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Introduction

Homeostasis of blood cell production is sustained by a small pool
of hematopoietic stem cells (HSCs), from which all mature blood
cells are derived. These pluripotent HSCs must maintain their
dual capacity to remain quiescent but also enter the cell cycle to
either self-renew or differentiate into multiple lineages. Genes
involved in cell cycle regulation, signal transduction, and tran-
scriptional regulation have been shown to play important roles
in HSC homeostasis (1), but recently, many epigenetic regula-
tors, including DNA methyltransferases and histone-modifying
enzymes (such as EZH1/2, MLL, and p300), have also been shown
to regulate HSC function (2-7).

Protein arginine methylation is a common posttranslational
modification that affects the function of many proteins, includ-
ing histones (8). Protein arginine methyltransferases (PRMTs) are
classified as type 1 and type 2 enzymes on the basis of their ability
to catalyze the formation of asymmetric and symmetric dimethyl
arginine, respectively. PRMTS5 is the major type 2 enzyme identi-
fied thus far, which, together with its cofactor MEP50, mediates
the methylation of histones H2A and H4 at R3 and histone H3 at
R8 (9). The symmetric dimethylation of these histone residues
generally generates repressive marks for gene transcription, and
PRMTS5 has been found in several transcriptional repressor com-
plexes, including those containing SIN3A/HDAC, MBD2/NURD,
and N-CoR/SMRT (9). Moreover, PRMT5 represses globin gene
expression through recruitment of DNMT3A, indicating a poten-
tial crosstalk between histone arginine methylation and DNA
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Epigenetic regulators play critical roles in normal hematopoiesis, and the activity of these enzymes is frequently altered in
hematopoietic cancers. The major type Il protein arginine methyltransferase PRMTS5 catalyzes the formation of symmetric
dimethyl arginine and has been implicated in various cellular processes, including pluripotency and tumorigenesis. Here, we
generated Prmt5 conditional KO mice to evaluate the contribution of PRMT5 to adult hematopoiesis. Loss of PRMTS5 triggered
an initial but transient expansion of hematopoietic stem cells (HSCs); however, Prmt5 deletion resulted in a concurrent

loss of hematopoietic progenitor cells (HPCs), leading to fatal BM aplasia. PRMT5-specific effects on hematopoiesis were

cell intrinsic and depended on PRMT5 methyltransferase activity. We found that PRMT5-deficient hematopoietic stem

and progenitor cells exhibited severely impaired cytokine signaling as well as upregulation of p53 and expression of its
downstream targets. Together, our results demonstrate that PRMTS5 plays distinct roles in the behavior of HSCs compared
with HPCs and is essential for the maintenance of adult hematopoietic cells.

methylation (10, 11). In addition to histones, PRMT5 regulates a
number of nonhistone proteins with identifiable functions in RNA
processing, translation, signal transduction, apoptosis, and cell
cycle regulation. PRMT5 has been shown to maintain pluripotency
in both embryonic and adult stem cells and to reprogram mouse
embryonic fibroblasts into induced pluripotent stem cells (iPSCs)
when introduced with Kif4 and Oct3/4 (12-14).

Growing evidence has indicated a critical role of PRMT5 in
tumorigenesis. Although recurrent mutations of PRMT5 have not
been observed in cancer cells, PRMT5 expression is upregulated in
human leukemia, lymphoma, and in many solid tumors, including
gastric, colorectal, and lung cancer tumors (15). PRMT5 promotes
the proliferation of lung and ovarian cancer cells, rendering it an
attractive therapeutic target in these diseases (16, 17).

The function of PRMTS5 in hematopoietic stem and progenitor
cells (HSPCs) has not been investigated. In this study, we identify a
critical role for PRMTS5 in adult hematopoiesis using a Prmt5 condi-
tional KO mouse model. Loss of PRMTS5 has a rapid and profound
effect on blood cell production with distinct, temporal effects on
HSCs and their progenitor cell progeny. The absence of PRMT5
leads to a fatal, very severe aplastic anemia-like (VSAA-like) pheno-
type. This inability to generate mature blood elements is cell intrin-
sic and does not result from normal homeostatic mechanisms.

Results

Generation of Prmt5 conditional KO mice. To define the role of
PRMTS5 in normal hematopoiesis, we first determined the levels
of Prmt5 mRNA and protein in different populations of mouse
BM HSPCs. HSCs and their differentiated progeny were purified
according to cell surface marker expression using FACS sorting,
and the expression of Prmt5 was determined by quantitative real-
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Figure 1. Deletion of PRMTS5 in adult BM results in severe pancytopenia. (A) Prmt5 mRNA levels decreased when mouse BM cells underwent terminal
myeloid and erythroid differentiation. WT BM HSCs and their differentiated progeny were flow sorted on the basis of their cell surface marker expression,
and Prmt5 mRNA levels were determined by gPCR (normalized to Hprt7 expression). A representative PCR result from 3 independent experiments (cells in
each experiment were pulled together from 3 mice) is shown. MPPs, multipotent progenitors; CMPs, common myeloid progenitors; GMPs, granulocyte-
macrophage progenitors. (B) PRMTS protein levels were determined by Western blot analysis using sorted populations of WT BM cells. Numbers indicate
the densitometry of the PRMTS bands normalized to B-actin. (C) The cellular level of symmetrically dimethylated arginine was detected using an antibody
against the Symmetric Di-Methyl Arginine Motif (catalog 13222; Cell Signaling Technology). This antibody recognizes 2 major bands of approximately 25
kDa and 15 kDa. (D) Loss of PRMTS led to pancytopenia within 15 days. Complete blood count (CBC) analysis of peripheral blood wbc, rbc, and platelet (PLT)
counts at 0, 7, and 15 days after injection (d.p.i.) are shown (n = 5). (E) BM cellularity was determined 7 and 15 d.p.i. in Prmt5™ and Prmt54/4 mice (n = 5). (F)
The cellularity of the thymus obtained from Prmt5"f and Prmt5*4 mice was determined 15 d.p.i. (7 = 5). (G) Representative images show H&E-stained cross
sections of femurs isolated from the control and Prmt544 mice. Original magnification, x200. (H) Representative image shows reduced size of the thymus
from a Prmt5%4 mouse compared with that from a Prmt5"f mouse on day 15. All P values were determined by a 2-tailed Student’s t test.

time PCR (qPCR) (Figure 1A) and Western blot analysis (Figure
1B). Prmt5 mRNA and protein levels were readily detected in
HSPCs, with little change in mRNA levels in the various stem and
progenitor cell populations. However, when cells underwent mye-
loid, erythroid, or lymphoid differentiation, PRMTS5 protein levels
decreased to 5% to 24% of the levels seen in HSPCs. Although
Prmt5 mRNA was maintained in differentiated B cells, its protein

levels decreased dramatically, suggesting important posttran-
scriptional regulation of PRMTS5 expression in these cells.

Since straight Prmt5-KO mice die before birth (12), we gen-
erated Prmt5-conditional KO mice by first crossing Prmt5 FLIP-
OUT mice (obtained from the European Mutant Mouse Archive
[EMMA]) with Flp recombinase-expressing transgenic (Tg) mice
to generate Prmt5-floxed mice, whereby exon 7 of the Prmt5
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Figure 2. PRMTS loss impairs erythroid differentiation and T cell development. (A) The stage of erythroid differentiation in BM and spleen from Prmt5™/f
and Prmt5*4 mice was determined by Ter119/CD71 double staining and FACS analysis at 7 d.p.i. Note that the cells were stained without rbc lysis. Results
are representative of 3 experiments, with 2 to 3 mice per group in each experiment. B) Lin-, c-Kit*, and Scal- progenitor cells isolated from day-7 mouse BM
were further stained for CD34 and FcRII/Ill to distinguish the CMP (CD34*/FcRII/III"), GMP (CD34*/FcRII/III*), and MEP (CD34-/FcRII/1II7) cell populations.
The percentage of each population is indicated in the plots. Results are representative of 3 experiments, with 2 to 3 mice per group in each experiment. (C)
Thymocytes were stained for the CD4, CD8, CD25, and CD44 cell surface markers. The distribution of CD25/CD44 subsets within the CD4/CD8 DN cell pop-
ulation is shown for Prmt5™f | Prmt5+/4, and Prmt5%4 mice. (D) The frequencies of each DN subset (DN1-DN4) on days 9 and 15 are plotted for the Prmt5//f
and Prmt5*“ mice (n = 3). P values were determined by a 2-tailed Student’s t test.

gene was flanked by 2 LoxP sites (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI81749DS1). We then crossed the Prmit5-floxed mice with
Mx1Cre Tg mice to generate MxICre* Prmt5"* MxI1Cre* Prmt5"f
mice and MxICre-negative littermate controls. To delete Prmt5 in
hematopoietic cells, 2i.p. injections of poly(I:C) (10 mg/kg on days
0 and 1) were given to both the Mx1Cre” and MxICre* Prmt5-floxed
mice. Prmt5 loss was confirmed by PCR analysis of genomic DNA
(Supplemental Figure 1B), by quantitative qPCR to detect Prmt5
mRNA (Supplemental Figure 1C), and by Western blot analysis to
detect PRMTS5 protein (Supplemental Figure 1D). This injection
strategy was used in all subsequent experiments. Interestingly,
loss of PRMTS5 triggered the loss of MEP50 protein (Supplemental
Figure 1D), a cofactor that is required for the enzymatic activity of
PRMTS5 on histones, without changing Mep50 mRNA levels (data
not shown). This suggests a probable posttranscriptional effect of
PRMTS5 on MEP50 protein levels. We also determined the overall
level of symmetrically dimethylated arginine in PRMT5-deleted
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BM cells and found a complete loss of this modification 7 days
after Cre induction (Figure 1C), suggesting that PRMTS5 is indeed
the major type 2 PRMT in these cells.

Deletion of PRMT5 during adult hematopoiesis leads to severe
cytopenias. The deletion of PRMT5 in 2-month-old mice had
a profound effect on hematopoiesis. Two weeks after the first
poly(I:C) injection, the MxICre* Prmt5%# mice developed severe
pallor due to anemia, and most of these PRMT5-deleted mice
were moribund 1 to 2 days later, requiring euthanasia. Analysis of
the peripheral blood of these mice revealed severe pancytopenia,
with a more than 10-fold decrease in wbc, a 5-fold decrease in rbc,
and a 100-fold decrease in platelet counts 15 days after Cre induc-
tion (Figure 1D). BM cellularity of the PRMT5-deleted mice was
reduced by more than 50% on day 7 and by more than 95% on day
15 (Figure 1E), consistent with the development of aplastic anemia
(Figure 1G). While PRMTS loss had little effect on spleen weight
(or cellularity) on day 15 (Supplemental Figure 2, A and B), the size
and cellularity of the thymus were significantly reduced on day 15
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(Figure 1, F and H). Of note, the Prmt5 heterozygous KO mice had
normal peripheral blood counts and normal BM, spleen, and thy-
mus cellularity (Figure 1D and data not shown).

Loss of PRMT5 causes aberrant erythroid differentiation and T
cell development in thymus. To define the effects of PRMT5 dele-
tion on hematopoiesis, we determined the frequency of erythroid
(CD71/Ter119) and myeloid (Macl/Grl) cells in the BM and
spleens of PRMT5-deleted mice 7 days after poly(I:C) injection.
As shown in Figure 2A, PRMTS5 deletion dramatically reduced the
frequency of CD71/Ter119 double-positive cells in the BM and
spleen, at a time when myeloid differentiation was relatively intact
(Supplemental Figure 3A). We calculated the absolute numbers of
erythroid and myeloid cells on the basis of their frequencies and
BM cellularity and observed a 5-fold decrease in Ter119* erythroid
cells (after rbe lysis) and a 2-fold decrease in Macl*/Grl* myeloid
cells (Supplemental Figure 3B). We also observed a significant
decrease in the frequency of megakaryocyte erythroid progenitors
(MEPs) (defined as Lin-, c-Kit*, Scal,, FcRII/III", and CD34  cells)
in the PRMT5-null mouse BM as early as 7 days after induction
(Figure 2B), suggesting that PRMT5 loss initially affects erythroid
and megakaryocyte differentiation to a greater degree than it does
myeloid differentiation.

We next determined how PRMTS5 loss affects B and T cell
development in BM, spleen, and thymus. We observed a slight
increase in the frequency and absolute number of B220* B cells
in day-7 PRMT5-null spleens (Supplemental Figure 3C and data
not shown), while day-7 PRMT5-null BM showed a significant
decrease in pro- and pre-B cells but also a slight increase in mature
B cells (despite a 50% decline in BM cellularity; Supplemental
Figure 3D). This suggests that the absence of PRMT5 may initially
promote B cell maturation. We also determined the frequency
and proliferation of common lymphoid progenitor (CLP) cells and
found little to no change in the day-7 PRMT5-null BM (Supple-
mental Figure 3, E and F).

To better understand the decreased cellularity of the PRMT5-
null thymus, we examined the cell surface expression of CD4,
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Figure 4. PRMTS5 deletion leads to loss of func-
tional HSPCs. (A) BM cells isolated from day-7
Prmt577 and Prmt5%4 mice were plated in methyl-
cellulose cultures, supplemented with cytokines.
Colonies were scored 7 days after plating (n = 3). (B)
Left: LTC-IC assays using day-7 BM cells isolated
from Prmt5™f and Prmt5%4 mice. Cells were cocul-
tured with MS5 cells for 4 weeks and then collected
and plated in methylcellulose medium. Colonies
were counted 1week after plating. The number of
cells plated in MS5 coculture is indicated in the
graph. Right: CAFC assays using day-7 BM cells
isolated from Prmt5™"f and Prmt5%4 mice. BM cells
were cocultured with MS5 stromal cells for 5 weeks,
and the number of cobblestone areas at the end of
week 5 is plotted (n = 3). (C) Approximately 5 x 10°
BM cells isolated from Prmt5"/" or Prmt5%/4 mice 5
days after Cre induction were injected into lethally
irradiated recipient CD45.1 mice. Survival of the mice
was monitored daily (n = 8).

u Prmt5"
B Prmt544

CD8, CD25, and CD44 on thymocytes. Compared with littermate
controls, PRMTS5 deletion led to a moderate increase in the fre-
quency of CD4/CD8 double-positive (DP) cells, at the expense
of the CD4/CD8 double-negative (DN) and CDS8 single-positive
(SP) cell populations (Supplemental Figure 3G). Strikingly, we
observed a marked accumulation of cells in the DN1 thymic sub-
set (CD44*CD25"), with fewer cells in the DN3 (CD44-CD25*) and
DN4 thymic subsets (CD44"CD25") 9 and 15 days after Cre induc-
tion (Figure 2, C and D). Thus, PRMT5 appears to play an essential
role in early thymocyte development.

PRMTS5 deficiency leads to loss of HSPCs. We next examined
how PRMTS5 loss affects HSPC biology. FACS analysis of day-7
PRMT5-deficient BM cells revealed a normal frequency of lin-
eage-negative cells (that lack cell surface expression of Terll9,
Macl, Grl, B220, CD3e, CD4, CD5, CD8, and CD127), a 40%-50%
decrease in the frequency of myeloid progenitor cells (Lin"Scalc-Kit*
[LK] cells), and a 3- to 4-fold increase in the frequency of stem cell-
enriched Lin"Scal*c-Kit* (LSK) cells and phenotypic long-term HSCs
(LT-HSCs) (CD48CD150" LSK cells) (Figure 3A). Even though the
total cellularity of the PRMT5-deficient BM was only 50% of that
seen in the control mice, there was a transient increase in the abso-
lute number of LSK cells and LT-HSCs on day 7 (Figure 3C). By day
9, the number and frequency of all stem and progenitor cell popula-
tions were dramatically reduced (Figure 3C and Supplemental Fig-
ure 4) and were even further reduced on day 15 (Figure 3B).

We next assessed the function of PRMT5-null HSPCs using
several functional assays. PRMT5-deficient BM cells isolated 7
days after poly(I:C) injection failed to form colonies in CFU assays
(Figure 4A), and we found no cobblestone area-forming cells
(CAFCs) or long-term culture-initiating cells (LTC-ICs) when
assessing LT-HSC frequency and function (Figure 4B). Despite the
preservation of phenotypic LT-HSCs, PRMT5-null BM cells iso-
lated 5 days after Cre induction failed to rescue lethally irradiated
recipient mice in the BM transplantation assays (Figure 4C), indi-
cating that these HSCs are functionally defective. Thus, PRMT5
deletion causes a progressive loss of lineage-committed progen-
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Figure 5. PRMTS loss has distinct effects on the cell cycle regulation of hematopoietic stem versus progenitor cells. (A) Protein lysates of BM cells
isolated on day 7 from control and PRMT5-deleted mice were resolved on SDS-PAGE gels and probed with antibodies recognizing PRMT5, caspase 3, and
B-actin. Lysates prepared from BM cells isolated from LPS-treated mice were used as a positive control (Pos). Arrow indicates the cleaved caspase 3. (B)
FACS analysis of annexin V in day-7 Lin*, LK, and LSK cells. Percentages of annexin V*cells are plotted (n = 4). (C) FACS analysis of in vivo BrdU incorpo-
ration assays using BM cells isolated from day-7 control, Prmt5 heterozygous, and Prmt5 homozygous KO mice. Cells were first gated on LK or LSK cells;
the frequency of BrdU* cells is indicated on the plots. (D) The percentage of BrdU* S-phase cells is shown for the Lin*, LK, and LSK cells isolated from day-7
control and Prmt5 homozygous KO mice (n = 6). (E and F) Representative FACS analysis of Ki67 expression in LT-HSCs. BM cells isolated from day-7 control
and Prmt5-deleted mice were gated on CD34 and FLT3- LSK (E) or CD48- and CD150* LSK (F) cells; the frequency of Ki67* cells is indicated on the plot. (G)
The percentage of Ki67* LT-HSCs in BM cells from Prmt57%/f and Prmt5%/ mice is plotted (n = 5). All P values were determined by 2-tailed Student’s t test.

itor cells and a transient expansion of LT-HSCs, which are none-
theless defective and unable to rescue lethally irradiated mice.
Enhanced apoptosis is not observed in PRMT5-null HSPCs. To
determine whether the loss of HSPCs in the PRMT5-deficient
mice was due to increased apoptosis, we quantified caspase 3
cleavage in BM cells isolated from control and PRMT5-deleted
mice and found no caspase 3 cleavage in bulk BM cells (although
caspase 3 cleavage was readily detected in BM cells isolated from
LPS-treated mice) (Figure 5A). Furthermore, we performed FACS
analysis to examine both lineage-positive cells and Linc-Kit*
HSPCs and found no increase in annexin V* (apoptotic) PRMT5-

null cells (Figure 5B and Supplemental Figure 5A), nor did we
detect an increase in apoptosis using the TUNEL assay (data not
shown). We also used FACS analysis to evaluate whether PRMT5
loss causes global necrosis or necroptosis in BM cells and found
no increase in 7AAD* /annexin V- (necrotic) cells (data not shown).

It remains a possibility that apoptotic PRMT5-null cells are
cleared too rapidly for their ready detection, and because PRMT5
deletion has been shown to induce apoptosis via caspase 3 activa-
tion in fetal liver cells and neuronal cells (ref. 18 and our unpub-
lished data), we generated MxICre* Prmt5"# Casp37~ mice to
further address this possibility. We found no effect of caspase 3
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Figure 7. Impaired cytokine signaling pathways in PRMT5-deficient BM cells. (A) HSPCs were isolated from day-3 control and Prmt5 KO mice, and the

levels of PRMTS, H4R3 symmetric dimethylation, and histone H3 were determined by Western blot analysis. (B) DAVID functional pathway analysis of the
differentially expressed gene set between day-3 control and Prmt5-KO HSPCs. (C) A total of 1,500 genes with intron retention in day-3 PRMT5-null HSPCs
were analyzed using the DAVID functional annotation tool. (D) Total BM cells isolated from day-7 Prmt5™f and Prmt5%“ mice were stimulated with GM-CSF
(50 ng/ml) for 10 minutes at 37°C. Blots were probed for ERK1/2, p-ERK1/2, STATS, p-STATS, AKT, and p-AKT. Data are representative of 3 independent
experiments. (E) Purified HSPCs from control and Prmt5 homozygous KO mice were stimulated with cytokine mixture, including murine SCF (100 ng/ml), IL-3
(20 ng/ml), IL-6 (20 ng/ml), and FLT3 ligand (100 ng/ml) for 10 minutes at 37°C. Phosphorylation of ERK1/2, STATS, and AKT was determined as in D. Three
independent experiments were performed using cells pulled together from 2 mice per genotype in each experiment. (F) Paraffin-embedded femurs and
spleens isolated from day-7 control and Prmt54/4 mice were immunohistochemically stained with antibodies against p-ERK1/2. Original magnification, x200.

deletion on the decreased BM cellularity (Supplemental Figure 5B)
or the rapid disappearance of HSPCs that follows PRMTS5 deletion
(Supplemental Figure 5C). Thus, it appears that increased apopto-
sis does not account for the loss of HSPCs seen in these mice.
PRMTS loss has distinct effects on cell cycle regulation of hemato-
poietic stem versus progenitor cells. To determine whether PRMT5 loss
affects the cell cycle of HSPCs, we first performed an in vitro BrdU
incorporation assay using BM cells isolated from day-9 control and
PRMT5-deleted mice (Supplemental Figure 6A). The PRMT5-null
cells showed a profound (5-fold) decrease in the percentage of cells
inthe S phase compared with the control cells (from 29.6% to 6.0%).
Invivo BrdU assays also showed a dramatic decrease in the percent-
age of Lin™ cells in the S phase after PRMTS5 deletion (from 30.6% to
1.5%) on day 9 (Supplemental Figure 6A). To make sure that these
changes did not simply reflect the loss of Lin c-Kit*Scal™ progenitor
cells, which are the most rapidly cycling cells in the BM, we assessed
the cell cycle status on day-7 (Figure 5, C and D) and day-9 (Supple-
mental Figure 6B) LK and LSK cells using in vivo BrdU assays. We

found a 40%-50% decrease in the percentage of PRMT5-null LK
cells in the S phase, but also a 2-fold increase in the percentage of
PRMT5-null LSK cells in the S phase, suggesting distinct effects of
PRMTS5 loss on the cell cycle regulation of progenitor cells versus
that of stem cells. In addition to its effect on HSPCs, PRMTS5 loss
also impaired the proliferation of lineage-positive cells (Figure 5D).

To determine whether PRMTS5 loss affects LT-HSC quies-
cence, we measured Ki67 expression in CD34FLT3™ and CD48"
CD150" LSK cells and found a 2-fold increase in Ki67* PRMT5-
deficient LT-HSCs on day 7 (Figure 5, E-G), with nearly all of the
PRMT5-null LT-HSCs being Ki67* by day 9 (Supplemental Figure
6C). Similar results were observed for LT-HSCs in the in vivo BrdU
incorporation assay (Supplemental Figure 6D). Thus, PRMT5 loss
activates dormant HSCs but impairs the progression of progenitor
cells through the cell cycle.

The effects of PRMTS5 on hematopoiesis are intrinsic and depen-
dent on its methyltransferase activity. To determine whether the
observed hematopoietic phenotype of PRMT5-null mice is cell
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Figure 8. PRMTS5 loss impairs the cell surface expression of cytokine receptors. (A) BM cells were isolated from day-7 control and Prmt5-KO mice and
stained for HSPC markers and several cytokine receptors. Percentages of FLT3-, IL-6Ra-, and IL-3Ra-positive cells in LK and LSK cell populations were
plotted. (B and C) Day-7 control and Prmt5-KO BM cells were stained for HSPC cell surface marker expression and subjected to FACS analysis. Representa-
tive histogram shows decreased c-Kit expression in day-7 PRMT5-null HSPCs (B). The MFI of c-Kit staining in control and PRMT5-null LK and LSK cells was
plotted as the mean + SD (n = 5) (C). P values were determined by a 2-tailed Student’s t test.

intrinsic and related or unrelated to homeostatic control, we trans-
planted approximately 1 x 10 BM cells isolated from Prmt5"%,
MxICre* Prmt5"*, or MxICre* Prmt5"" mice (which are CD45.2),
together with the same number of WT CD45.1 competitor cells,
into lethally irradiated CD45.1 recipient mice. The transplanted
mice were treated with poly(I:C) injections 4 months after trans-
plantation and monitored for 3 weeks. While deletion of 1 allele
of Prmt5 had no effect on peripheral blood and BM CD45.2 per-
centages (Figure 6A and Supplemental Figure 7), 2 weeks after
both alleles were deleted, CD45.2 cells were dramatically reduced
in the peripheral blood, BM, and thymus of the recipient mice
(Figure 6A). In contrast, PRMT5 deletion had no effect on the
frequency of CD45.2 cells in the spleen, consistent with what we
observed in the primary Prmt5-KO mice (Supplemental Figure 2).
The decreased frequency of PRMT5-null CD45.2 LK progenitor
cells within the CD45.2 BM cells was again accompanied by a tran-
sient increase in LSK cell frequency 7 days after poly(I:C) injec-
tion, which returned to normal on day 14 (Figure 6B). We have also
found a significant decrease in the absolute number of CD45.2*
LT-HSCs 14 days after induction of PRMTS5 deletion (Figure 6C),
although the frequencies of these cells were similar in both the
control and KO transplanted mice (data not shown).

We determined that the loss of HSC quiescence is an intrin-
sic property of the PRMT5-null HSCs; as shown in Figure 6D,
deletion of PRMTS5 led to a 2-fold increase in Ki67* CD45.2 LT-
HSCs (CD48°CD150" LSK cells), even though the peripheral blood
counts and the total number of BM cells were relatively constant
(data not shown). The WT CD45.1 cells showed a proliferative
response to the loss of CD45.2 cells, with a slight increase in the
frequency of Ki67* CD45.1 LT-HSCs (28.6% vs. 20.5%).
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To determine whether the methyltransferase activity of
PRMTS5is required for its essential role in hematopoiesis, we trans-
duced Prmt5"# and Prmt5%4 BM cells with lentiviruses expressing
either WT PRMT5 (PRMT5wt) or an enzymatically dead version
of PRMT5 (PRMT5EQ). While expression of PRMT5wt com-
pletely rescued the colony-forming ability of Prmt5%4 BM cells in
CFU assays (with some overshoot), expression of PRMT5EQ had
no effect (Figure 6E). We also performed CAFC assays using an
ERCre-mediated KO system, so PRMT5deletion could be induced
in vitro. Once again, reexpression of PRMT5wt rescued the ability
of PRMT5-null HSCs to form cobblestone areas, while reexpress-
ing PRMT5EQ did not (Figure 6F). Thus, the enzymatic activity of
PRMTS is required for its function in normal HSPCs.

PRMTS5 is requived for the maintenance of cytokine signaling
in BM cells. To gain mechanistic insight into how PRMTS5 loss
negatively impacts HSPC function, we performed paired-end
RNA-sequencing (RNA-seq) using HSPCs isolated from day-3
Prmt5 control and KO mouse BM, after confirming PRMTS5 loss
and downregulation of H4R3 symmetric dimethylation at this
time point (Figure 7A). Functional classification analysis using
DAVID (Database for Annotation, Visualization and Integrated
Discovery) identified 332 genes as being differentially expressed
by at least 2-fold between the control and PRMT5-null HSPCs.
We found 216 genes upregulated and 116 genes downregu-
lated, with signal transduction pathways being among the pri-
mary gene sets affected by PRMT5 deletion (Figure 7B). We did
not observe a molecular signature consistent with apoptosis in
PRMT5-null HSPCs, confirming that apoptosis is not the cause of
the disappearance of these cells. In addition, we identified 1,550
intron retention events in the PRMT5-deficient cells, suggesting
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Figure 9. PRMTS5 loss impairs the
expression of cytokine receptors
via both transcriptional and
posttranscriptional mechanisms.
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that PRMTS5 loss significantly impairs the constitutive splicing
machinery. The genes affected by aberrant splicing were also pri-
marily involved in signal transduction (Figure 7C).

PRMTS5 has been shown to regulate the MAPK and NF-xB
signal transduction pathways in various cancer cell lines (19, 20).
To determine whether PRMT5 loss affects normal hematopoi-
etic cytokine signaling, we examined the level of phosphorylated
ERK1/2 (p-ERK1/2), p-STATS5, and p-AKT in bulk BM cells (Fig-
ure 7D) and purified HSPCs (Figure 7E). To activate signaling,
the bulk BM cells were stimulated with granulocyte-macrophage
CSF (GM-CSF), while the HSPCs were stimulated with SCF, IL-3,
IL-6, and FLT3 ligand. As shown in Figure 7, D and E, ERK1/2
phosphorylation was lost in the PRMT5-null BM mononuclear
cells (BMMCs) and HSPCs, without a change in ERK1/2 protein
levels. Similarly, p-STAT5 and p-AKT were markedly decreased in
the PRMT5-null bulk BM cells and purified HSPCs. We also deter-

mined by IHC that p-ERK1/2 levels were significantly reduced in
day-7 PRMT5-null BM and splenic cells (Figure 7F). This suggests
that PRMTS5 is required for cytokine-mediated signal transduction
in both HSPCs and more mature hematopoietic cells.

PRMTS5 loss decreases the cell surface expression of important
cytokine receptors. To further explore the mechanisms under-
lying the effect of PRMTS5 loss on cytokine signaling, we used
flow cytometry to examine the cell surface expression of several
cytokine receptors that are important for HSPC function. We
found a significant reduction in the expression of FLT3, IL-6Ra,
and IL-3Ra in day-7 PRMT5-null LK and LSK cells (Figure
8A). Although the frequency of c-Kit* HSPCs was comparable
between the control and PRMT5-null mice at this time point,
the level of c-Kit expression, as measured by mean fluores-
cence intensity (MFI), was significantly reduced in PRMT5-null
HSPCs (Figure 8, B and C). We next determined the levels of
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mRNA that encode these receptors using qPCR (Figure 9, A-D)
and found significant decreases in Il6ra and Il3ra expression in
LK cells, where these receptors are generally highly expressed.
In contrast, FIt3 and ¢-KIT mRNA levels were not affected by
PRMTS5 deletion. We next determined whether the decreased
expression of FLT3 and c-Kit on PRMT5-null HSPCs is due to
impaired RNA splicing. For the Fit3 gene, we found that 6 of
over 20 introns had higher retention levels than normal in the
PRMT5-null BM cells (other introns were either undetectable or
comparable between control and KO) (Figure 9E). In contrast,
increased intron retention was not observed in ¢-KIT or Il6ra
mRNA (data not shown). These results suggest that PRMT5
controls the cell surface expression of these important receptors
through multiple, distinct mechanisms.

Activation of p53 in PRMT5-null BM cells is a later event and is
independent of DNA damage. PRMT5 has been shown to regulate
p53 activity (18, 21-23). However, we were unable to detect a p53
gene signature in our day-3 RNA-seq data (Figure 7B); instead,
we found a significant increase in p53 protein levels in the day-7
PRMT5-null HSPCs (and moderately increased p53 protein levels
in PRMT5-null total BM cells) (Supplemental Figure 8, A and B),
together with increased expression of several p53 target genes
(Cdknla [p21], Noxal, Bbc3 [PUMA], and Mdm2) (Supplemental
Figure 8, C and D). We did not detect an increase in y-H2AX in
the PRMT5-null HSPCs (Supplemental Figure 8A), suggesting
that increased DNA damage is not present in these cells and thus
could not be responsible for the observed increased p53 levels.

Discussion

We have demonstrated an essential role of PRMTS5 in steady-state
adult hematopoiesis, in which loss of 1 Prmt5 allele had no effect
on hematopoiesis, while the complete loss of Prmt5led to BM apla-
sia and lethal pancytopenia. It appears that the primary effect is in
the stem/progenitor cell compartment, as we observed an early
and dramatic decrease in hematopoietic progenitor cells (HPCs)
and a transient expansion of HSCs, followed by a complete loss
of both HPCs and HSCs. The loss of these cells is likely due to the
combined effects of impaired cytokine signaling and increased
p53 signaling, which result from PRMT5 deletion.

Adult HSCs are maintained in a quiescent, or dormant, state,
which is important for their longevity and function. Therefore,
genetic lesions that lead to loss of this quiescence can result in
HSC exhaustion (1, 24). The loss of HSCs in Prmt5-KO mice could
relate, atleastin part, to their impaired quiescence, as PRMT5-null
HSCs incorporate 2 times more BrdU and stain more positively
for Ki67 than normal. Our chimeric BM transplant experiments
demonstrate that the loss of HSC quiescence is cell intrinsic and
is independent of the loss of HPCs or of the decrease in periph-
eral blood cells that occurs in the primary conditional KO mice.
Intriguingly, PRMT5-deficient HSCs show increased proliferation
in the presence of increased p53 activity, which has been shown to
promote HSC quiescence (25); this suggests that other factors may
play a more dominant role in coaxing PRMT5-deficient HSCs into
the cell cycle. Indeed, we observed increased levels of ROS, specif-
ically in PRMT5-null HSCs (data not shown), which may account
for the increased cycling seen in these cells. Although the number
of PRMT5-null phenotypic LT-HSCs was increased on day 7, these
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cells failed to form CAFCs or rescue lethally irradiated recipient
mice, indicating that they are severely functionally defective.

In contrast toitsinitial effect on HSCs, PRMT5 loss in transient
amplifying cells (the Lin c-Kit*'Scal HPCs) impairs their prolifera-
tion. PRMTS5 is known to repress the expression of a number of cell
cycle regulatory genes, including cyclin E1, RB, p27, CDKN2A, and
SMAD?7 (26-29). It can also control cell cycle progression by meth-
ylating nonhistone proteins, such as p53, E2F1, and FEN1 (21, 30,
31), and we found a significant increase in p53 protein in HSPCs,
with increased expression of several p53 target genes, including
Cdknla (which increased 40-fold in the progenitor cells and 5-fold
in the LSK cells), Bbc3, and Mdm?2. This dramatic increase in p21
expression could impair the cycle progression of these cells.

We have identified another important mechanism by which
PRMTS loss impairs the proliferation of progenitor cells and lin-
eage-positive cells, and that is by impairing cytokine signaling.
Our day-3 RNA-seq data in HSPCs already showed alterations
in signal transduction pathways in HSPCs, suggesting that sig-
nal transduction is likely the primary biological process affected
by PRMTS5 deletion. Although PRMTS5 has been reported to neg-
atively regulate MAPK signaling in various epithelial cancer cell
lines (19), we found that PRMTS5 loss impaired ERK1/2 phosphory-
lation in normal primary hematopoietic cells, suggesting cell type-
specific effects. In fact, PRMT5 deletion also impaired cytokine-
driven STATS and AKT signaling in hematopoietic cells. Although
the homozygous deletion of Erkl and Erk2 results in the rapid loss
of HSPCs as well as severe anemia and early lethality in mice (32),
similar to what we observed in Prmt5-KO mice, the impairment in
JAK/STAT and AKT/PI3K signaling pathways probably also con-
tributes to the profound phenotype that we observed.

The remarkable decrease in cell surface expression of impor-
tant cytokine receptors on HSPCs, such as c-Kit, FLT3, IL-6Ra, and
IL-3Rao, likely accounts for the globally impaired cytokine signal-
ing that occurs following PRMTS5 deletion. PRMTS5 loss appears to
affect these cytokine receptors via multiple mechanisms, includ-
ing intron retention. PRMT5 has numerous nonhistone targets,
including several spliceosome components, and loss of PRMT5
has been shown to impair both constitutive splicing and alterna-
tive splicing (18, 33). We found intron retention events in more
than 1,500 genes, many of which are involved in signal transduc-
tion. For instance, we detected several unspliced introns in Fit3
mRNA, but not in ¢-KIT or Il6ra mRNA, suggesting that PRMT5
loss specifically impairs RNA splicing of some genes in HSPCs.

The opposite effects of PRMT5 on the cell cycle of HSCs
versus progenitor cells likely reflects this specificity due to its
involvement in different multiprotein complexes and possibly
to differences in its subcellular localization. PRMTS5 appears to
be primarily localized in the cytoplasm of proliferating (tumor)
cells, while it shuttles between the cytoplasm and nucleus in
pluripotent embryonic stem cells and germ cells (12, 23, 34). It
has been reported that cytoplasmic PRMTS5 is essential for pros-
tate cancer cell proliferation, while nuclear PRMT5 can inhibit
prostate cancer cell growth (35). Thus, it is possible that PRMT5
primarily resides in the nucleus in HSCs, where it functions to
maintain pluripotency and quiescence in these cells. Its translo-
cation into the cytoplasm could enable the differentiation of
these cells into progenitor cells.
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The enzymatically dead version of PRMT5 (PRMT5EQ) is
unable to rescue PRMT5-deficient HSPCs in in vitro functional
assays, demonstrating that the methyltransferase activity of
PRMTS, and not just its presence in the cell, is required for its
function in hematopoiesis. While some functions of nonmamma-
lian PRMTS5 are independent of its enzymatic activity (e.g., the
methyltransferase activity of HSL7, the homolog of mammalian
PRMTS, is dispensable to stabilize SWE1 and regulate cell cycle
progression in Xenopus) (36), it appears that PRMT5 enzymatic
activity is required for HSPC maintenance.

PRMTS has pleiotropic effects in the cell, thus PRMTS5 inhib-
itors may also have cell type-specific effects on gene expression
and cell growth. While PRMTS5 overexpression is found in several
malignancies, treating cancer patients with PRMT5 inhibitors
could result in important myelosuppressive side effects. None-
theless, the clinical activity and side effects of chemical inhibi-
tors of PRMT5 will need to be defined in vivo.

Methods
Further information can be found in the Supplemental Methods.

Mice. B6.SJL CD45.1 recipient mice and MxICre and ERCre
Tg mice were purchased from The Jackson laboratory. Prmt5
homozygous floxed mice (Prmt5%f) were generated by crossing
Prmt5 FLIP-OUT mice (obtained from EMMA) with FipI recom-
binase Tg mice (The Jackson Laboratory). Prmt5 conditional KO
mice were generated by crossing Prmt5-floxed mice with MxICre
or ERCre Tg mice. Prmt5 gene excision in MxICre* Prmt5"f mice
was induced by poly(I:C) HMW (InvivoGen), given by i.p. injec-
tion at a dose of 10 mg/kg on 2 consecutive days. Mice used for all
experiments except for the chimeric transplantation studies were
8 to 12 weeks of age. In vitro deletion of Prmt5 in ERCre* Prmt5"?
BMMCs was induced by treating cultured cells with 0.1 uM
4-hydroxytamoxifen (4-OHT; Sigma-Aldrich) for 3 days. Prmt5/
Casp3 double-KO mice were generated by crossing MxICre*
Prmt5%# mice with Casp37- mice (provided by Richard A. Flavell,
Yale School of Medicine, New Haven, Connecticut, USA).

Flow cytometry. For all FACS analyses (except the experiment
shown in Figure 2A), isolated BM cells were treated with rbc lysis
buffer before staining. Cell surface marker staining for HSPCs was
performed as previously described (25). BrdU incorporation was
detected using the FITC BrdU Flow Kit (BD Biosciences), and apop-
tosis was determined using the PE Apoptosis Detection Kit (BD
Biosciences), according to the manufacturers’ instructions. All flow
cytometric analyses were performed using either a BD LSRII or LSR
Fortessa Cell Analyzer (BD Biosciences). Data were analyzed using
FlowJo software. Flow antibodies, including APC-c-Kit, APC-B220,
PEcy7-scal, PerCPcy5.5-Grl, PE-Macl, PE-IgM, and PacBlue-Ki67,
were purchased from eBioscience. Other antibodies, including strep-
tavidin-APC-cy7, PerCPcy5.5-CD3, FITC-CD45.1, APC-CD45.2, and
PEcy7-CD4, were purchased from BioLegend.

Mouse BM cell culture and lentiviral infection. BM cells were iso-
lated from tibiae and femurs by flushing the cells out of the bone using
syringes. Cells were cultured in 20% FBS DMEM, supplemented with
murine cytokines (50 ng/ml SCF, 10 ng/ml IL-3, and 10 ng/ml IL-6).
Control lentivirus or viruses expressing either PRMT5wt or PRMT5EQ
were produced as described (37). After 24 hours of growth, BM cells
were infected with high-titer concentrated lentiviral suspensions in
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the presence of 4 pg/ml polybrene (Sigma-Aldrich). GFP* cells were
FACS sorted 2 days after infection.

CFU, CAFC, and LTC-IC assays. For CFU assays, 1 x 10* BM cells
or 1x 10® transduced GFP* BM cells were plated in duplicate in meth-
ylcellulose media (MethoCult GF M3434; STEMCELL Technologies).
Colonies were scored 7 days after seeding.

For CAFC assays, approximately 1.5 x 10° untransduced or sorted
GFP* cells were seeded onto MS5 stromal cells cultured in oMEM
containing 12.5% FBS, 12.5% horse serum, 1 uM hydrocortisone, and
1 mM glutamine. The media were semireplenished weekly, and the
cobblestone colonies were scored at week 5.

For the LTC-IC assay, 1.2 x 105, 2.4 x 10%, or 1.2 x 10* BM cells
were cultured on MS5 stromal cells. After 4 weeks of weekly semire-
plenishment of the media, cells were harvested and plated in meth-
ylcellulose media to perform CFU assays. Colonies were scored
1 week after plating.

BM transplantation assays. Approximately 5 x 10¢ BM cells isolated
from control and Prmt5/ mice 5 days after poly(I:C) injection were
injected into lethally irradiated (9.5 Gy) B6.SJL recipient mice. Sur-
vival of these mice was monitored daily.

For chimeric BMT experiment, 1 x 10° BM cells were isolated
from Prmt5"; Mx1Cre* Prmt5"*, or Mx1Cre* Prmt5"" mice (CD45.2)
and injected into lethally irradiated recipient mice (6- to 8-week-old
female CD45.1 mice), together with 1 x 106 WT BM cells (CD45.1).
PRMTS5 deletion was induced by 2 poly(I:C) injections (10 mg/kg)
given on consecutive days 4 months after transplantation.

RNA-seq and data analysis. HSPCs were isolated from control and
KO mice 3 days after poly(I:C) injection, and total RNA was purified
using an RNeasy Micro Kit (QIAGEN). To minimize the differences
between individual mice and to ensure adequate high-quality RNA,
RNA samples were pooled from 2 mice with the same genotype;
duplicate samples were used for each genotype. The library prepara-
tion and 50-bp paired-end RNA-seq were performed on the Illumina
HiSeq 2000 at the Epigenetics Core Facility of Weill Cornell Medical
College (New York, New York, USA). The functional annotation of dif-
ferentially expressed gene sets and aberrantly spliced gene sets was
performed using the DAVID functional annotation tool. The RNA-seq
data are deposited in the NCBI’s Gene Expression Omnibus (GEO)
database (GEO GSE69937).

Statistics. Experimental results are displayed as the mean * SD. A
2-tailed Student’s ¢ test was used to determine significant differences
between control and experimental groups. P values of less than 0.05
were considered statistically significant.

Study approval. All animal studies were conducted in compliance
with NTH guidelines for the care and use of laboratory animals and
were approved by the IACUC of the University of Miami.
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