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Adult hematopoietic stem cells (HSC) are quiescent most of the
time, and how HSC switch from quiescence to proliferation fol-
lowing hematopoietic stress is unclear. Here we demonstrate that

upon stress the coxsackievirus and adenovirus receptor CAR (also
known as CXADR) is upregulated in HSC and critical for HSC entry into
the cell cycle. Wild-type HSC were detected with more rapid repopula-
tion ability than the CAR knockout counterparts. After fluorouracil treat-
ment, CAR knockout HSC had lower levels of Notch1 expression and
elevated protein level of Numb, a Notch antagonist. The Notch signaling
inhibitor DAPT, dominant negative form of MAML (a transcriptional
coactivator of Notch), or dominant negative mutant of LNX2 (an E3 lig-
ase that acts on Numb and binds to CAR), all were capable of abrogating
the function of CAR in HSC. We conclude that CAR activates Notch1
signaling by downregulating Numb protein expression to facilitate entry
of quiescent HSC into the cell cycle during regeneration.
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ABSTRACT

Introduction

In adults stem cells with self-renewal and differentiation capabilities are
required for tissue homeostasis and regeneration. Quiescence protects stem cells
from exhaustion. Hematopoietic stem cells (HSC) are largely quiescent during nor-
mal hematopoiesis，1 and adult hematopoiesis is sustained primarily by “short-
term” HSC (ST-HSC).1 During injury or inflammation, quiescent HSC enter the cell
cycle to accelerate hematopoietic flux,1-3 and cycling HSC return to quiescence
after the injury is repaired or inflammation is resolved. Multiple signaling path-
ways are known to be important for regulation of cell fates and regeneration of
HSC.4-10 The molecular mechanisms that regulate HSC to transit from quiescence
to proliferation during regeneration remain largely unknown.

The coxsackievirus and adenovirus receptor (CAR, also known as CXADR) was
first reported to mediate viral attachment and infection11 and later was demon-
strated to be a tight junction protein.12 CAR expression is required for normal atri-
oventricular conduction and cardiac function.13 Its constitutive expression in vari-
ous cancerous and normal tissues has also been reported.14,15 CAR was also report-
ed to be critical for survival of oral squamous cell carcinomas.16 Interestingly, CAR
expression increases during tissue regeneration,17 suggesting that it plays an impor-
tant role in repairing injury. Here we demonstrate that CAR expression is tran-
siently increased in HSC during fluorouracil (5-FU)-induced hematopoietic injury
and bone marrow (BM) transplantation and supports HSC regeneration. CAR does
not alter HSC self-renewal but rather induces quiescent HSC to enter cell cycle.
Mechanistic studies indicated that CAR activates Notch1 signaling in stressed
HSC by degrading the Notch inhibitor Numb.  

Methods

Mice
CARloxP/loxP mice and UBC-Cre-ERT2 mice were purchased from Jackson Laboratory. Mice

were maintained at the University of Texas Southwestern Medical Center animal facility.
All animal experiments were performed with the approval of The University of Texas
Southwestern Committee on Animal Care.



Competitive reconstitution analysis
CD45.2 donor bone marrow cells (3×105 unless otherwise

indicated) were mixed with an equal number of freshly isolated
CD45.1 competitor BM cells, and the mixture was injected intra-
venously via the retro-orbital route into 6- to 9-week-old
CD45.1 mice that had been previously irradiated with a total
dose of 10 Gy, essentially as we described.18-20 BM cells (1x106)
collected from primary recipients were used for the secondary
transplantation. In order to measure reconstitution of transplant-
ed mice, peripheral blood was collected at the indicated times
after transplantation and the presence of CD45.1+ and CD45.2+

cells in lymphoid and myeloid compartments was measured.

5-fluorouracil treatment
5-FU was administered intraperitoneally to female wild-type

(WT) or CAR conditional knockout (cKO) mice at a dose of 150,
250, or 300 mg/kg. In order to test Notch signaling, DAPT
(Selleckchem, cat. #S2215) was injected at 10 mg/kg. Differences
in survival of the two groups were analyzed using a log-rank
test.

Retrovirus infection
LNX1 and LNX2 were cloned from cDNA of mouse intestine.

The dominant negative forms (DN-LNX1 and DN-LNX2) were
sub cloned 21 and retroviral plasmids MSCV-DN-LNX1-IRES-
GFP and MSCV-DN-LNX2-IRES-GFP were constructed using
standard methods. The retroviral plasmids with PCL-ECO (2:1)
were transfected using PolyJet (SignaGen) into 293 T cells. The
resulting retroviral supernatant was collected 48-72 hours later
and used for infection. At 6 days after 5-FU injection, the Lin-

cells from the BM of CAR cKO mice were isolated, and the Lin-

cells were resuspended in viral supernatants (1×105 cells/mL)
with 4 mg/mL polybrene and centrifuged at 2,000 rpm for 2
hours before culturing for 24 hours in StemSpan (StemCell
Technologies) in the presence of 10 ng/mL stem cell factor, 20
ng/mL thrombopoietin, and 10 ng/mL interleukin 3. Cells were
then resuspended in viral supernatant for another round of infec-
tion. After 24 hours, green fluorescent protein positive (GFP+)
cells were isolated for repopulation assay.

Statistics 
Statistical significance of differences was assessed using 2-

tailed Student’s t-test. Animal survival analysis was assessed
with long-rank test. A P-value of 0.05 or less was considered sig-
nificant. Values are reported as mean ±  standard error of the
mean.

Results

CAR expression is elevated in stressed hematopoietic
stem cells 

We compared CAR mRNA levels in HSC, hematopoi-
etic progenitors, and differentiated hematopoietic cells
before and after stress. As reported previously,22 CAR is
expressed in differentiated cells and not stem cells or
hematopoietic progenitors with the exception of granu-
locyte-monocyte progenitor (GMP) cells (Figure 1A).
Shortly after treatment of mice with 5-FU or after BM
transplantation, CAR expression was greatly enhanced in
phenotypical LT-HSC (identified as Lin-Sca1+cKit+CD135-

CD34- or LSKFC) compared to untreated mice (Figure
1B). CAR expression returned to the original low level at
the later time point (Figure 1B). However, ST-HSC, mul-
tipotent hematopoietic progenitors (MPP) and

hematopoietic progenitors did not increase CAR expres-
sion after 5-FU treatment (Online Supplementary Figure 1).
In order to prove CAR is expressed on plasma membrane
of HSC, we stained BM cells from 5-FU treated mice
with anti-mCAR. Real-time qantitative polymerase
chain reaction (RT-qPCR) and CAR cKO BM cells both
prove the specific binding of the anti-mCAR (Online
Supplementary Figure 2; Figure 1B). The surface CAR
expression was detected in LSK population after 5-FU
treatment (Figure 1C). Competitive repopulation assay
with sorted CAR negative and positive expressed LSKFC
cells from 5-FU treated mice indicates that both subpop-
ulations had similar repopulation abilities (Figure 1D and
E; Online Supplementary Figure 3). These results imply that
CAR plays a role in HSC during regeneration induced by
stress.

CAR supports hematopoietic regeneration after injury
CAR deletion in mice is embryonically lethal.23 In order

to study the function of CAR, CARloxp/loxp mice were cross-
bred with UBC-CreERT2 mice. In the resulting mice,
global knockout (KO) of CAR can be induced with tamox-
ifen treatment; these mice are thereafter referred to as
CAR conditional KO (cKO) mice. The hematopoietic sys-
tem is damaged by treatment with the chemotherapy
drug 5-FU.24 CAR cKO mice were more sensitive to 5-FU
treatment and died faster. After administration of 300
mg/kg 5-FU, 60% of CAR cKO mice died within 2 weeks,
whereas all WT mice (which were UBC-
CreERT2/CARwt/wt mice with tamoxifen treatment) sur-
vived (Figure 2A). This indicates that CAR is important in
the response to injury of the hematopoietic system. In
order to compare kinetics of hematopoietic system recov-
ery in WT and cKO mice, we treated mice with 250
mg/kg 5-FU, a dose that does not cause death of the WT
mice. The complete blood count (CBC) data indicated
CAR cKO mice had a slower recovery, although there
was not a significant difference in hematopoietic cell
counts between WT and CAR cKO mice before 5-FU
treatment. On day 8 after 5-FU treatment, total white
blood cell (WBC) and individual lineage cell numbers
(including neutrophils, monocytes, eosinophils,
basophils, and lymphocytes) had decreased relative to
pretreatment levels. Numbers rebounded more rapidly in
WT mice than in the CAR cKO mice. On day 14 post 5-
FU treatment there were an average of 12.8x103 ±1.5
WBC per µL in WT mice and only 6.2x103±0.4 WBC per
µl in cKO mice (Figure 2B). On day 17 post treatment, the
CAR cKO mice and WT mice had equivalent WBC counts
of about 12x103 per µL. A significant difference in neu-
trophil numbers between WT and CAR cKO mice was
detected on day 12 (Figure 2B). Red blood cell (RBC) num-
bers decreased more slowly than WBC counts and the
lowest cell counts were detected on day 14 in both WT
and CAR cKO mice. Although there were no significant
differences detected before day 14, the WT mice had sig-
nificant more RBC than cKO mice in peripheral blood
between day 14 and 17 (Figure 2B). Specifically, Mac1+

cells and B220+ cells had significantly faster recovery in
WT mice than in CAR cKO mice after 5-FU treatment
(Online Supplementary Figure 4). These results indicate that
CAR cKO mice produce hematopoietic blood cells more
slowly after 5-FU treatment, which explains why mice
lacking CAR die after a dose of 5-FU that is sub-lethal
dose to WT mice. 

CAR promotes hematopoietic regeneration
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CAR stimulates progenitor production during 
regeneration

The Lin-Sca1+cKit+ (LSK) population of hematopoietic
cells is primarily responsible for production of progeni-
tors during regeneration.25 We compared the production
of hematopoietic progenitors by WT and CAR cKO mice
after dosing with 150 mg/kg 5-FU and after BM transplan-
tation (Figure 3A). The CAR cKO mice produced progen-
itors more slowly during recovery. Before 5-FU adminis-
tration there were no differences in pre-B or myeloid
colony forming units (CFU) in WT and CAR cKO mice.
Four days after 5-FU injection, there were significantly
more pre-B CFU and myeloid CFU but fewer granulocyte,
erythrocyte, monocyte, megakaryocyte (GEMM) CFU in
WT mice than in CAR cKO mice, suggesting a slower
hematopoietic differentiation in CAR cKO mice upon 5-
FU-induced injury. When the mice recovered from injury
at 7 days after 5-FU injection, the CAR cKO mice had the
same number of myeloid CFU and the difference in pre-
B cell CFU between WT and CAR cKO mice was smaller
than on day 4 (Figure 3A). We also injected WT or CAR

cKO BM cells into lethally irradiated recipient mice and
conducted CFU assays for the BM cells. WT donor cells
produced more pre-B and myeloid CFU than CAR cKO
donor cells on days 9 and 11 post transplantation (Figure
3B). The difference disappeared at 2 months after trans-
plantation, suggesting CAR cKO only took effect during
regeneration. These results indicate that CAR stimulates
production of differentiated progenitors.

CAR stimulates entry of “long-term”-hematopoietic
stem cells into cell cycle

Although CAR promotes progenitor production during
regeneration, it did not affect frequency of progenitors or
stem cells during homeostasis (Online Supplementary
Figure 5). During regeneration, HSC enter the cell cycle
and expand.2 During expansion, HSC may self-renew or
differentiate. In order to investigate whether CAR regu-
lates the function of LT-HSC, ST-HSC, and MPP upon
transplantation stress, we collected WT and cKO LT-HSC
(LSKFC) and ST-HSC plus MPP (Lin-Sca1+cKit+CD34+) for
competitive repopulation assays. From day 17 after trans-
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Figure 1. CAR is expressed in differentiated hematopoietic cells, and its expression increases in hematopoietic stem cells during regeneration. (A) CAR expression
(determined by real-time qantitative polymerase chain reaction [RT-qPCR] ) in hematopoietic cells, hematopoietic stem cells (HSC), and progenitors including Lin-, LK
(Lin-cKit+Sca1-), LSK (Lin-cKit+Sca1+), LSKFC (Lin-Sca1+cKit+CD135-CD34-), CMP (LKCD34+FcrR-), MEP (LKCD34-FcrR-), granulocyte-monocyte progenitor (GMP)
(LKCD34+FcrR+), and CLP (Lin-cKitlowSca1lowCD135+CD127+). (B) Right panel, CAR expression (determined by RT-qPCR) in LT-HSC (selected as LSKFC) at day 1.5 and
day 7 after 5-fluorouracil (5-FU) treatment (5-FU-1.5d and 5-FU-7d, respectively) and at 9 and 24 days post bone marrow (BM) transplantation (BMT-9d and BMT-
24d, respectively); Left panel, BM cells from wild-type (WT) and CAR conditional knockout (cKO) for analysis CAR expression on LSKFC. (C) CAR surface expression
on LK, LSK and Lin-cKit- population after 5-FU treatment. (D) Flow chart of repopulation experiment for LSKFC CAR- or CAR+. (E) Repopulation results of LSKFC CAR-

or CAR+ (n=7-9). One and half days after treated with 5-FU, BM cells from mice were isolated for flow cytometry analysis (panel B (left) and C) or for isolating LSKFC
cells (D and E). The mRNA levels were calculated based on non-treated LSKFC, and experiments were repeated three times. **P<0.001.
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Figure 2. CAR enhances recovery from 5-fluorouacil treat-
ment. (A) Survival curves of wild-type (WT) (n=6) and CAR
conditional knockout (cKO) (n=10) mice treated with 300
mg/kg 5-fluorouracil (5-FU). The mice administered with
tamoxifen 1 month before 5-FU treatment. (B) One month
after tamoxifen treatment, WT（n=6）and CAR cKO (n=8)
mice were treated with 250 mg/kg 5-FU, and the complete
blood counts at the indicated days were evaluated. *P<0.05,
**P<0.001.
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plantation, the repopulation percentage of WT LT-HSC
donors gradually increased to above 35%, whereas the
percentage decreased to below 2% for WT ST-HSC plus
MPP (Figure 4A). This indicated that LT-HSC play the
major role in regeneration and that ST-HSC and MPP are
quickly exhausted. 

When WT and CAR cKO donors were compared, WT
LT-HSC repopulated about twice as efficiently as CAR
cKO cells in the first 6 weeks (Figure 4A). There was only
a small difference for ST-HSC plus MPP between WT and
CAR cKO cells on days 21 and 23 in Mac1+ population. In
the B220+ population there were significant differences in
LT-HSC, but not in ST-HSC plus MPP, between WT and
CAR cKO donors (Figure 4A). This suggests that CAR
cKO impairs the function of LT-HSC but not of ST-HSC
and MPP. At 170 days after transplantation, the repopula-
tion percentages donor LSKFC of WT and CAR cKO LT-
HSC groups did not differ significantly (Figure 4B), indi-
cating that CAR deficiency does not alter LT-HSC activity
during regeneration. These results indicate that CAR
stimulates regeneration mainly by affecting LT-HSC. 

In order to evaluate whether lack of CAR is detrimental
after bone marrow transplantation, we conducted anoth-
er repopulation assay (Figure 4C). Here WT or CAR cKO
BM cells were mixed with an equal number of CD45.1
BM cells and were injected into lethally irradiated recipi-
ent mice. WT donor cells showed greater repopulation
ability in both myeloid and lymphoid cells than CAR
cKO donor cells in first 6 weeks after transplantation.
After 6 weeks, the difference between WT and CAR cKO
repopulation gradually diminished. At 16 weeks after BM
transplantation, the repopulation percentage of the donor

BM cells from CAR cKO mice was not significantly differ-
ent from that in mice that received WT cells (Figure 4C).
In the second transplantation, CAR cKO donor cells had
no defects in long-term repopulation ability (Figure 4C).
This serial transplantation analysis indicates that the self-
renewal of LT-HSC was not affected by CAR. In addition,
CAR did not affect homing ability of HSC (Online
Supplementary Figure 6). The limiting dilution analysis
indicates that CAR cKO did not change the frequency of
HSC in BM (Online Supplementary Table1). This result sug-
gests that CAR enhances the speed of hematopoietic
repopulation after BM transplantation but does not
change HSC activity over the long term. Together, these
results demonstrate that CAR supports hematopoietic
regeneration after stress. Furthermore, the donor BM
cells from Scl-CreERT/CARloxp/loxp mice in which CAR
was specifically cKO in hematopoietic cells also had
defects in initial repopulation after BM transplantation
(Online Supplementary Figure 7), indicating that CAR on
the hematopoietic cells plays a major role in regenera-
tion. In repopulation assay with CAR cKO recipient mice,
CAR cKO in the donor hematopoietic cells still resulted in
defects in repopulation (Online Supplementary Figure 8),
suggesting that CAR in the BM microenvironment is not
essential for the function of CAR in regeneration.

Next, we assessed phenotypical LT-HSC (LSKFC), stem
cells, and multiple progenitors in WT and CAR cKO mice
after 5-FU treatment. None of these populations altered
once the mice recovered from 5-FU injury (Figure 4D). In
order to test whether the functional LT-HSC were affected
by CAR after injury, BM transplantation was conducted
with the donor cells collected from mice 1 month after 5-
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Figure 3. CAR stimulates progenitor production after 5-fluorouacil treatment and bone marrow transplantation. (A) One month after tamoxifen treatment, bone
marrow (BM) cells from wild-type (WT) or CAR conditional knockout (cKO) mice were isolated before and at indicated days after 5-fluorouracil (5-FU) treatment (150
mg/kg) for colony forming units assays. (B) CFU assays of BM cells after transplantation of 1x106 total BM cells into lethally irradiated WT. *P<0.05; 
**P<0.001.
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FU treatment. There was no difference in the long-term
repopulation ability between WT and CAR cKO donors in
this experiment (Figure 4E). Together, our results indicated
that self-renewal of LT-HSC was not affected by CAR nei-
ther during homeostasis nor during regeneration.

In order to further understand how CAR affects LT-HSC,
the population LSKFC cells were identified from mice on
different days after 5-FU treatment and cell cycle states
were analyzed (Figure 5). Before 5-FU injection, there was
no difference between WT and CAR cKO cell cycle status.
At 1.5 days after treatment, there was a significantly lower
frequency of WT LSKFC in the G0 stage, and more WT
LSKFC cells in apoptosis than prior to treatment because 5-
FU kills cycling cells. After 3 days, more WT LSKFC than

CAR cKO cells were in G1 stage and fewer were in G0
stage (Figure 5). These results suggest that CAR is needed
for the transition into the cell cycle. On day 5 post 5-FU
treatment, more than 90% of LSKFC cells were cycling and
there were no differences between WT and CAR cKO pop-
ulations. This implies that CAR is needed immediately
after injury. Compared to CAR cKO mice, LSKFC of WT
mice returned to homeostasis earlier, as more WT than
CAR cKO LSKFC were at the G0 stage on day 6. In addi-
tion, CAR+ LSKFC cells were positive for Ki67 staining and
thus were cycling, whereas most CAR- LSKFC cells were
Ki67 negative right after 5-FU treatment (Online
Supplementary Figure 9). Thus, CAR appears to stimulate
quiescent HSC to enter the cell cycle.

CAR promotes hematopoietic regeneration
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Figure 4. CAR stimulates regeneration by forcing hematopoietic stem cells into the cell cycle but does not affects self-renewal. (A) Competitive repopulation assays
were performed with LT-HSC (LSKFC, LSKCD34-CD135-) or “short-term” HSC (ST-HSC) plus multipotent hematopoietic progenitors (MPP) (LSKCD34+) from wild-type
(WT) or CAR conditional knockout (cKO) donors (1 month after tamoxifen treatment) and CD45.1 WT competitor bone marrow (BM). Percentages of donor peripheral
leukocytes in total peripheral blood (PB), the Mac1+ population, and the B220+ population after BM transplantation are plotted. (B) Percentages of donor LT-HSC
(CD45.2) in total BM LT-HSC (CD45.1 plus CD45.2) 170 days after transplantation. (C) Competitive repopulation assays after initial BM transplantation were per-
formed with a 1:1 ratio of donor (CD45.2) and CD45.1 WT competitor BM. Shown are the percentages of donor peripheral leukocytes (CD45.2) in total PB, the Mac1+

population, and the B220+ population. Data are means ± standard error of the mean, n=7-9 mice. (D) Number of LSK and LSKFC cells in BM before and after treat-
ment with 150 mg/kg 5-FU (n=3-9 mice per group). (E) Donor mice (1 month after tamoxifen treatment) were injected with 150 mg/kg 5-FU, and 1 month later, com-
petitive repopulation assays were performed with a 1:1 ratio of donor and CD45.1 WT competitor BM. Shown are the percentages of donor peripheral leukocytes in
total PB, the Mac1+ population, and the B220+ population. Data are means ± standard error of the mean, n=9-10 mice. *P<0.05; **P<0.001. NS: no significant
difference.
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CAR stimulates Notch signaling
We sought to identify the underlying mechanism by

which CAR mediates hematopoietic regeneration after
stress. CAR binds to LNX, an E3 ligand of Numb,21 sug-
gesting the function of CAR may be related to Numb.
After 5-FU treatment, Numb protein levels in HSC grad-
ually decreased, and the population with no Numb stain-
ing increased from 5.7±0.3% on day 0 to 62.4±1.4% on
day 5 (Figure 6A). On day 7, the Numb-negative popula-
tion decreased to 6.8±1.5% (Figure 6A) as HSC had
returned to homeostasis. Concordantly, the Numb
mRNA levels decreased by more than 16 times on day 5
relative to pre-treatment levels and had returned to pre-
treatment levels on day 7 (Figure 6A). HSC in WT mice
entered the cell cycle earlier than did CAR cKO counter-
parts after 5-FU treatment (Figure 5). At 1.5 days after 5-
FU treatment, there were fewer LSKFC cells that did not
stain for Numb in CAR cKO mice than WT mice (Figure
6B), whereas there were no differences detected before
or 5 days later after 5-FU treatment (Online Supplementary
Figure 10A). The Numb mRNA levels in CAR cKO mice
were similar to those in WT mice at 1.5 days after 5-FU
treatment (Online Supplementary Figure 10B), suggesting
that CAR mediates the degradation of Numb protein but
does not affect Numb mRNA. In addition, there was
fewer Numb protein in CAR+ LSKFC cells than in CAR-

LSKFC cells (Figure 6C). Because Numb specifically
inhibits Notch signaling,26-28 these results suggest that
Notch signaling is involved in CAR-mediated
hematopoietic regeneration.

Notch signaling was previously reported to play an
important role in hematopoietic regeneration.6,29,30 In

order to test how Notch signaling influences the function
of CAR during regeneration, we treated mice with
DAPT, an inhibitor of Notch signaling, with or without
300 mg/kg 5-FU. Whereas 5-FU treatment decreased sur-
vival of CAR cKO mice relative to WT counterparts,
there was no difference in survival between 5-FU-treated
WT and CAR cKO mice when Notch signaling was
blocked by DAPT (Figure 6D). This implies that CAR
stimulates regeneration via Notch signaling. At 1.5 days
after 5-FU treatment, 4.2% of LSKFC cells were Notch1
positive in CAR cKO mice compared to 8.7% in WT
mice, whereas 27.7% and 27% of LSKFC cells in CAR
cKO and WT mice were positive for Notch2, respective-
ly (Figure 6E). This indicate that Notch1, but not Notch2,
is involved in the function of CAR. There were signifi-
cantly lower levels of hes1, hey1, and myc, all Notch1 tar-
get genes, in CAR cKO mice compared to WT mice at 1.5
days after 5-FU treatment; there were no differences in
levels of these mRNA prior to 5-FU treatment (Figure 6F).
In addition, CAR cKO resulted in a defect in T-cell repop-
ulation (Online Supplementary Figure 11), which further
suggests a connection between CAR and Notch1, as
Notch1 affects T-cell development.31 Notch1 target genes
indeed increased right after 5-FU treatment (Online
Supplementary Figure 12). With 5-FU treatment, CAR+
HSC had more surface Notch1 protein than CAR- HSC
(Figure 6G). Overexpression of CAR in LSKFC cells in
vitro also increased Notch1 target gene expression (Online
Supplementary Figure 13). In order to further confirm that
CAR stimulates Notch signaling, we overexpressed the
dominant negative MAML (dnMAML)32-34 in 5-FU treated
Lin- BM cells from UBC-Cre-ERT2/CARloxp/loxp mice

G. Wu and C.C. Zhang
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Figure 5. CAR stimulates hematopoietic stem cells proliferation after 5-fluorouracil treatment. Before and after 5-fluorouracil (5-FU) (150 mg/kg) treatment, cell
cycle states of LSKFC cells were determined. The flow cytometry images are the representative results of bone marrow (BM) samples from wild-type (WT) or CAR
conditional knockout (cKO) mice different times after 5-FU treatment, and the summaries of each time point after 5-FU treatment are on the right of flow cytometry
images. The percentages of cell cycle states in total hematopoietic stem cells (HSC) (LSKFC) are indicated. Every groups include n=4-9 mice. G0: cell in G0 phase;
G1; SG2M: cell in S, G2 and M phase; AP: cells in apoptosis. *P<0.05, **P<0.001.
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Figure 6. CAR enhances regeneration by stimulating Notch signaling. (A) Left panel: representative flow cytometry analyses of Numb negative and positive staining
of LSKFC populations of 5-fluorouracil (5-FU) treated mice. Right top panel: Quantification of Numb negative staining in LSKFC. Right bottom panel: Quantification
of Numb mRNA levels in LSKFC populations of 5-FU treated mice (the mRNA levels were calculated based on the 20-hour group, and experiments were repeated
three times). (B) Top panel: representative flow cytometry analyses of Numb negative and positive staining in LSKFC populations at 36 hours after 5-FU treatment.
Bottom panel: quantification of percentage of Numb negative LSKF cells in wild-type (WT) and CAR conditional knockout (cKO) cells, n=5 mice per group. (C) Numb
and mouse CAR co-staining in LSKFC population of mice at 36 hours after 5-FU treatment. (D) Survival curves of WT and CAR cKO mice after injection with 300
mg/kg 5-FU and Notch signal inhibit DAPT, n=9-12 mice per group. (E) Right panel: representative flow cytometry analyses of membrane Notch1/2 staining in LSKFC
populations at 36 hours after 5-FU treatment. Left top panel: quantification of percentage of Notch1-stained cells in LSKFC populations. Left bottom panel: quan-
tification of percentage of Notoch2-stained cells in LSKFC populations, n=9 mice per group. (F) mRNA levels of CAR Notch target genes hes1, hey1, and myc in LSKFC
populations before (right panel) and 36 hours after 5-FU treatment (left panel). (G) Notch1 and mCAR co-staining in LSKFC population of mice at 36 hours after 5-
FU treatment. (H) Flow chart of experiment used to test whether Notch, LNX1 or LNX2 is involved in CAR function. DN-MAML, DN-LNX1 or DN-LNX2 was expressed
in Lin- BM cells from CAR cKO mice without treatment of tamoxifen (UBC-Cre-ERT2/CARloxp/loxp), and these cells were used in repopulation assays. The recipient mice
were treated with tamoxifen as CAR cKO group and treated with vehicle as WT group. (I and J) Percent repopulation of peripheral blood (PB) (left panels), the Mac1+

population (middle panels), and the B220+ population (right panels) by cells, n=8-10 mice per group. *P<0.05.
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(CAR cKO mice before treatment with tamoxifen) to
specifically inhibit Notch signaling (Figure 6H). In the
competitive repopulation assay, the recipient CD45.1
mice were treated with tamoxifen to induce CAR cKO in
the donor cells, with vehicle treatment as controls. With
overexpressed dnMAML, the donor WT and CAR cKO
BM cells showed the same repopulation abilities, where-
as WT BM cells had a stronger repopulation ability than
CAR cKO BM cells in the control condition (Figure 6I). In
order to test whether enhanced Notch1 signaling rescues
the phenotype of CAR deficiency, CAR cKO mice inject-
ed with 5-FU (300 mg/kg) were treated with valproic
acid, a Notch1 activator.35 These mice survived signifi-
cantly longer than CAR cKO mice without valproic acid
treatment (Online Supplementary Figure 14). In addition,
valproic acid restored the repopulation ability of CAR
cKO HSC (Online Supplementary Figure 15).

LNX contains a PDZ domain that may bind to the PDZ
binding motif in the intracellular domain of CAR.36, 37

There are two forms of LNX: LNX1 and LNX2.36, 37 In
order to test the roles of LNX1 and LNX2 in the function
of CAR, the dominant negative (DN) forms of the LNX
proteins (DN-LNX1 and DN-LNX2) with the ring finger
domains and the NPXY motifs deleted 21 were over
expressed in 5-FU treated Lin- BM cells from UBC-Cre-
ERT2/CARloxp/loxp mice (CAR cKO mice before treatment
with tamoxifen), and a competitive repopulation assay
was performed (Figure 6H). The cells expressing control
DNA had significantly weaker repopulation ability in
CAR cKO mice than in WT mice in both myeloid
(Mac1+) and lymphoid (B220+) populations (Figure 6J).
Repopulation of WT and CAR cKO mice was similar
when donor cells expressed DN-LNX2, while donor cells
expressing DN-LNX1 less effectively repopulated CAR
cKO mice (Figure 6J). At 170 days after transplantation,
repopulation percentages were similar in all groups
(Figure 6J), indicating that lack of CAR had no effect on
the total HSC pool. In order to further explore the rela-
tionship among CAR, LNX2 and Numb, we overex-
pressed CAR, LNX2 or DN-LNX2 in Lin- cells and evalu-
ated the protein levels of Numb in LSK cells with flow
cytometry. Overexpression of CAR or LNX2 decreased
the Numb level in LSK cells, whereas DN-LNX2 elevated
Numb expression (Online Supplementary Figure 16). These
data suggest that LNX2, but not LNX1, is involved in the
function of CAR (Online Supplementary Figure 17).

Discussion 

Substantial efforts have been dedicated toward uncover-
ing the mecha nisms that regulate HSC niche maintenance.7,

8 Recent studies demon strated the essential roles of BM
endothelial cells and osteolineage cells in regulating HSC
regeneration following myelotoxicity38-40 and identified two
BM endothelial cell-derived paracrine factors, PTN and
EGF, and osteolineage cell-derived Dkk1 as regulators of
HSC regeneration in vivo.38,41,42 Here we identified CAR as a
membrane protein on HSC that is rapidly upregulated after
stress, whose transient expression induces quiescent HSC
to enter the cell cycle to counteract the hematopoietic
injury. Without CAR, the process was delayed, and the
mice in which CAR was conditionally deleted were more
sensitive to injury than WT mice. Lack of CAR neither
changed the pool nor altered the self-renewal of HSC.

Mechanistically we showed that elevated CAR upon stress
activates Notch1 signaling by down regulating expression
of Notch antagonist Numb to facilitate entry of quiescent
HSC into the cell cycle. To our knowledge, this is the first
report demonstrating the role of CAR in HSC regeneration. 

The Notch pathway plays an important part in many
developmental processes and appears to regulate many
adult stem cell fate decisions.43, 44 While it was reported that
Notch signaling is dispensable for HSC self-renewal and
maintenance during hematopoiesis,45, 46 Notch1 can pro-
mote the expansion of LT-HSC while preserving self-
renewal ability.47, 48 The expression of the canonical Notch
ligands Jagged-1 and Jagged-2 by endothelial cells support
hematopoietic regeneration.10, 29 Varnum-Finney et al.
showed that Notch2 enhances the rate of formation of
short-term repopulating multi-potential progenitor cells as
well as LT-HSC after 5-FU treatment.6 Our results indicate
that expression of CAR in quiescent LT-HSC increases
Notch1 expression and induces HSC to enter the cell cycle
immediately after injury and has no effect on HSC that
have entered the cell cycle. Of note, this Notch1-mediated
proliferation upon stress does not alter self-renewal of
HSC.

Numb is a membrane-associated, evolutionarily con-
served adaptor protein that regulates cell fate determina-
tion via its ability to antagonize Notch signaling.49, 50 Normal
HSC differentiation and self-renewal occur in the absence
of Numb during homeostasis.51 We observed that Numb
expression decreased after injury and then returned to nor-
mal levels after the injury was repaired (Figure 6A), and
CAR accelerated Numb protein degradation before Numb
mRNA levels decreased （Figure 6B). A low level of Numb
protein might be necessary for functional Notch signaling
during regeneration. Low Numb mRNA levels during regen-
eration may be due to inhibition by Notch signaling.52 LNX
proteins are E3 ligases that act on Numb 53 and that may
bind to the PDZ motif of CAR.36, 37 Here we demonstrated
that CAR expressed on HSC activates Notch signaling via
LNX2, suggesting the PDZ motif of CAR plays a critical
role in hematopoietic regeneration. CAR and CAR can
form trans-interaction with a low affinity,54 and this trans-
interaction may stimulate CAR downstream signaling.
However, in CAR cKO recipient mice, CAR expressed on
donor hematopoietic cells still plays a critical role in regen-
eration in repopulation assay (Online supplementary Figure
8). Analysis of BM cells after 5-FU injection, HSC were
more prone to increase CAR expression compared to other
cells (Figure 1C). These results indicate that CAR expressed
in the BM microenvironment is not important in HSC
regeneration, and an unknown ligand may act on CAR and
on HSC to regulate transition from quiescence to prolifera-
tion during hematopoietic stress. These possibilities war-
rant future investigations.

How HSC detect signals sent upon injury remains
unknown. Low oxygen tension (hypoxia) is thought to be
a characteristic of the quiescent HSC niche,55 and oxygen
levels may change markedly after radiation and chemother-
apy.56 CAR expression is repressed by hypoxia inducible
factor-1a (Hif-1a).57 We therefore propose that the oxygen
increase resulting from hematopoietic injury may suppress
Hif-1a expression, leading to induction of CAR expression.
This transient elevation of CAR levels activates Notch1 sig-
naling by down regulating expression of Notch antagonist
Numb. Notch signaling could promote expansion of HSC
by preventing hematopoietic cell differentiation upon
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stress.10,29,47,48 Our study suggests that the coupling of Notch
with CAR enables a checked cell fate of HSC with
increased cell cycling but not over-differentiation. Overall
the mechanism facilitates the entry of quiescent HSC into
the cell cycle with maintenance of stemness. Our continu-
ous study in this subject may lead to development of novel
strategies for promotion of stem cell regeneration. 
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