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Abstract

Ribosomal proteins (RP) are thought to primarily facilitate biogenesis of the ribosome and

its ability to synthesize protein. However, here we show that ribosomal protein L22 like

1 (Rpl2211) regulates hematopoiesis without affecting ribosome biogenesis or bulk protein
synthesis. Conditional loss of murine Rpl2211 using stage or lineage-restricted Cre drivers

impairs development of several hematopoietic lineages. Specifically, Tie2-Cre mediated ablation
of Rpl22I1 in hemogenic endothelium impairs the emergence of embryonic hematopoietic stem
cells. Ablation of Rpl22I1 in late fetal liver progenitors impairs the development of B lineage
progenitors at the pre-B stage and development of T cells at the CD44-CD25+ double-negative
stage. In vivo labeling with O-propargyl puromycin revealed that protein synthesis at the stages

of arrest was not altered indicating the ribosome biogenesis and function were not generally
compromised. The developmental arrest was associated with p53 activation, suggesting that the
arrest may be p53-dependent. Indeed, development of both B and T lymphocytes was rescued

by p53-deficiency. P53 induction was not accompanied by DNA-damage as indicated by phospho-
vYH2AX induction or endoplasmic reticulum stress, as measured by phosphorylation of EIF2a,
thereby excluding the known likely p53-inducers as causal. Finally, the developmental arrest of T
cells was not rescued by elimination of the Rpl22I1 paralog, Rpl22, as we had previously found
for the emergence of hematopoietic stem cells. This indicates that Rpl22 and Rpl2211 play distinct
and essential roles in supporting B and T cell development.

Introduction

Ribosomal proteins (RP) play key roles in the assembly of the ribosome and its essential
function of translating mRNASs into proteins (1). Inherited defects in RP genes or
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ribosome assembly factors cause a collection of diseases termed ribosomopathies (2-4).
These diseases typically share three developmental anomalies, alterations in body plan,
hematopoietic defects, and increased cancer risk, particularly myeloid cancers (5), which are
widely thought to result from impairment of ribosome assembly or function (6). However,
variations in the spectrum of phenotypes have been observed in ribosomopathies, such as
aspleny in patients with RPSA insufficiency (7), raising the possibility that, in addition

to supporting ribosome assembly and function, RP may also play distinct regulatory roles
important for normal development. These regulatory roles have been proposed to involve
either altering ribosome function or extraribosomal activities, performed while the RP is
physically separate from the ribosome (1, 8-12).

The ability of RP to regulate biological processes is also, in some cases, influenced by
highly homologous RP paralogs. RP paralogs are frequently observed in lower eukaryotes,
with ~75% of yeast RP genes having paralogs (13). While many of these paralogous

pairs appear to be functionally redundant, others appear to perform somewhat distinct
functions(13). Importantly, while RP paralogs are restricted to lower eukaryotes, a handful
are conserved in vertebrates(4, 14, 15). Many of those conserved in vertebrates exhibit tissue
restricted expression patterns, like the RPS4 paralog, RPS4Y, which is restricted to testis
and prostate (14). The conservation into vertebrates and the tissue restriction of certain
paralogs suggests an important function. RP paralogs have been proposed to “pimp” or
confer unique functions on ribosomes (16); however, the developmental roles of paralagous
RP pairs remains largely unexplored, particularly in vertebrates.

The RP, Rpl22 and its highly homologous paralog Rpl22-Likel (Rpl22I1) are one such
paralogous pair that is conserved in vertebrates (17). We have determined that Rpl22 is not
required for ribosome biogenesis or global protein synthesis, and yet plays critical roles in
the development of both B and T lymphocytes (18-20). Indeed, the germline ablation of
the murine Rp/22locus does not affect mouse viability, gross development, or fertility(18).
Instead, it causes a remarkably selective arrest in B and T cell development that occurs at
the pre-B and pre-T cell stages, respectively (18-20). The arrest in both B and T cells is
p53-dependent and rescued by p53 deficiency (18-20). Surprisingly, while Rpl22 expression
is ubiquitous, germline ablation of the Rp/22locus in mice results in a remarkably selective
activation of p53 in B and T cell precursors (18-20). The basis for p53 induction in
developing T cells is the activation of excessive endoplasmic reticulum (ER) stress (21).

The role of the paralog of Rpl22, Rpl22I1, is less well understood, but we have begun to
provide some insights. We determined that Rpl2211 is required for embryonic development
because it controls the splicing of smad2 pre-mRNA during gastrulation in zebrafish and
mice (22). The control of smad2 pre-mRNA splicing is controlled in an antagonistic
manner with Rpl22, where both Rpl22 and Rpl2211 directly bind smad2but have opposing
effects. Rpl22 acts to disrupt splicing while Rpl22I1 opposes splice disruption and
promotes normal smad2 pre-mRNA splicing (22). Importantly, Rpl22 and Rpl22I1 also
antagonistically regulate the emergence of embryonic hematopoietic stem cells (HSC). They
do so through opposing effects on the translation of srmadZ mRNA, an essential activator of
the transcription factor Runx1, which is required for embryonic HSC emergence (22-24).
Thus, Rpl2211 and Rpl22 do not appear to be functionally redundant, but instead control
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gastrulation and HSC emergence through antagonistic regulation of common targets. The
role of Rpl22I1 in later hematopoietic processes has not been assessed.

Because ablation of Rpl22I1 in zebrafish blocks embryonic HSC emergence, it precludes
analysis of Rpl2211 function at later stages of hematopoiesis. To circumvent his impediment,
we conditionally ablated the Rp/22/1 locus in mice using the Vav-Cre driver, which is
activated after HSC emergence (25). Using this approach, we determined that Rp/22/1
plays a critical role in more distal stages of hematopoiesis, specifically attenuating the
development of B and T lymphocytes. Like Rpl22, the developmental arrests of both B
and T cells were not associated with a failure to produce the pre-receptor complex or

with changes in protein synthesis, but were p53 dependent, as they were both rescued by
p53-deficiency. Finally, the developmental arrests were not rescued by Rpl22 indicating
that Rpl22 and Rpl22I1 were not functioning antagonistically in regulating T and B cell
development. Taken together, these observations indicate that Rpl22 and Rpl22I1 both
play distinct, independent, critical roles in supporting lymphocyte development that do not
involve alterations in global protein synthesis.

Materials and Methods

Mice

All mouse strains were housed in the Laboratory Animal Facility at Fox Chase, which is
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care,
and handled under the auspices of protocols approved by the Institutional Animal Care and
Use Committee. Rp/22—/-, a germline gene-trap knockout mouse, as well as Rp/22/17/7,
vav-cre, pTa-cre, Tie2-creand p53~~ mice have been previously described (18, 22, 25-28).

Flow Cytometry and Immunofluorescence

Single-cell suspensions were prepared from bone marrow, thymus, spleen, and peritoneal
fluid and stained, as indicated, with optimal amounts of the following fluorochrome-
conjugated antibodies: anti-CD4 (GK1.5), anti-CD5 (53-7.3), anti-CD8 (53-6.7), anti-CD19
(ID3), anti-CD23 (B3B4), anti-CD25 (PC61), anti-CD43 (S7), anti-CD44 (IM7), anti-
CD62L (MEL-14), anti-CD69 (H1.2F3), anti-B220 (RA3-6B2), anti-AA4.1 (AA4.1), anti-
Thyl.2 (53-2.1), anti-IgM (11/41), anti-TCR®6 (GL3), anti-CD24 (M1/69), anti-CD73 (TY/
11.8), anti-cKit (2B8), anti-Scal (D7), and CD150 (TC15-12F12.2), anti-CD48 (HM48-

1), and anti-TCRP (H57-597). The antibodies were purchased from BD Biosciences,
eBioscience, BioLegend, or Tonbo Biosciences. Dead cells were excluded from analyses
using propidium iodide (PI). Data were analyzed on an LSRII flow cytometer (BD
Pharmigen). Cell populations were purified by flow cytometry using a FACSAria Cell Sorter
(BD Biosciences). To assess the effect of Rpl22I1 loss on the emergence of embryonic

HSC, day 11.5 embryos were fixed and The Rp/22/1 gene was conditionally ablated in
hemogenic endothelium by Tie2-Cre, following which HSC emergence in Rp/22/17f and
Tie2-Cre Tg Rp/22/17f embryos was evaluated by immunofluorescence using anti-CD31 to
mark vasculature and anti-Runx1 to mark HSC, as described (27, 29). For phospho-yH2AX
flow cytometry, thymocytes were stained with Ghost Dye Violet 450 (Tonbo biosciences;
13-0863-T100) and appropriate antibodies, before fixation in cold 70% ethanol. Fixed
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cells were stained with anti-phospho-yH2AX (Ser139; BioLegend, 2F3) and analyzed by
flow cytometry as above. Thymocytes irradiated with 10Gy of g-irradiation served as a
positive control. Intracellular TCRp staining was performed as previously described(18).

For immunofluorescence, the same populations of thymocytes were fixed in 4% PFA for

10, permeabilized with 1% Triton X-100, and blocked with 5% goat serum in PBS for

2 hours, before staining overnight with anti-phospho-yH2AX (Ser139; Sigma, JBW301).
Bound antibody was visualized with FITC-goat anti mouse (Jackson immunoResearch) for 1
hour, before viewing on a Leica SP8 microscope.

In Vivo Protein Synthesis

Analysis of in vivo protein synthesis was performed as previously described (30). Mice
were injected intraperitoneally with O-propargyl-puromycin at 50 mg/kg in PBS. After 1
hour, mice were euthanized and single cell suspensions were generated from bone marrow
and thymus. Cells were stained with GhostDye450 or GhostDye710 (Tonbo Biosciences)
per manufacturer’s instructions and surfaced stained with optimal amounts of fluorochrome-
conjugated antibodies. Cells were subsequently fixed and permeabilized using BD Fixation/
Permeabilization Solution (BD Biosciences), and O-propargyl-puromycin incorporation was
visualized using the Click-iT Cell Reaction Buffer Kit (Invitrogen) per manufacturer’s
instructions.

Retroviral Transduction and OP9-DL1 Cultures

Retroviral particles were produced by transient calcium phosphate transfection of Phoenix
cells. MLP and MLP-shp53 vectors have been previously described (18). DN thymocytes
were magnetically isolated by depletion using anti-CD4 and anti-CD8 microbeads (Miltenyi
Biotec) and underwent spin transduction with the indicated retrovirus. Transduced cells were
plated on OP9-DL1 stromal cells, cultured for 4 days in the presence of FIt3L (5 ng/ml) and
IL7 (5 ng/ml), and analyzed by flow cytometry.

Quantitative Real-Time PCR

Total RNA was isolated from cells using the RNeasy system (Qiagen). DNA was

removed using on-column DNase treatment (Qiagen), and cDNA was synthesized using
Superscript IV reverse transcriptase and oligo-dT (Invitrogen). Quantitative real-time PCR
was performed on the Prism 7700 thermocycler (Applied Biosystems) using TagMan real-
time PCR primer/probe sets specific for puma/Bbc3 (Mm00519268_m1), noxa/ Pmaipl
(MmO00451763_m1), and GAPDH/Gapdh (Mm99999915_g1).

Immunoblot Analysis

Cells were lysed in RIPA buffer (20 mM HEPES pH7, 150 mM NaCl, 1% deoxycholate, 1%
Nonidet P-40, 0.1% SDS, 1 mM NayVOy4, 2 mM EDTA, and a complete protease inhibitor
mixture; Roche). Samples were resolved on NuPage Novex Bis-Tris gels (Invitrogen)

and blotted with the following antibodies: anti-p53 (IMX25; Leica Microsystems), anti-
Rpl2211, anti-EIF2a (5324S, Cell Signaling), anti-phospho-EIF2a (9721S, Cell Signaling),
anti-calnexin(31), and anti-GAPDH (6C5; Millipore) (32).
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RNA-Seq Analysis

RNA-Seq analysis was performed on RNA extracted from electronically sorted DN3
thymocytes from wild type and Rpl2211-deficient mice. Briefly, the mRNA-seq library was
prepared from the total RNA using poly(A) selection (Truseq RNA Sample Preparation
Kit V2, lllumina). RNA concentration was quantified using a NanoDrop, and RNA
integrity was measured using a BioAnalyzer chip (Aligent), followed by 100 bp paired
end sequencing on a HiSeq2500 (lllumina) according to manufacturer protocols. mRNA-
seq reads were mapped to the latest mouse genome assembly (mm10) using STAR
alignment algorithm (33). HOMER was used to calculate the RPKM and raw read counts,
and differential expression was determined using edgeR R package (34, 35). The raw
RNA-Seq data have been deposited at the Gene Expression Omnibus database https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183054.

Analysis of ribosomal RNA (rRNA) processing.

Results

The effect of Likel loss of rRNA processing was assessed in thymic lymphoma cells
transduced with either control pMLSII retroviral vector or pMLSII expressing the
following miR-30 based shRNA: L1sh-1: 5’-CTCACAGTTGTTTCTGAGAAA, L1sh-2:
5’-CCGGGAGAAGGTTAAAGTCAA. Total RNA was extracted from cells 48hr post
transduction, following which 2.5ug RNA were loaded on the RNA gel for northern
analysis. The conditions and probes used for Northern hybridizations were as described
(36).

Rpl22I1-deficiency attenuates the emergence of fetal hematopoietic stem cells.

We have previously shown that knockdown of rp/22/1 in zebrafish attenuates the emergence
of embryonic HSC (24). To determine if Rpl22I1 also plays an essential role in the
emergence of mammalian HSC from the aorta-gonad-mesonephros (AGM), we ablated

the Rpl2211 gene (Rpl22/1°KC) in hemogenic endothelium using Tie2-Cre (27). Emerging
HSC were identified by immunofluorescent staining for the transcription factor RUNX1,
which is essential for HSC emergence (23). Importantly, ablation of Rp/22/1 in hemogenic
endothelium attenuated the emergence of RUNX1-expressing HSC (Figure 1), indicating
that Rpl2211 plays a critical role in HSC emergence in mammals as we had previously
reported in zebrafish (24).

Rpl22I1-deficiency reduces splenic lymphocyte cellularity

To determine if Rpl22I1 plays a role in later stages of hematopoiesis, we employed Vav-1
Cre to ablate the Rp/2211 gene (Rpl2211°K0), since Vav1-Cre induces deletion after HSC
emergence (23). Ablation of the Rp/22/1 gene using Vav1-Cre did not alter the frequency or
number of early hematopoietic stem and progenitor cells (HSPC) in the bone barrow (Figure
S1A-D), suggesting that Rpl22I1 is dispensable for the development and maintenance of
adult HSPC; however, Rpl2211 deficiency did alter the frequency of lymphoid populations in
peripheral lymphoid tissues, including the spleen (Figure 2). Indeed, Rpl2211-deficiency
reduced the frequency of T lymphocytes in the spleen and increased the fraction of
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CD44+CD62L-memory phenotype T cells (Figure 2A). In contrast, the frequency of B
lymphocytes was not reduced, but their absolute numbers were reduced as a result of the
overall decrease in splenic cellularity (Figure 2B,C). The decrease in B cells numbers was
restricted to the follicular subset (FO), since marginal zone B cells were not reduced (Figure
2D). Interestingly, the number of -y6 T cells was actually increased (Figure 2E), while innate
like B1 B cells were not altered (Figure 2F). Collectively, these results suggest that Rpl2211
is dispensable for generation and maintenance of adult HSPC, but is selectively required for
either the development or survival of some B and T lymphocyte subsets.

Rpl2I1 loss impairs traversal of the B-selection checkpoint

Since the frequency and number of peripheral T cells was reduced, we wished to determine
if this was a consequence of impaired development in the thymus. To assess this possibility,
we performed flow cytometry on single cell suspensions of thymocytes from Rp/22/1*/* and
Rpl22/1°K0 mice. Analysis of thymic subpopopulations separated based on expression of
CD4 and CD8 revealed that thymocyte development was impaired between the immature
CDA4-CD8- double negative (DN) and CD4+CD8+ double positive (DP) stage, since both
the percentage and number of DP were diminished in Rp/22/1°K0 mice (Figure 3A,B).

The arrest appears to result from impaired traversal of the B-selection checkpoint with

an accumulation of CD44-CD25+ (DN3) thymocytes and a decrease in CD44-CD25-
(DN4) cells (Figure 3A,B). Rpl2211-deficiency does not appear to affect more distal phases
of development. The proportion of more mature CD4+ and CD8+ single positive (SP)
thymocytes was not altered (Figure 3A,B); however, their absolute numbers were decreased,
presumably as a consequence of the reduced production of pre-selection DP thymocytes,
from which mature SP thymocytes are selected (Figure 3A,B). Indeed, the proportion of
selection intermediates defined by changes in CD69 and TCRp expression was unchanged,
but there absolute number was reduced (Figure 3C,D). As was observed in the periphery, the
number of -y6 T cells were increased in the thymus (Figure 3E), suggesting that the increase
in the periphery does not result from homeostatic expansion but instead from increased
thymic output. A similar defect in T cell development was observed when Rp/22/1 was
deleted using pTa-Cre, indicating that Rpl22I1 plays an essential and cell intrinsic role in

T cell development, and that the defect in T cell development was not an indirect effect

of alterations in earlier, pre-thymic progenitors (Figure S1E). Taken together, these data
indicate that the reduced numbers of peripheral af T cells and the increase in y& T cells are
a consequence of alterations in thymic development.

Development of B lymphocytes beyond the pre-B cell stage is attenuated by Rpl22I1 loss

While the proportions of B lymphocytes were unchanged, their absolute number in the
spleen was reduced (Figure 2C). Thus, we wished to determine if this resulted from a
defect in their development in the bone marrow. The number of B220+CD43+CD19+ pro-B
cells was unchanged (Figure 4A,B); however, all distal developmental intermediates were
reduced beginning with B220+CD43!W pre-B cells (Figure 4A,B) and continuing through
immature, mature, and transitional B cell subsets, T1 (IgM+CD23-), T2 (IgM+CD23+),
and T3 (IgM!°¥CD23+) (Figure 4C,D). The transition from B220+CD43+ to B220CD43!oW
pre-B cells is analogous to the DN3 to DN4 transition in thymocyte development. Thus, the
developmental arrest points are similar in the bone marrow and thymus. However, unlike
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thymocyte development where the developmental intermediates distal to the DP stage were
not changed in frequency, development of B cells through the transitional intermediates was
also impaired (Figure 4C,D).

Developmental arrest in Rpl22l1-deficient mice is not associated with impaired protein

synthesis

Mutations in numerous RP have previously been linked to defects in hematopoiesis that

are associated with impaired ribosome biogenesis and diminished capacity for protein
synthesis (8, 30, 37). We have previously shown in cell lines that the elimination of Rpl2211
does not block protein synthesis in vitro (24). However, the dispensability of Rpl22I1 for
protein synthesis in cell lines does not preclude a selective requirement for Rpl2211 in
particular cell lineages or at different stages of development. Consequently, we sought to
assess the effect of Rpl2211-deficiency on protein synthesis in developing primary lymphoid
cells in vivo. To do so, we measured protein synthesis in developing lymphocytes /in

situ, by monitoring O-propargyl-puromycin (OPP) incorporation into nascent polypeptides
using flow cytometry (30). Interestingly, we found that during development in the thymus,
increased incorporation of OPP was associated with the proliferative stages of development
including the DN subpopulations, particularly CD44+CD25+ (DN2), a proportion of DN3
thymocytes, and most DN4 (Figure 5A,B). It should be noted that Rpl22I1-deficiency did
not alter the incorporation of OPP in any of these subpopulations (Figure 5A,B; solid v
dashed lines). Analysis of B cells developing in the bone marrow revealed that pro-B cells
and a small population of pre-B cells exhibited elevated OPP incorporation (Figure 5C);
however, as for developing T cells, Rpl2211-deficiency did not diminish OPP incorporation.
Rpl2211-deficiency did appear to reduce the frequency of OP-puro high pro-B cells (Figure
5C), but this reduction was not statistically significant (p=0.16). Taken together, these data
demonstrate that the impairment of B and T cell development caused by Rpl2211-deficiency
was not associated with detectable reductions in protein synthesis.

Rpl22I1 loss is linked to p53 induction

Since Rpl22l1-deficiency did not alter global protein synthesis, to gain insight into the
molecular basis for the developmental arrest of T cell precursors, we performed RNA-Seq
analysis on immature DN3 thymocytes from Rp/22/1+/+and Rpl22/1°K0 mice. The whole
transcriptome analysis identified 781 genes that were differentially expressed in DN3 from
Rpl22/1°K0 (Figure 6A and S2; Table S1). KEGG and Metascape pathway analysis revealed
a number of pathways that exhibited significant enrichment, including T cell activation,
innate immune response, lipid metabolism, and cell growth and survival, but the most highly
enriched was the p53 pathway (Figure S2). The differentially expressed p53 gene targets
comprising the p53 signature include PUMA (Pmaip1) and Noxa (Bbc3) and are displayed
in a heat map (Figure 6B). The induction of p53 targets PUMA and Noxa in DN3 from
Rpl22/1°K0 mice were verified by gPCR in both DN thymocytes and Pro-B cells, the
populations in which the developmental arrest begins to manifest (Figure 6C). Consistent
with the induction of p53 targets, we observed that p53 protein levels are also induced in DN
thymocytes from Rp/22/1°K0 mice (Figure 6D). Taken together, these data indicate that the
developmental arrest of lymphoid cells in Rp/22/1°K0 mice is associated with activation of
p53.
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Rpl22I1 loss arrests lymphoid development in a p53-dependent manner

To determine if p53 induction is responsible for the impaired lymphoid development
observed in Rp/22/1°K0 mice, we performed a loss-of-function experiment using in vitro
cultures of adult DN3 thymocytes on OP9-DL1 stroma (38). The development of DN
thymocytes from Rp/22/1°K0 mice to the DP stage upon culture on OP9-DL1 stroma /n
vitrowas impaired (Figure 7A). Importantly, transduction of the DN thymocytes from
Rpl2211+/+mice with a p53 shRNA (MLP-shp53) did not alter their development to the
DP stage (Figures S3A and 7A); however, transduction of DN from Rp/22/1°KC mice

with p53 shRNA markedly improved their development to the DP stage, although it

did not fully rescue development (Figure 7A). To assess the role of p53 more broadly

in the developmental impairment of lymphocytes in Rp/22/1°€0 mice, we crossed them

to p53-deficient mice. Importantly, analysis of the spleens of Rp/22/1°K0p53-/- mice
revealed a rescue of total splenic cellularity in general, and the numbers of B and T cells
specifically (Figure 7B). Moreover, analysis of the thymic subsets of the Rp/22/1°K0p53-/
—mice revealed that development to the DP stage and beyond was normalized, as

was traversal of the B-selection checkpoint to the DN4 stage, where development in
Rpl22/1°K0 mice was arrested (Figure 7C). The induction of p53 did not appear to be a
consequence of defective ribosome biogenesis, since Rpl2211 knockdown did not impair
rRNA processing, a process that is defective when ribosome biogenesis is impaired (Figure
S3B,C). Another possible cause of p53 induction was excessive endoplasmic reticulum
(ER) stress, which we had previously determined to be responsible for p53 induction

in Rpl22-deficient thymocytes; however, unlike p53 induction in Rpl22-deficient mice,
p53 induction in Rp/22/1°K0 mice was not associated with significant activation of the
unfolded protein response in purified DN3 thymocytes (Figure S3D). Rpl22l-deficiency
did not induce DNA-damage as assessed by phospho-yH2AX staining, suggesting that
another potential inducer of p53, DNA-damage, was not responsible for p53 induction in
Rpl22/1¢K0 DN3 thymocytes (Figure S3E,F). Because innate immune signaling pathways
were activated by Rpl2211-deficiency, and have been implicated in p53 induction (39,

40), we asked if Rpl2211-deficient thymocytes were hyperresponsive to interferon (IFN)
stimulation; however, they exhibited no difference in IFN induced STAT1-phosphorylation
(Figure S3G). Finally, Rpl22I1-deficiency impairs traversal of the pre-receptor checkpoint
by both B and T lymphoid progenitors, raising the possibility that VDJ recombination
might be impaired; however, intracellular TCRp staining revealed that the fraction of TCRB-
expressing DN3 cells was unaffected (Figure S3H). Taken together, these data demonstrate
that the impairment of lymphoid development in Rp/22/1°K0 mice is dependent upon p53
induction and that p53 induction does not appear to result from activation of its known
inducers.

We had previously reported that that the emergence of embryonic HSC was regulated by
the antagonistic balance of Rpl2211 and Rpl22(24). Indeed, the arrest of emergence of
embryonic upon Rpl22I1 knockdown was rescued by the knockdown of Rpl22, indicating
that the arrest was caused by Rpl22-mediated repression of HSC emergence in the absence
of Rpl2211(24). To determine if the arrest in T cell development in Rp/22/1°K0 mice was
also dependent upon Rpl22 function, we generated Rp/22/1°K0 Rpl22-/-double deficient
mice (Figure S3I and 7D). Interestingly, further elimination of Rpl22 in Rp/22/1°K0 mice
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failed to rescue development, and instead produced an even more profound arrest in T

cell development (Figure S31 and 7D). Importantly, this included y& T cells (Figure 7E)
whose development is spared by deletion of either Rp/22 or Rp/22/1 alone (Figure 3E,

S3l and 7E)(18). Finally, the block in development of T cells in the double-deficient mice
is associated with p53 induction and is likely to be p53-dependent (Figure S3J). Taken
together, these findings suggest that Rpl22 and Rpl2211 each play independent, essential,
but not antagonistic, roles in facilitating the development of lymphocytes by repressing the
induction of p53.

Discussion

Previous analysis of the role of Rpl22I1 in zebrafish hematopoiesis revealed that Rpl2211
was critically important for the emergence of embryonic HSC from the AGM (24); however,
this early block in hematopoiesis precluded analysis of more distal blood lineages. Here,

we report our use of conditional ablation of the Rp/22/1 gene in mice to assess the

role of Rpl22I1 in adult hematopoiesis. We found that Rpl2211 is not essential for the
maintenance of adult HSC, but it is critical for B cell development, as Rpl22I1-deficiency
attenuates B cell development at the pre-B stage, at which immunoglobulin M heavy chain
rearrangement occurs. Moreover, Rpl22I1-deficiency arrests the development of T cells at
the equivalent stage, where TCRp locus rearrangement occurs; however, the arrest was not
caused by impaired V(D)J recombination. Instead, the arrest in B and T cell development

is associated with p53 induction and is p53-dependent as development is rescued by p53-
deficiency. Interestingly, Rpl2211-loss does impair ribosome biogenesis or global protein
synthesis, as has been observed upon loss of other ribosomal proteins (8, 30). Moreover,
Rpl2211-deficiency does not exacerbate endoplasmic reticulum (ER) stress, result in DNA-
damage, or exacerbate IFN-responsiveness, three other well-known inducers of p53 (39-42).
Consequently, the developmental arrest is not linked to alternations in any of the known
inducers of p53.

Rpl22I1 is a highly homologous (i.e., 73% identical) paralog of Rpl22. Unlike yeast, where
75% of RP have paralogs, most RP in plants, flies, and vertebrates are encoded by a single
functional gene (6, 16). Nevertheless, a handful of RP paralogs have been preserved in
mammals, and such paralogs often exhibit tissue specificity in their expression. The paralog
of Rpl3, Rpl3l, is selectively expressed in muscle tissue, while that of Rpl10, Rpl10l, is
restricted to the testis (6, 15). The physiologic relevance of the tissue-restricted expression
of RP paralogs remains largely unknown, but has been suggested to enable greater control
of gene expression in higher eukaryotes and there is some evidence to support this (6,

16, 43). Interestingly, our previous analysis in zebrafish indicated that Rpl2211 and Rpl22
not only performed distinct functions but were actually antagonistic to one another (22,

24). The elimination of Rpl22I1 expression prior to morphogenesis blocked gastrulation,
while its elimination after the maternal to zygotic transcriptional switch blocked embryonic
HSC emergence (22, 24). Importantly, both of those developmental defects were rescued
by knockdown of Rpl22, indicating that the developmental anomalies in zebrafish embryos
lacking Rpl2211 were Rpl22-dependent. Further gain and loss of function analysis revealed
that Rpl22 and Rpl22I1 functions were antagonistic and focused on regulation of a common
target, smadZ mRNA translation in the case of HSC emergence, and smad2 pre-mRNA
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splicing in the case of gastrulation (22, 24). Regulation of these targets is mediated by
direct binding to a consensus stem-loop motif (22, 24, 44). Our analysis using conditional
ablation of Rp/22/1 in mice revealed that Rpl2211 plays important roles in both B and

T cell development at essentially the same stages were we previously determined that
Rpl22 function was critical (18-20). The finding that the functions of both Rpl22 and
Rpl2211 were crucial in supporting these developmental transitions suggested that the
functions or Rpl22 and Rpl2211 at these stages were not antagonistic. We directly tested
that possibility in T cell progenitors and found that Rpl22/Rpl22I1 double-deficiency did
not rescue development as was previously seen in gastrulation and HSC emergence, and
instead created a more profound block in T cell development. Indeed, development beyond
the DN stage was completely blocked. Curiously, the loss Rpl22 in Rpl2211cKO mice
allowed traversal of the p checkpoint and arrest at the DN4 stage, but without proliferation,
since the absolute number of DN4 cells was markedly reduced. Arrest at the DN4 stage

is quite rare, with a similar arrest in PapkI-/- mice representing one of the few examples
(45). Moreover, the development of & T lineage progenitors, which was spared in both
Rpl22 and Rpl2211 singly deficient mice, was blocked by Rpl22/Rpl22]11-double deficiency.
Rpl22/Rpl2211-double-deficient thymocytes also exhibited p53 induction. Consequently,
Rpl22-Rpl22I1 antagonism appears to be context-dependent and is not evident at later stages
of hematopoiesis where p53-dependent arrest occurs.

The arrest of B and T cell development in Rpl22I1-deficient mice is p53-mediated, since p53
is induced and its genetic ablation rescues both B and T cell development. p53 activation is
frequently observed upon genetic ablation of RP-encoding genes. Loss of ribosomal proteins
Rps19 and RPs14 in Diamond-Blackfan anemia and 5g-syndrome, respectively, led to the
activation of the p53 pathway (5, 37, 46, 47). Likewise, conditional ablation of the Rps6
gene in T cell progenitors induces a p53-dependent block in T cell development (48). p53
induction in these contexts typically results from impaired ribosome biogenesis and general
reductions in protein synthesis (8, 37, 48). Disruption of ribosome biogenesis activates p53
because RP, including Rpl5, Rpl11, Rpl23 and Rps7, interact with MDMZ2 and interfere with
its ability to promotes p53 degradation, thereby resulting in p53 accumulation (49-51). Our
analysis revealed that Rpl22l1-deficiency does not impair ribosome biogenesis or attenuate
protein synthesis in developing progenitors in vivo. Therefore, Rpl2211 loss does not induce
p53 because of generalized effects on the ribosome. It remains possible that p53 induction
results from a more subtle effect on the ribosome, but we think this is unlikely because the
majority of Rpl2211 protein appears to reside outside of the ribosome (32). p53 induction did
not result from defects in V(D)J recombination, as evidenced by the unimpeded generation
of TCRB+ DN3 thymocytes in Rpl2211-deficient mice. Moreover, p53 loss fails to produce
the robust rescue of the development of pre-TCR deficient thymocytes, that we observed in
p53/Rpl2211-double deficient mice (52).

Because defects in ribosome biogenesis or global protein synthesis were not responsible for
p53 induction, we sought to identify the cause. To do so, we performed RNA-Seq, which
revealed that nearly 800 genes were differentially-regulated by Rpl2211-deficiency and the
changes were enriched for pathways related to DNA replication, DNA-damage responses,
and cell division but this was largely due to the upregulation of p53-targets. Nevertheless, we
examined whether DNA-damage might be causal to p53 induction using phopho-yH2AX
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staining; however, phopho-yH2AX staining was not increased in Rpl2211-deficient thymic
progenitors, suggesting that DNA-damage was not responsible for p53-induction. Our
previous analysis of the basis for p53 induction in Rpl22-deficient thymocytes revealed

that it was caused by exaggerated ER stress (21). Rpl22-deficiency activated all three ER
stress pathways (PERK/ATF4, Irela/XBP-1, and ATF6); however, attenuation of the PERK
pathway was sufficient to diminish p53 induction and rescue development of Rpl22-deficient
thymocytes (21). Importantly, the phosphorylation of EIF2a, the primary target of PERK,
was not increased by Rpl2211-deficiency, suggesting that exaggerated ER stress was also
not responsible. Finally, the genes that were differentially-expressed in Rpl2211-deficient
thymocytes clustered in several pathways related to IFN signaling. IFN signaling has been
implicated as an activator of p53 (40, 53); however, we observed no excessive activation

of IFN-signaling in Rpl2211-deficient thymocytes. Consequently, p53 induction in Rpl2211-
deficient T cell progenitors appears to be unrelated to any of the known activators of p53
signaling.

Together, our data demonstrate that Rpl22I1 plays a critical role, that is distinct from that
of its paralog Rpl22, in supporting the development of B and T lymphocytes. The role of
Rpl2211 in these progenitors is to suppress p53 induction as lymphocytes traverse their pre-
receptor checkpoints. These transitions involve an abrupt change between quiescence and
rapid proliferation, which produces numerous stresses. The role of Rpl2211 in supporting
these transitions remains unclear as its loss does not diminish global protein synthesis or
exacerbate any of the known activators of p53 signaling. It also differs substantially from
earlier developmental transitions (gastrulation and HSC emergence), which are governed
by the antagonistic balance of Rpl22 and Rpl22I1, since Rpl22-loss did not rescue the
arrests caused by Rpl2211-deficiency. Because Rpl22I1 is primarily extraribosomal (32), its
regulation of early lymphoid development likely involves its extaribosomal control of key
MRNA targets. Future efforts will be directed at identification of those targets as they will
provide new insights into the regulation of p53 as a developmental checkpoint.
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Key Points:

. Rpl2211 plays a key role in regulating selected stages of hematopoietic

development

. The function of Rpl22I1 is essential and distinct from its paralog, Rpl22

. Rpl2211 regulates development without affecting ribosome biogenesis of

function
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Tie2-Cre Tg Rpl22I17f

Rpl2211%f

Figure 1.
Rpl2211 loss attenuates embryonic HSC emergence. The Rp/22/1 gene was conditionally

ablated in hemogenic endothelium by Tie2-Cre, following which HSC emergence in
Rpl22117f and Tie2-Cre Tg Rpl22/17f embryos was evaluated by immunofluorescence using
anti-CD31 (red) to mark vasculature and anti-Runx1 (green) to mark HSC. DA, dorsal aorta
indicated by dashed white lines.
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Figure 2.

Reduction in peripheral lymphocyte subsets in the absence of Rpl22I1. (A) Splenocytes from
Rpl2211WT (Rpl2211*"* vav-cre) and Rpl2211°K0 (Rpl22117 vav-cre) mice were analyzed
for surface expression of CD4, CD8, CD44, and CD62L. The fop panels represent CD4
versus CD8 expression. The middle panels represent CD44 and CD62L expression on
CDA4+ gated cells. The bottom panels represent CD44 and CD62L expression of CD8+
gated cells. (B) Splenocytes from Rp/22/1WT and Rpl22/1°K0 mice were analyzed for
surface expression of B220 and CD19. (C) Absolute number of total cells, B cells (B220+
CD19+), CD4+ T cells (CD4+ CD8-), and CD8+ T cells (CD4- CD8+) from the spleens
of Rpl2211"T and Rpl22/1°KC mice. (D) Absolute number of follicular B cells (FO; B220+
AA4.1- IgM+ CD23+) and marginal zone B cells (MZ; B220+ AA4.1- IgMhigh CD23-)
in the spleens of Rp/22/1WT and Rpl22/1°K0 mice. (E) Absolute number of y& T cells
(TCR&+) in the spleens of Rp/22/1%T and Rpl22/1°KC mice. (F) Peritoneal fluid from
Rpl22/11WT and Rpl22/1°K0 mice was analyzed for surface expression of B220 and CD19 to
identify Bla and B1b cells (B220lo CD19+) or CD5 and IgM to identify CD5+ IgM+ Bla
cells. Viable cells were identified as PI-. 7 =6-10 mice per genotype (A-E) or 5 mice per
genotype (F). *p < 0.01, **p < 0.005, ***p < 0.0001.

J Immunol. Author manuscript; available in PMC 2023 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Fahl et al.

Page 18

B 2504 *kk
& 2004 =
%, 6 = Rpi2211"T
' = i O Rpl2211°K0
2 4004
o D 40
2 = =
S T *kk
o 20 g — *kk
F &
NE
DN DP  CD4SP CD8SP
CD4- CD8- TCR3- 8-
6\ *%
o
2 o o
3 = o
o
o 2 4 |
Q - *kk
o | g -
g = "°
[ - ]
PR I BT E—
DN1 DN2 DN3 DN4
C wr KO D .
Ci
v Rpl22I1 Rpl2211 ®  Rpl2211WT

*kk

w 4 ! O Rpl22/1°K0

*kk

Total Cells (x10)
]

*kk
L L)
L
n_I_vCR Bvc’ 10t 10° v a
CD69+ CD69+ CD69-
E TCRp® TCRph TCRp"
= 8 Rpl2211WT
) O Rpl22/1°K0
)
@
©
o
s
°
[

Figure 3.
Altered thymopoiesis in the absence of Rpl22I1. (A) Thymocytes from Rp/22/1W7 and

Rpl22/1°K0 mice were analyzed for surface expression of Thy1.2, CD4, CD8, TCRS, CD44,
and CD25. The top panels represent CD4 versus CD8 expression after gating on Thy1.2+
cells. The bottom panels represent CD44 versus CD25 expression after gating on CD4-
CD8- TCR6&- cells. (B) Absolute number of double negative (DN; Thyl.2+ CD4- CD8-),
double positive (DP; Thyl.2+ CD4+ CD8+), CD4 single positive (CD4 SP; Thyl.2+ CD4+
CD8-), and CD8 single positive (CD8 SP; Thyl.2+ CD4- CD8+) thymocytes (fop panel) or
DN1 (Thyl.2+ CD4- CD8- TCR&- CD44+ CD25-), DN2 (Thyl.2+ CD4- CD8- TCR&-
CD44+ CD25+), DN3 (Thyl.2+ CD4- CD8- TCR&~- CD44- CD25+), and DN4 (Thyl1.2+
CD4- CD8- TCR&- CD44- CD25-) thymocytes (bottom panel) from Rpl22/11WT and
Rpl22/1°K0 mice. (C) Thymocytes from Rp/22/1WT and Rpl/22/1°K0 mice were analyzed for
surface expression of CD69 and TCRp. (D) Absolute number of CD69+ TCRplo, CD69+
TCRhi, and CD69- TCRphi thymocytes from Rp/22/1WT and Rpl22/1°K0 mice. (E)
Absolute number of y& T cells (Thy1.2+ CD4- CD8- TCR&+) in thymi from Rp/22/1WT
and Rp/22/1°K0 mice. Viable cells were identified as PI-. 7= 7-8 mice per genotype. *p <
0.05, **p < 0.01, ***p < 0.0005.
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Figure 4.

B cell development is disrupted in the absence of Rpl22I1. (A) Bone marrow from
RpI2211T and Rpl22/1°KO mice was analyzed for surface expression of Ly6C, NK1.1,
B220, IgM, CD43, and CD19. The fop panels represent B220 versus IgM expression
after gating out Ly6C+ and NK1.1+ cells. The middle panels represent B220 versus

CDA43 expression on B220+ IgM- cells. The bottom panels represent B220 versus CD19
expression of B220+ CD43+ cells. (B) Absolute number of pro-B cells (Ly6C— NK1.1-
B220+ IgM— CD43+ CD19+), pre-B cells (Ly6C— NK1.1- B220+ IgM- CD43-), and
immature and mature B cells (Ly6C— NK1.1- B220+ IgM+) in the bone marrow from
RpI2211T and Rpl22/1°K0 mice. (C) Splenocytes from Rp/22/1WT and Rpl22/16K0 mice
were analyzed for surface expression of B220, AA4.1, IgM, and CD23. Panels represent
IgM versus CD23 expression after gating on B220+ AA4.1+ cells. (D) Absolute number
of T1 (B220+ AA4.1+ IgMhigh CD23-), T2 (B220+ AA4.1+ IgMhigh CD23+), and T3
(B220+ AA4.1+ IgMIow CD23+) transitional B cell subsets in the spleens of Rp/22/1WT
and Rpl22/1°K9 mice. Viable cells were identified as Pl-. 7= 9-10 mice per genotype (A-B)
or 6—7 mice per genotype (C-D). *p< 0.05, **p < 0.0005.

J Immunol. Author manuscript; available in PMC 2023 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Fahl et al.

DN1
DN2
DN3

DN4

Pro-B
Pre-B

Imm &
Mat B

Figure 5.

DN DP

CD4 SP

CD8 SP

‘OP Puro

MFI Fold Increase
Over PBS

MFI Fold Increase
Over PBS

MFI Fold Increase
Over PBS

Page 20

u Rpl221WT
o O Rpl22/1°K0
o
— o
[ ] i [=]
ng pm@ ;E &
¥ p-
o

&

th | oo
thio o

"
Hhig

= Rpl2211%T
O  Rpl22i1Ko

T
DN1 DN2 DN3 DN4

= Rpl2211WT
O Rpl22/1cKo

aEm | = m
(=]

od?

L1l |}
of o

i%

L S
Pro-B Pre-B Imm &
Mat B

Protein synthesis is not impaired in lymphocyte progenitors in the absence of Rpl22I1.
Rpl22/1WT and Rpl22/1°K0 mice were injected with O-propargyl-puromycin (OP Puro)

and analyzed 1 hour later for incorporation of OP Puro in nascent polypeptides. (A-B)
Thymocytes from OP Puro-injected Rp/22/1WT and Rpl22/1°K0 mice were analyzed for
surface expression of Thyl1.2, CD4, CD8, TCRS, CD44, and CD25. (A) The /eft panel
represents OP Puro incorporation in double negative (DN), double positive (DP), CD4 single
positive (CD4+ SP), and CD8 single positive (CD8+ SP) thymocytes, as described in Figure
2B, in wild-type mice. The right panel represents OP Puro incorporation in DN, DP, CD4
SP, and CD8 SP thymocytes from Rp/22/1%7 (solid line) and Rp/22/1°K0 (dotted line)
mice. (B) The /eft panel represents OP Puro incorporation in DN1, DN2, DN3, and DN4
thymocytes, as described in Figure 2B, in wild-type mice. The right panel represents OP
Puro incorporation in DN1, DN2, DN3, and DN4 thymocytes from Rp/22/1%7 (solid line)
and Rp/22/1°K0 (dotted line) mice. (C) Bone marrow from OP Puro-injected Rp/22/1%7T
and Rpl22/1°K9 mice were analyzed for surface expression of B220, lgM, CD43, and
CD19. The /eft panel represents OP Puro incorporation in pro-B cells (B220+ IgM- CD43+
CD19+), pre-B cells (B220+ IgM—- CD43-) and immature & mature B cells (B220+ IgM+)
in wild-type mice. The right panel represents OP Puro incorporation in pro-B cells, pre-B
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cells, and immature & mature B cells from Rp/22/1W7 (solid line) and Rp/22/1°KC (dotted
line) mice. Grey histograms represent background staining in PBS-injected wild-type mice.
n=4 mice per genotype. (A-C) Scattergrams of the fold-change in mean fluorescence
intensity (MFI) in OP-Puro treated over PBS injected for each mouse are depicted at the
right. Each mouse is a symbol. There were no statistically significant changes in Rpl2211-
deficient cell populations, including pro-B cells (p = 0.16).
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Figure 6.

Increased p53 expression in the absence of Rpl22I1 in T and B cell progenitors. (A) Volcano
plot of differentially expressed genes in Rp/22/17" pTa-cre DN3 thymocytes compared to
Rpl22/17 DN3 thymocytes (biological triplicates). Red dots represent genes significantly
upregulated (log2 fold change = 1, FDR < 0.05) and blue dots represent genes significantly
downregulated (log2 fold change < 1, FDR < 0.05). (B) Heat map of the log2 RPKM values
of the p53 signaling pathway genes in Rp/22/17f (LIWT) and Rpl22/17f pTa-cre (L1KO)
DN3 thymocytes. (C) Quantitative real-time PCR analysis on DN thymocytes (fop panel)
or sorted pro-B cells (bottom panel) from Rpl22/1WT and Rpl22/1°K0 mice. mRNA levels
were normalized to the expression of GAPDH. Data are representative of two independent
experiments. (D) Detergent extracts from DN thymocytes from Rp/22/1%T and Rpl22/1°K0
mice were immunoblotted with anti-p53, anti-Rpl2211, or GAPDH antibodies. Data are
representative of two independent experiments.

J Immunol. Author manuscript; available in PMC 2023 February 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 23

C

wr cKO
Rpl22I1 Rpl22I1 Thymus
w410.1 66.9] 200
: —_ *kk
MLP S 150 o O Rpl22/1°K0
2
% - O Rpl2211°KO p53+-
1]
= 100 o
@Q 50
2 3 o o
o
E 25 ED E *kk
o .- A=
MLP- DN DP  CD4SP CD8SP
shp53
DN Thymocytes
4-
— *kk
)
% .
= L]
B @2 o
Spleen T 2 B
[3)
1609 X - o w
& o O Rpl2211cKo 5 Tao— _»
E 120 8 O Rpl2211°K0 p537- # .y =
@ @, DN1  DN2  DN3  DN4
? 80- —
[
o o o
= m o D 204 *
E 40- & *kk o u_
QBEF - g s O Rpl2211cKO
T T T ~r— = o Rpl22/Rpl22/1 DKO
Total BCels CD4  CD8 = *
TCells TCells %10— —_—
o g o * k% %
E g - T L
(=] o
[
800000  * o B &
DP DN DN1 DN2 DN3 DN4
a
4 600000 O Rpl22/11cKO
= o * @ Rpl22/Rpl22I1 DKO
© 4000001 o
2 *
o a %
2 —
200000 O —
Oo
o 0o
[=la] o
ol—m— im0 m—— -

Population: Total 3 Uncom. Com. Mature

Figure 7.
p53 deficiency rescues lymphocyte development in the absence of Rpl22I1. (A) DN

thymocytes from Rpo/22/17 and Rpl22/1°KC mice were transduced with empty MLP

or MLP-shp53 retroviral vectors and cultured for 4 days on OP9-DL1 cells. Histograms
represent CD4 versus CD8 expression on Thy1.2+ GFP+ cells. Data are representative of

4 independent experiments. (B) Absolute number of total cells, B cells (B220+ CD19+),
CD4+ T cells (CD4+ CD8-), and CD8+ T cells (CD4- CD8+) from the spleens of
Rpl22/1°K0 and Rpl2211°KC p53~~ mice. (C) Absolute number of double negative (DN
Thy1.2+ CD4- CD8-), double positive (DP; Thyl.2+ CD4+ CD8+), CD4 single positive
(CD4 SP; Thyl.2+ CD4+ CD8-), and CD8 single positive (CD8 SP; Thyl.2+ CD4-
CD8+) thymocytes (top panel) or DN1 (Thyl.2+ CD4- CD8- TCR&- CD44+ CD25-),
DN2 (Thyl.2+ CD4- CD8- TCR&- CD44+ CD25+), DN3 (Thyl.2+ CD4- CD8- TCR&6-
CD44- CD25+), and DN4 (Thy1.2+ CD4- CD8- TCR&- CD44- CD25-) thymocytes
(bottom panel) from Rpl22/1°K0 and Rpl22/16K0 p53~7~ mice. n= 3—4 mice per genotype.
*p<0.05, **p<0.01, ***p<0.001. (D) Absolute number of DN, DP, DN1, DN2,

DN3, and DN4 thymocytes from Rp/22/1°KC and Rpl227~Rpl22/1°CPmice were depicted
graphically as scattergrams. 7= 3-4 mice per genotype. *p < 0.05, **p < 0.01. (E)
Absolute number of total & T cells (Y& TCR+) as well as their developmental intermediates
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(Uncom., y6 TCR+ CD24+ CD73-; Com., y6 TCR+ CD24+ CD73+, and Mat., y6 TCR+
CD24- CD73+) were depicted graphically as scattergrams. /7= 3—-4 mice per genotype. *p <
0.05, **p < 0.01.
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