liver compared with WT mice (Fig. S1F). However,
a significant increase in SA-p-gal activity was detected in the
livers from old Rbm38~'~ mice (85 and 128 wk of age) compared
with WT mice (Fig. 1 E and F). We also found that the level of
pl6Ink4a transcript, another aging biomarker (25), was in-
creased in the livers of old Rbm38~'~ mice (85 and 128 wk of
age) (Fig. 1G). Additionally, we showed that p16Ink4a transcript
was not altered by Rbm38 deficiency in MEFs (Fig. S1G), sug-
gesting that pl6Ink4a is not a target of Rbm38. Furthermore,
because p53 has a profound impact on aging and Rbm38
represses p53 translation (16, 26), we examined p53 expression in
both WT and Rbm38-null mice. We found that the basal level of
p53 was increased in the spleen and thymus of Rbm38~'~ mice
compared with WT mice (Fig. 1H). Together, these results in-
dicate that enhanced p53 activation may contribute to the ac-
celerated aging mediated by Rbm38 deficiency.

Mice Deficient in Rbm38 Are Prone to Hematopoietic Defects. To
determine other potential pathological defects in Rbm38™/~
mice, we performed gross necropsies on WT and Rbm38~/~
mice and noticed that the spleens were consistently enlarged
(splenomegaly) in Rbm38~~ mice compared with WT mice. In-
deed, splenomegaly was found in Rbm38~'~ mice at 2 mo of age
and became much pronounced in aged Rbm38~'~ mice (Fig. 24).
Histological examination revealed that, compared with WT mice,
the spleen structure of Rbm38~'~ mice was altered with a striking
expansion of the white pulp (Fig. 2B). In addition, the spleens of
Rbm387'~ mice showed extensive extramedullary hematopoiesis
(EMH), with an increased number of megakaryocytes (Fig. S24).
Similarly, EMH was found in the livers of Rbm38~~ mice (Fig.
S2B). Indeed, ~78% of RBM38~~ mice showed splenic EMH
compared with 47% of older WT mice (Tables S1 and S2).
Likewise, ~26% of Rbm38~'~ mice showed EMH in the livers
compared with 12% of WT mice (Tables S1 and S2). Because the
EMH is likely to be a compensatory mechanism due to bone-
marrow dysfunction, we examined the bone marrows of WT and
Rbm38~'~ mice. We found that, compared with WT mice, the
bone marrow of Rbm38~'~ mice exhibited decreased erythropoi-
esis (erythroid hypoplasia), with relatively increased ratio of my-
eloid vs. erythroid lineages (Fig. 2C and Fig. S2C). In contrast,
the percentage of hematocrit was decreased in Rbm38~~ mice

Zhang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1415607112/-/DCSupplemental/pnas.201415607SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1415607112

L T

/

D\

(30.5 + 6.3) compared with WT mice (43.4 + 4.1) (Fig. 2D
Similarly, the level of hemoglobin was decreased in Rbm3§™
mice (8.6 + 1.7 g/dL) compared with WT mice (13.6 + 1.4 g/dL)
(Fig. 2D), suggesting that Rbm38~'~ mice are anemic. Together,
these data suggest that mice deficient in Rbm38 are prone to
hematopoietic defects.

Mice Deficient in Rbm38 Are Prone to Spontaneous Tumors. Un-
expectedly, we noticed that Rbm38~'~ mice started to show tumor-
associated phenotypes as they aged. Thus, a cohort of WT (n = 17)
and Rbm387~ mice (n = 23) were monitored for potential tumor
formation over a 3-y period. The overall survival time was signif-
icantly shorter for Rbm38~~ mice compared with WT mice (Fig.
S34). We would like to mention that the tumor-free mice from
this cohort were also used for survival analysis in Fig. 1B. Mori-
bund mice of each genotype were scarified for pathological anal-
ysis. We found that 12 out of 23 Rbm38~'~ mice, but only 3 out of
17 WT mice, developed spontaneous tumors (Fig. 34 and Tables
S1 and S2). Statistical analysis indicated that the tumor pene-
trance in Rbm38~'~ mice was significantly higher than that in
WT mice (P = 0.023 by Fisher’s exact test). Moreover, Rbm38 ™'~
mice developed a broader spectrum of tumors compared with WT
mice. In addition to lymphoma and histiocytic sarcoma, Rbm387~/~
mice developed metastatic hemangiosarcoma (Fig. 3B) and
hepatoma (Fig. 3C). Furthermore, to confirm the diagnoses of
histiocytic sarcoma and lymphoma, immunohistochemsitry was
performed using antibodies against B220 (B-cell marker), CD3
(T-cell marker), and F4/80 (macrophage marker). We showed that
the histiocytic sarcoma was positive for F4/80 but not for B220 and
CD3 (Fig. S3B). By contrast, the lymphoma was positive for B220,
with background scattered reactive CD3-positive T cells, but not
for F4/80 (Fig. S3C). Finally, to determine the potential mecha-
nism whereby Rbm38 is involved in tumor suppression, RNA-seq
was performed with total RNAs isolated from WT and Rbm38~~
MEFs. Interestingly, comparative analysis indicated that several
immune and inflammatory genes, including TLR7, IL17D, and
Tnfsf15, were highly up-regulated in Rbm38~'~ MEFs, which were
then confirmed by RT-PCR analysis (Fig. 3D). TLR7 is a member
of the TLR family and mediates production of proinflammatory
cytokines (27). IL17D, a member of the IL17 family, and Tnfsf15,
also called TL1A and a member of the tumor necrosis factor
(TNF) ligand superfamily, are proinflammatory cytokines (28, 29).
Importantly, all three genes are involved in proinflammation, a
process linking inflammation and cancer. Together, these data
indicate that Rbm38 deficiency may lead to production of
proinflammatory cytokines, which contribute to a tumor micro-
environment and, consequently, tumorigenesis.

Loss of Rbm38 Sensitizes Mice to IR-Induced Lethality in a
p53-Dependent Manner. We showed previously that Rbm38 is
a p53 target and forms a feedback regulatory loop with p53 by
modulating p53 mRNA translation (16). Thus, to investigate the
biological significance of the p53-Rbm38 loop in vivo, we de-
termined whether Rbm38 has any effect on p53-mediated ra-
diosensitivity. To address this, we examined whether Rbm38
regulates p53 expression in response to y-irradiation. Specifi-
cally, WT and Rbm38~"~ mice were exposed to 4 gray of whole-
body y-irradiation. Four hours postirradiation, the level of p53
protein was examined in radiosensitive tissues, including spleen
and thymus. We found that the level of p53 protein induced by
IR was markedly higher in Rbm38~'~ mice than that in WT mice
(Fig. 4A4). Similarly, the level of y-H2A.X was increased by
Rbm38 deficiency (Fig. 44). Next, we determined whether loss of
Rbm38 has any effect on radiosensitivity. To address this, a co-
hort of WT (n = 29) and Rbm387'~ (n = 38) mice at the age of
6-8 wk were exposed to 8 gray of whole-body y-irradiation and
monitored daily for survival. We found that the median survival
time was 13 d for Rbm38~~ mice and 20 d for WT mice, sug-
gesting that loss of Rbm38 leads to enhanced radiosensitivity
(Fig. 4B). Pairwise comparison indicated that the difference in
survival time between WT and Rbm38~~ mice was statistically
significant (P < 0.001 by log-rank test). Furthermore, to determine
whether p53 is responsible for the increased radiosensitivity in
Rbm38~~ mice, a cohort of p53~'~ (n = 10) and Rbm38~'~; p537/~
(n = 14) mice was generated and subjected to 8 gray of whole-
body y-irradiation. Like p53~~ mice, all Rbm38~~; p53~~ mice
survived for at least 34 d after y-irradiation (Fig. 4B). Together,
these data suggest that loss of Rbm38 enhances radiosensitivity in
a p53-dependent manner.

Loss of Rbm38 Significantly Reduces Tumor Penetrance in p53
Heterozygous Mice. p53 is the most commonly mutated gene in
human cancer, and p53*~ mice are tumor-prone due to hap-
loinsufficiency (30-32). Thus, we asked whether Rbm38 de-
ficiency has an effect on tumor formation in a p53 heterozygous
background. To address this hypothesis, we first showed that p53
expression was increased in Rbm38~'~; p53+*'~ MEFs compared
with that in p53*~ MEFs (Fig. 54). Next, we determined
whether the increased expression of pS3 by Rbm38 deficiency
plays a role in tumor suppression in p53 heterozygous mice. In
this regard, a cohort of p53*/~ (n = 24) and Rbm387'~; p53+~
(n = 21) mice was generated and monitored for their survival
time, tumor penetrance, and spectrum. Although the median
survival time for Rbm38~'~; p53™~ mice (70 wk) was longer than
that for p53*/~ mice (64 wk), the difference in survival time was
not statistically significant (P = 0.371 by log-rank test) (Fig. 5B).
Additionally, the tumor spectrum in Rbm38~'~; p53*~ mice

A Genotype Lymphoma Hepatoma Hemangiosarcoma Histiocytic sarcoma  Total tumors  Tumor-bearing mice
WT (n=17) 2 0 0 1 3 317
KO (n=23) 8 4 2 1 15 12/23

[ EUST— |
= IL17D - LR
(=5 £33

Tnfsf15

Actin GAPDH
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Fig. 3. Mice deficient in Rbm38 are prone to spon-
taneous tumors. (A) Spontaneous tumor spectrum in
WT (n = 17) and Rbm38~"~ (n = 23) mice (P = 0.023 by
Fisher's exact test). (B) H&E-stained sections of
hemangiosarcoma in the liver of an Rbm38~~ mouse
at 20x (Left) and 200x (Right). (C) H&E-stained sec-
tions of hepatoma in the liver of an Rbm38~~ mouse
at 20x (Left) and 200x (Right). (D) The level of IL17D,
Tnfsf15, and TLR7 transcripts was determined from
WT and Rbm38~'~ MEFs by RT-PCR analysis.
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exhibited minor difference compared with that in p53*'~ mice
(Table S3). Histopathological analysis indicated that the most
frequent tumors for p53*~ and Rbm387~; p53*'~ mice were
sarcomas and lymphomas, consistent with previous reports (30,
31). Most importantly, we found that the tumor penetrance was
significantly decreased in RBM387/~; p53*'~ mice compared with
P53+~ mice (Fig. 5C and Tables S4 and S5). Indeed, 9 out of 21
Rbm387'=; p53*'~ mice, but only 1 out of 24 p53*'~ mice, did not
succumb to tumors. Statistical analysis indicated that the differ-
ence in tumor penetrance between these two groups was highly
significant (P = 0.00221 by Fisher’s exact test). We would like to
mention that most of the tumor-free Rbm38~~; p53*~ mice
displayed nonmalignant lesions, such as splenic follicular hy-
perplasia, steatosis in livers (Fig. 5C and Table S5), and extensive
inflammation in various organs. These lesions may be the cause
of death for tumor-free Rbm38~/~; p53+/ ~ mice. Together, these
data indicate that loss of Rbm38 reduces tumor penetrance in
p53 heterozygous mice.

Loss of Rbm38 Shortens the Life Span of, and Facilitates
Lymphomagenesis in, p53-Null Mice. p53-null mice are prone to
spontaneous tumors (30, 33, 34). In addition, we showed that
Rbm38~'~ mice develop spontaneous tumors (Fig. 34). Thus, we
asked whether mice deficient in both p53 and Rbm38 are highly
prone to tumor formation. To address this hypothesis, a cohort
of p537'= (n = 24) and Rbm38~'~; p53~~ (n = 19) mice was
generated and monitored for their survival, tumor penetrance, and
spectrum. The tumor penetrance in Rbm38~'~; p53~'~ mice did
not significantly differ from that in p53~~ mice (89% vs. 100%;
P =0.199 by Fisher’s exact test). However, two Rbm38~~; p537'~
mice did not die from tumor-associated disease. We also found
that the tumor latency was shorter in Rbm38~'~; p53~/~ mice
than that in p53~'~ mice. The tumor onset was 15 wk for a
Rbm387'~; p53~'~ mouse compared with 18 wk for a p537I-
mouse (Fig. 64 and Tables S6 and S7). The longest lifespan was
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Fig. 5. Loss of Rbm38 significantly reduces the tumor penetrance in p53-
heterozygous mice. (A) The level of Rbm38, p53, and actin was determined
in p53*~ and Rbm38~'; p53*'~ MEFs. (B) Kaplan-Meyer survival curves of
P53~ (n = 24) and Rbm38~'~; p53*'~ (n = 21) mice (P = 0.371 by log-rank
test). (C) Comparison of tumor-free mice between a cohort of p53*~ and
Rbm38~'~; p53*'~ mice.
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29 wk for a Rbm38~'~; p53~/~ mouse compared with 34 wk for
a p53~~ mouse (Fig. 64 and Tables S6 and S7). The median
survival time was 19 wk for Rbm38™~'~; p537/~ mice compared
with 25 wk for p53~'~ mice (Fig. 64). The difference in survival
time between these two groups was statistically significant (P =
0.006 by log-rank test). Furthermore, the tumor spectrum in
Rbm38~'~; p53~'~ mice was significantly different from the one in
P53~ mice (Table S8). Unlike p53~'~ mice, Rbm38~'~; p537'~
mice did not develop hibernoma or hemangioma. Moreover, the
frequency of lymphomas was significantly increased in Rbm38~'";
537~ mice than that in p53~'~ mice (94.1% vs. 60.6%; P = 0.010
by Fisher’s exact test). By contrast, the sarcoma incidence was
significantly decreased in Rbm38~'~; p53~'~ mice compared with
537~ mice (5.8% vs. 30.3%, P = 0.042 by Fisher’s exact test).
Furthermore, tumor burden was markedly reduced in Rbm387'~;
P53~ mice compared with p53~/~ mice (Tables S6 and S7).
33.3% of p53~'~ mice whereas none of Rbm38~'~; p53~~ mice
developed more than one primary tumors. Together, these data
suggest that Rbm38 deficiency shortens the life span of, and
promotes lymphomagenesis in, p53-null mice.

Discussion

In this study, Rbm38- and p53-deficient mice models were used
to characterize the biological function of Rbm38 and the role of
the p53-Rbm38 loop in aging and tumor suppression. We
showed that Rbm38 plays an instrumental role in aging, normal
hematopoiesis, and tumor suppression. Moreover, we showed
that Rbm38 deficiency enhances radiosensitivity in mice, which
can be rescued by loss of p53. Furthermore, we showed that
Rbm38 deficiency reduces tumor penetrance in p53 heterozygous
mice but promotes lymphomagenesis in p53-null mice. Based on
these findings, a model for the role of the p53-Rbm38 axis in
aging, normal hematopoiesis, and tumor suppression is proposed
and presented in Fig. 6B.

The Role of Rbm38 in Normal Hematopoiesis. According to a pre-
vious report (11) and the Human Protein Atlas (35), Rbm38 is
highly expressed in hematopoietic organs, such as spleen, thymus,
and bone marrow. The expression profile suggests that Rbm38
plays a role in hematopoiesis. Indeed, we found that Rbm38~'~
mice display severe hematopoietic defects, including chronic
normocytic anemia, decreased marrow erythropoiesis, increased
ratio of myeloid vs. erythroid, increased EMH in the spleen and
liver, and splenomegaly (Fig. 2 and Fig. S2). Of note, EMH is
considered as a physiologic, compensatory mechanism for in-
sufficient bone marrow hematopoiesis. The excessive EMH ob-
served in Rbm38~~ mice may be indicative of dysregulation of
hematopoietic stem cells and pathological alterations in bone
marrow niche microenvironment. Additionally, the increased ratio
of myeloid vs. erythroid in bone marrow in the context of persis-
tent anemia suggests that there is a delayed or depressed eryth-
ropoietic response in Rbm38~'~ mice. Interestingly, a recent study
indicates that Rbm38 plays a role in the late stage of erythroid
differentiation by regulating alternative splicing of EPB41 (11),
which may contribute to the increased ratio of myeloid vs. ery-
throid in the bone marrow of Rbm38~'~ mice. Moreover, most
tumors from Rbm38~'~ mice, including lymphoma and histiocytic
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sarcoma, are of hematopoietic origin, suggesting that the hema-
topoietic defects induced by Rbm38 deficiency may contribute to
the hematopoietic malignancy. Thus, further studies are needed to
address the potential link of hematopoietic defects and malig-
nancy mediated by Rbm38 deficiency.

The Role of RBM38 in Aging and Tumorigenesis. In our study, we
showed that Rbm38 deficiency results in accelerated aging, in-
cluding short life span, weight loss with reduced adipose tissue,
and lordokyphosis (Fig. 1 B-D and Fig. S1 B-E). Consistent with
these aging phenotypes, both the activity of SA-p-gal and the
level of p16Ink4A transcript were increased in the livers of old
Rbm38~"~ mice (85 and 128 wk of age) compared with WT mice
(Fig. 1 E-G). Furthermore, we showed that the p53 level is in-
creased in Rbm38-null mice compared with WT mice under
normal and IR-induced conditions (Figs. 1H and 44). It is likely
that the increased level of p53 in Rbm38-deficient mice drives
apoptosis or cellular senescence and consequently causes tissue
atrophy and degeneration, leading to aging. Although the un-
derlying mechanism is not fully understood, we tentatively sug-
gest that Rbm38 prevents aging by repressing p53-dependent
apoptosis and/or senescence. In agreement with this hypothesis,
we showed previously that Rbm38 deficiency leads to premature
senescence in MEFs in a p53-dependent manner (16). Notably,
similar to Rbm38~'~ mice, both p53*™ and p44*'+ mice express
a hyperactive p53 and exhibit signs of premature aging (36, 37).
By contrast, two other mice models, the “super p53” mice and
the MDM2 hypomorphic mice, express high levels of WT p53
but do not exhibit premature aging phenotypes (38, 39). Thus,
p53 may promote aging depending on its regulation or activity.
Alternatively, Rbm38 may prevent aging by regulating targets
other than p53. For example, Rbm38 is able to stabilize both p21
and TAp73 transcripts (5, 7), both of which are known to have an
impact on aging (40, 41). Nevertheless, further studies are war-
ranted to determine the underlying mechanism whereby Rbm38
prevents aging via p53-dependent and -independent processes.
It seems intriguing that RBM387~ mice develop spontaneous
tumors (Fig. 3) because one would expect tumor resistance in these
mice owing to the increased expression of p53. However, we would
like to mention that the spontaneous tumors observed in Rbm38~/~
mice do not necessarily contradict the finding that p53 levels are
increased in Rbm38™'~ mice (Figs. 1H and 4A). First, Rbm38 de-
ficiency may result in tumorigenesis independently of p53 because
loss of Rbm38 promotes lymphomagenesis in p53~'~ mice (Fig. 6).
Second, p53 activity is known to be progressively declined during
the aging process (42). It is likely that the increased p53 expression
in old Rbm38~"~ mice is not sufficient for tumor suppression. In
support of this notion, most Rbm38~~ mice develop tumors be-
tween 18 and 24 mo. Third, we showed previously that loss of
Rbm38 in MEFs leads to premature senescence in a p5S3-dependent
manner (16). Interestingly, senescence is suggested to function as
a double-edged sword that suppresses tumor formation at the
early stage of life but may promote tumorigenesis later via the
senescence-associated secretory phenotype (SASP) (43). The
SASP refers to an increase in the mRNA levels and secretion of
several growth factors, cytokines, and chemokines. In support of
this notion, we showed that several proinflammatory cytokines
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Fig. 6. Loss of Rbm38 shortens the life span of, and
facilitates lymphomagenesis in, p53-null mice. (A)
Kaplan-Meyer survival curves of p53™~ (n = 24) and
Rbm38~'~; p53~~ (n = 19) mice (P = 0.006 log-rank
test). (B) A proposed model for the role of the p53-
Rbm38 loop in aging, normal hematopoiesis, and tu-
mor suppression.

Aging

are up-regulated in Rbm38~~ MEFs (Fig. 3D), which may con-
tribute to tumor development. Thus, the implication and signif-
icance of these proinflammatory cytokines in Rbm38-mediated
senescence, aging, and cancer are worth further investigation.
Notably, both accelerated aging and tumorigenesis observed in
Rbm38~'~ mice are reminiscent of those observed in the
Breal*"VA1: p53 /= mice (44) and 53584 knockin mice (45)
although the underlying mechanism may be different.

We would like to mention that, according to The Cancer
Genome Atlas (TCGA) research network (cancergenome.nih.
gov), Rbm38 is frequently overexpressed in human cancers, such
as lymphoma and breast and colorectal carcinomas, suggesting
that Rbm38 may function as an oncogene. Although these data
seem contradictory with the ones from our mouse model, it is
likely that Rbm38 may have positive and negative impacts on
tumorigenesis by regulating different signaling pathways. Of
particular interest, because Rbm38 represses both WT and mu-
tant p5S3 mRNA translation (16), Rbm38 deficiency may have
two opposing functions on tumorigenesis dependent on the ge-
netic status of p53. Thus, further studies are needed to de-
termine how and why Rbm38 possesses two opposing roles in
tumor development.

The Role of the p53-RBM38 Loop in Tumor Suppression. In our study,
we found that the effect of Rbm38 loss on tumor formation
differs widely among p53+'*, p53*/~, and p53~'~ mice. In a p53*'*
background, mice deficient in Rbm38 have shorter lifespan and
develop spontaneous tumors, mostly lymphoma (Fig. 3). In a
P53~ background, Rbm38 deficiency does not have an effect on
the overall survival and the tumor spectrum (Fig. 5B and Table
S3). Instead, Rbm38~"; p53+/ ~ mice are less prone to sponta-
neous tumors compared with p53*~ mice (Fig. 5C). These
results suggest that, depending on the p53 level, Rbm38 may act
positively or negatively during tumor development. We postulate
that, in a p53*"™* background, p53 level is sufficient to prevent
tumor formation. Thus, the increased p53 expression by Rbm38
deficiency may contribute to accelerated aging, which promotes
tumor formation at a late stage of life as discussed in The Role
of RBM38 in Aging and Tumorigenesis. However, in a p53*/~
background, these mice are tumor prone due to haploinsufficiency
of p53. Therefore, the increased p53 expression by Rbm38 de-
ficiency may contribute to tumor suppression. Indeed, several
other mouse models, including the MDM2 hypomorphic and
super Ink4a/ARF mice, express an increased level of p53 and are
resistant to spontaneous tumor formation (38, 46). Notably, al-
though Rbm38~~; p53*'~ mice are less tumor prone, they have
similar lifespan as p53*'~ mice (Fig. 5B), which is likely due to
the pathological defects mediated by Rbm38 deficiency, in-
cluding hematopoietic defects and accelerated aging. Further-
more, in a p537~ background, loss of Rbm38 significantly
shortens the life span and promotes lymphomagenesis (Fig. 6),
suggesting that loss of Rbm38 promotes tumor formation in-
dependently of p53. We speculate that loss of p53 leads to ac-
cumulation of malignant lymphoma cells, which are further
exacerbated by additional loss of Rbm38. We also observed that,
upon Rbm38 deletion, the tumor burden and sarcoma in-
cidence are significantly reduced in p53~'~ mice (Tables S6-S8).
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The reduced tumor burden and sarcoma incidence may simply
be due to the shortened life span for Rbm38™~; p53~'~ mice,
which die too early to develop other tumors. However, it remains
possible that loss of RBM38 may suppress sarcoma or other
precursor tumor cells in p53-null mice. Overall, these data sug-
gest that there is a complex reciprocal regulation between p53
and Rbm38 in vivo. Thus, further studies with conditional p53
and Rbm38 knockout mouse models are warranted to address
the role of the p53-Rbm38 axis in aging and tumor suppression.

In conclusion, the genetically engineered mouse models de-
scribed in this study reveal the physiologic functions of Rbm38,
especially in aging, normal hematopoiesis, and tumor suppres-
sion. In addition, our data suggest that Rbm38 is an ideal mol-
ecule to fine-tune the level of p53 and that the p53-Rbm38 axis
may be targeted for cancer management.

Materials and Methods

Mutant Mice. Rbm38-conditional knockout mice (on a pure C57BL/6 back-
ground) were previously generated using standard gene-targeting techniques
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