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Although the maintenance of HSC quies-
cence and self-renewal are critical for
controlling stem cell pool and transplan-
tation efficiency, the mechanisms by
which they are regulated remain largely
unknown. Understanding the factors con-
trolling these processes may have impor-
tant therapeutic potential for BM failure
and cancers. Here, we show that Skp2, a
component of the Skp2 SCF complex, is
an important regulator for HSC quies-
cence, frequency, and self-renewal capa-

bility. Skp2 deficiency displays a marked
enhancement of HSC populations through
promoting cell cycle entry independently
of its role on apoptosis. Surprisingly,
Skp2 deficiency in HSCs reduces quies-
cence and displays increased HSC cy-
cling and proliferation. Importantly, loss
of Skp2 not only increases HSC popula-
tions and long-term reconstitution ability
but also rescues the defect in long-term
reconstitution ability of HSCs on PTEN
inactivation. Mechanistically, we show

that Skp2 deficiency induces Cyclin D1
gene expression, which contributes to an
increase in HSC cycling. Finally, we dem-
onstrate that Skp2 deficiency enhances
sensitivity of Lin~ Sca-1+ c-kit* cells and
leukemia cells to chemotherapy agents.
Our findings show that Skp2 is a novel
regulator for HSC quiescence and self-
renewal and that targeting Skp2 may have
therapeutic implications for BM transplan-
tation and leukemia stem cell treatment.
(Blood. 2011;118(20):5429-5438)

Introduction

Hematopoiesis is an important process that yields every type of
blood cell for body needs. HSCs, which include long-term HSCs
(LT-HSCs) and short-term HSCs (ST-HSCs), are the primary
sources for hematopoiesis. LT-HSCs not only have self-renewal
capability to maintain HSC pool, but can also differentiate into
multipotent progenitors that can further differentiate into lymphoid
progenitors and myeloid progenitors for subsequent generations of
mature blood cells. In contrast, ST-HSCs only have limited
self-renewal ability, although they also differentiate into multipo-
tent progenitors as well.

The maintenance of the HSC pool and its functions are critical
for preventing BM failure and for ensuring lifetime hematopoiesis.
Although quiescence and self-renewal of HSCs are crucial for
maintaining the HSC pool and function, the mechanisms by which
these processes are regulated remains largely unknown. Recent
studies, however, suggest that cell cycle inhibitors regulate pool
size and function of HSCs and progenitors. For example, loss of
p21 increases HSC populations and cycling.!? In addition, loss of
p27 markedly alters progenitor proliferation and pool size, al-
though it does not affect stem cell number, cell cycling, and
self-renewal capability.> Phosphate and tensin homologue (PTEN)
is also known to be a key regulator for HSC function. PTEN

deficiency promotes HSC proliferation and leads to transient
expansion of HSC number, but gradually exhausts HSC pool and
results in the failure of long-term reconstitution ability of HSCs.*>
Although how exactly PTEN deletion regulates these phenotypes
remains elusive, it is speculated that hyperactivation of mammalian
target of rapamycin (mTOR) complex 1 may be involved.*>

Skp2 (S-phase kinase associated protein-2), a member of F-box
proteins, forms the Skp2 SCF complex with Skpl, Cullin-1, and
Rbx1, and is responsible for substrate recognition.®” The Skp2 SCF
complex has been shown to trigger ubiquitination and degradation
of cell cycle inhibitors such as p27 and p21 and, in turn, trigger cell
cycle progression.®8 Skp2 is overexpressed in a variety of human
cancers and promotes cancer progression by inducing p27 degrada-
tion.”!0 Importantly, Skp2 deficiency profoundly restricts cancer
progression in multiple genetic mouse tumor models.!!"!3 Because
we have recently identified Skp2 as a critical downstream effector
for tumorigenesis on PTEN inactivation,'3 we speculate that Skp2
may also play an important role in the regulation of HSC pool and
function.

In this study, we aim to examine the role of Skp2 in HSC functions.
Our study shows that Skp2 is a crucial regulator for the maintenance of
HSC quiescence, pool size, and self-renewal capability.
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Methods

Mice and cells

Skp2~/~ and PTEN*/~ mice were maintained in 129 and C57/B6 mixed
backgrounds. To obtain the PTEN"/~Skp2~/~ compound mice, Skp2~/~
mice were crossed with PTEN*/~ mice, and the F1 mice were further
intercrossed. All animal experiments were performed according to our
Animal Care and Use Form animal protocol, approved by M. D. Anderson
Cancer Center. The primer sequences for Skp2 and PTEN used in
genotyping were described previously.!4-10

Cell sorting and flow cytometric analysis

BM cells from 8- to 12-week-old mice were collected, and total cell
numbers were counted and normalized by body sizes of mice (average body
sizes of Skp2 knockout mice were ~ 30% of WT mice!”). The BM cells
were then stained with antibodies against various cell surface markers and
sorted by flow cytometry to obtain LT-HSCs and Lin~ Sca-1* c-kit* (LSK)
cells. The antibodies for surface markers included biotin-conjugated
antibodies against 7 lineage markers (CD3, CDS5, CDS8, CD11b, Gr-1, B220,
and Ter119; BD Bioscience), Sca-1 (PE-Cy5.5 conjugated; BD Bioscience),
c-Kit (APC conjugated; BD Bioscience), CD34 (FITC conjugated; BD
Bioscience), and FIk-2 (PE conjugated; BD Bioscience).!® We also labeled
the HSC populations with another set of surface markers, Lin, Sca-1, c-Kit
combined with CD150 (PE conjugated; BD Bioscience) and CD48 (FITC
conjugated; BD Bioscience) instead of CD34 and Flk-2.! We performed
most experiments with the first set of surface markers unless otherwise
indicated. Total BM cells or sorted HSCs were cultured in HSC medium
containing 10% BSA in ex vivo medium supplied as well as IL-3
(PeproTech) and SCF (PeproTech). Granulocyte/macrophage progenitors
(GMPs; Lin~Sca-1"¢-Kit"CD34"CD16/CD32") were isolated as de-
scribed.!? In brief, we labeled the freshly isolated BM cells with Lineage,
Sca-1, ¢-Kit, CD34, and CD16/CD32 (PE conjugated) antibodies to obtain
a subset population of GMPs from LSK cells. The flow profile of GMPs is
shown in supplemental Figure 2, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article.

Cell cycle analysis

Cell cycle analysis was performed as described.!” In brief, sorted LT-HSCs
were cultured for 1 week, washed once with PBS, and fixed in 70% ethanol
at 4°C for 24 hours. Cells were then stained with 1 mL of propidium iodide
(50 pg/mL; Sigma-Aldrich) and 100 wL RNase (1.0 mg/mL; Roche). After
incubation at 37°C for 30 minutes in the dark, cell cycle profile was
analyzed by flow cytometric assay. To dissect the G; and G, phases, BM
cells were mixed with Hoechst 33342 (Sigma-Aldrich; 2 pg per million
cells) at 37°C for 45 minutes and incubated with Pyronin Y (Sigma-
Aldrich) to the final concentration of 1 pg/mL for another 45 minutes at
37°C in the dark. These stained cells were then incubated with antibodies
against various surface markers (Lineage, Sca-1, c-Kit, CD34, and Flk-2)
before flow cytometric analysis. We set up the gating according to LSK
cells and then applied to LT-HSCs.

In vivo BrdU incorporation assay

The in vivo BrdU incorporation assay was essentially described.!” In brief,
WT and Skp2~/~ mice were intraperitoneally injected with BrdU (1 mg per
6 g of body weight). Twenty-four hours after the injection, we collected BM
and spleen cells from mice, stained them according to the instruction of the
BrdU staining kit (BD PharMingen), and then analyzed BrdU-positive
Flk-2 negative LSK cell frequency by flow cytometry.

Colony-forming assay

BM cells (20 000 cells) were seeded in 24-well plate in triplicates and
cultured in HSC medium supplemented with methylcellulose for ~ 5-7 days
according to the manufacturer’s instructions (R&D Systems). The colony
number was counted with a conventional light microscope.
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Long-term culture-initiating cell assay

Feeder cells were prepared from freshly isolated BM cells and cultured in
M5300 with 107°M hydrocortisone (StemCell Technologies) and then
irradiated with 15 Gy when cells reached 90% confluence. BM cells
(15 000, 30 000, and 70 000) isolated from WT and Skp2~/~ mice were
seeded in 96-well plates. After 4 weeks of culture, all cells in each well were
transferred into a 35-mm culture dish supplemented with methylcellulose
containing culture medium M3434 (StemCell Technologies). After 1-2 weeks
of culture, colonies were counted.

Serial transplantation assay and competitive repopulation
assay

Serial transplantation was performed as described. In brief, BM cells
(2 million) from donor female WT and Skp2~/~ mice at the age of
8-12 weeks were injected into lethally irradiated recipient mice through the
tail vein. The recipient mice, bought from The Jackson Laboratory, were
also 129 and C57/B6 mix background like the donor mice. Three weeks
after transplantation, a complete blood cell (CBC) count test was performed
in the M. D. Anderson core facility. For the second round of transplantation,
BM cells from the recipient mice were isolated 6 weeks after the first round
of transplantation and injected into the recipient mice. CBC count test was
performed 3 weeks after transplantation. The same procedures were applied
to the third, fourth, and fifth round of the transplantation. To confirm that the
reconstitution of hematopoiesis was from donor male mice, we analyzed the
Y chromosome of genomic DNA from BM cells of female recipient mice
with the use of the PCR method. The primer sequences for the mouse
Y chromosome were forward, 5'-TCATGAGACTGCCAACCACAG-3’,
and reverse, 5'-CATGACCACCACCACCACCACCAA-3'. For competi-
tive repopulation assay, 2 groups of BM cells (first group, WT' donor BM
cells mixed with WT' competitor BM cells at 1:1 ratio; the second group,
Skp2~/~ donor BM cells were mixed with WT competitor BM cells at 1:1
ratio) were injected into lethally irradiated recipients. The mice survival
was monitored after injection.

Viral infection

For lentiviral short hairpin RNA (shRNA) infection, 293T cells were
cotransfected with shRNA (to knockdown Skp2 and Cyclin DI) and
packing plasmids p-Helper and p-Envelope, following calcium-phosphate
transfection methods. Skp2 lentiviral sShRNA sequences were listed in the
literature.?0 Cyclin D1 lentiviral shRNA sequences were (1) 5'-
CTTTCTTTCCAGAGTCATCAA-3" and (2) 5'-CCACGATTTCATCGAA-
CACTT-3". Forty-eight hours after transfection, target cells were infected
with virus particles. Infected mouse embryonic fibroblasts (MEFs) and
K562 and KBMS cells were selected by 2 wg/mL puromycin, and cell
lysates were collected for Western blot analysis to confirm the knockdown
efficiency. Virus particles expressing Cyclin D1 shRNAs were used to
infect BM cells from Skp2~/~ mice for 2 days, and these cells were
subjected to G;/Gy cell cycle analysis. Cyclin D1 knockdown efficiency
was shown in MEF cells.

Western blot analysis

LSK cells were harvested and lysed with RIPA buffer (1 X PBS, 1%
Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS, and protease inhibitor
cocktail; Roche) after culturing for 1 week. Immunoblotting was performed
with standard protocols as previously described.?! Antibodies used for
Western blot analysis included anti-p21 (Santa Cruz Biotechnology),
anti-p27 (BD Biosciences), anti-Cylin D1 (Santa Cruz Biotechnology),
anti-Skp2 (Invitrogen), and anti—(3-actin (Sigma-Aldrich).

Real-time quantitative PCR

Total RNA was extracted from LT-HSCs right after sorting with the use of
the mirVana miRNA Isolation Kit (Ambion). cDNA was subsequently
prepared with SuperScript II reverse transcriptase (Invitrogen) according to
the manufacturer’s instruction. Real-time quantitative PCR was performed
with the use of the Applied Biosystems 7300/7500 Real Time PCR System

20 dunr 0 uo 3senb Aq Jpd 6275001 | 9¥08UZ/LG8SYE L/6ZYS/0Z/8 L/Pd-ajole/poo|qAau suoledligndyse//:djy woly papeojumoq



BLOOD, 17 NOVEMBER 2011 - VOLUME 118, NUMBER 20

Skp2 REGULATES HSC AND QUIESCENCE 5431

Figure 1. Skp2 regulates stem cell pool size. A B C
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(Applied Biosystems) with SYBR PCR master mix (Applied Biosystems).
Transcription of Skp2, N-cadherin, B-catenin, Cyclin D1, Cyclin D2, and Results

Cyclin E1 was assessed with the primers listed in supplemental Table 1.
GAPDH was used as internal control.

Chemotherapeutic treatment and apoptosis assay

LSK cells isolated from WT and Skp2~/~ mice were cultured for 3-5 days,
treated with cyclophosphamide (CPA; 500 pg/mL; MP Biomedicals),
S-fluorouracil (5-FU; 25 pwg/mL; Sigma-Aldrich), or doxorubicin (DOX;
1 pg/mL; Sigma) for 12 hours, and stained with annexin V-FITC (BD
Bioscience) for flow cytometric analysis. We also examined the apoptosis
rate of freshly sorted LSK cells from BM cells of WT and Skp2~/~ mice
treated with the chemotherapy agents CPA, 5-FU, and DOX. K562 and
KBMS cells were treated with CPA (3000 pg/mL) or 5-FU (300 pg/mL) for
12 hours, stained with annexin V-FITC (BD Bioscience), and subjected to
flow cytometric analysis for the apoptosis assay. For in vivo 5-FU
treatment, mice were intraperitoneally injected with 5-FU (5 mg per 20 g of
body weight) once per day for 3 days, and BM cells collected on the fifth
day were stained with surfaced markers and annexin V, followed by flow
cytometric analysis to assess the apoptosis rate of LSK cells.

Statistical analysis

Values were shown as mean = SD. The statistical analysis was performed
with unpaired Student ¢ test. For survival evaluation, Kaplan-Meier plot
analysis of cumulative survival in a log-rank test was performed. P < .05 was
considered statistically significant.

Loss of Skp2increases stem cell pool size by triggering cell
cycle entry

To determine the role of Skp2 in HSC functions, we at first
examined whether Skp2 is expressed in HSCs. To this end, we
collected BM cells from WT and Skp2~/~ mice stained with
multiple cell surface markers as shown in “Methods” and sorted
LT-HSCs (Lin~Sca-1*c-Kit"Flk-2"CD34~) by FACS. We per-
formed real-time PCR to determine the transcription level of Skp2
in LT-HSCs from WT mice compared with that of 3-catenin known
to express in HSCs?? and found that Skp2 was indeed expressed in
LT-HSCs comparable to B-catenin (Figure 1A), but not in Skp2~/~
LT-HSCs (Figure 1B). However, we found that the N-Cadherin
transcription level was low in WT LT-HSC cells (Figure 1A),
consistent with previous reports.?32>

Having shown that Skp2 was expressed in LT-HSCs, we next
determined whether Skp2 regulates HSC pools. The total numbers
of BM cells from Skp2~/~ mice were comparable to those from WT
mice after normalization of mouse body size (Figure 1C). We then
isolated LSK cells, which include LT-HSCs, ST-HSCs, and early
progenitors, with the of Lin, Sca-1, and c-Kit surface markers.
Surprisingly, the LSK cell frequency in Skp2~/~ mice was significantly
higher than in WT mice (Figure 1D), indicating that the numbers of LSK
cells in Skp2~/~ mice are higher than those in W7 mice. The frequency
of Flk-2= LSK cells (Lin~Sca-1*¢c-Kit"Flk-27) was also higher in
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Figure 2. Loss of Skp2 triggers the HSCs entering
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Skp2~/~ mice than in WT mice (Figure 1E). To further confirm this
phenomenon, we labeled BM cells with another set of surface markers,
including Lin, Sca-1, c-Kit, CD150, and CD48, and found that the HSC
population (Lin~Sca-1*¢c-Kit"CD1507CD48~) was increased in
Skp2~/~ mice (supplemental Figure 1A-B). We also examined the
frequency of GMPs (Lin~Sca-1"c-Kit"CD347CD16/CD32") labeled
with surface markers and found that the GMP population was higher in
Skp2~/~ mice than in WT mice (Figure 1F; supplemental Figure 2).
These results suggest that Skp2 is a key factor that negatively regulates
HSC pools and GMP populations. However, loss of Skp2 does not affect
steady-state hematopoiesis, because the numbers of mature blood cell
lineages, such as white blood cell (WBC), red blood cell (RBC), platelet,
neutrophil, and lymphocyte, were comparable between WT and Skp2~~
mice (Figure 1G).

To understand the mechanism by which Skp2 regulates the HSC
pool, we determined whether the rate of apoptosis is altered in
Skp2~/~ FIk-2"LSK cells because Skp2 was previously shown to
regulate apoptosis in MEFs and cancer cells.!”? We found that
there was no significant change in the apoptotic rate between WT
and Skp2~/~ Flk-27LSK cells with the use of anexin V staining and
flow cytometric analysis (Figure 2A; supplemental Figure 3).

Because Skp2 is known to promote cell cycle entry and cell
proliferation by targeting p27 degradation in primary MEFs and
cancer cells,'7? we sought to determine whether Skp2 deficiency
affects cell cycle progression and in turn regulates the LSK pool.
Unexpectedly, Skp2-deficient LT-HSCs displayed a reduction in
G1/Gy phase (66.87% = 5.38% vs 76.4% * 6.3%; P < .05) but a
significant increase in G/M phase (12.33% * 3.17% vs
6.8% * 1.9%; P < .005) compared with WT (Figure 2B; supple-
mental Figure 4), indicating that Skp2 deficiency promotes
LT-HSC cycling and proliferation, which may in turn increase
HSC pools.

LT-HSCs mainly stay in quiescence through their interaction
with the BM osteoblast niche. The observation that Skp2 deficiency
promotes HSC cycling and proliferation led us to postulate that
Skp2 may play a critical role in maintaining HSCs in the quiescent
stage. Consistent with this notion, we found that Skp2 deficiency
significantly reduced LT-HSCs in the Gy phase but not in the G,
phase, compared with WT LT-HSCs (58.17% = 5.66% vs
77.37% % 9.90%; P < .05; Figure 2C-D), suggesting that Skp2
maintains HSCs in the quiescent stage, in turn preventing them to
enter the cycling phase.
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Figure 3. Skp2 deficiency enhances the colony-
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To further corroborate this notion, we performed in vivo BrdU
incorporation assay in mice. Consistently, we found that Skp2-
deficient Flk-27LSK cells displayed a much higher BrdU incorpo-
ration rate than WT Flk-27LSK cells (in BM: 1.389% = 0.742% vs
0.578% = 0.199%; P < .01; in spleen: 5.722% *= 1.34% vs
3.122% = 2.553%; P < .05; Figure 2E). Similarly, the BrdU
incorporation rate in Skp2-deficient LSK cells was also higher than
that in WT LSK cells (supplemental Figure 5). Taken together,
these results suggest that Skp2 is an essential factor in maintaining
LT-HSCs in the quiescent stage because its deficiency leads to
LT-HSC cycling and proliferation, in turn expanding the stem cell
pool.

Skp2 deficiency enhances proliferation and long-term
reconstitution ability of HSCs

To study the role of Skp2 in HSC functions, we next examined
whether Skp2 affects the colony-forming ability of HSCs, and
thereby regulating the proliferation and self-renewal ability of
HSCs. Consistent with the observation that Skp2 deficiency
promotes cell cycle entry and proliferation of LT-HSCs, Skp2
deficiency significantly enhanced the colony-forming ability of BM
cells (Figure 3A; P <.05). In line with this observation, the
long-term culture-initiating cell assay showed that Skp2 deficiency
also increased the colony-forming ability of HSCs (Figure 3B).

Furthermore, we determined whether Skp2 also regulates the in
vivo self-renewal and reconstitution ability of BM stem cells. To
this end, we performed serial BM transplantation assay to examine
whether there is a difference in the long-term reconstitution ability
between WT and Skp2~/~ BM cells (supplemental Figure 6).
Although there was no significant difference of reconstitution
ability in the first, second, and third rounds of transplantation (data
not shown), we found that Skp2 deficiency profoundly enhanced
the reconstitution ability of HSCs in the fourth and fifth rounds
(Figure 3C; data not shown). The log-rank value of 0.024 was
obtained with the Kaplan-Meier plot analysis of the fifth round
transplantation (Figure 3C). Consistently, the competition assay
with a 1:1 ratio showed that Skp2-deficient BM cells reconstituted
better in lethally irradiated mice than W7 BM cells (supplemental
Figure 7). These results therefore suggest that Skp2 deficiency
enhances the long-term reconstitution and self-renewal ability of
BM stem cells.

When isolating WT and Skp2~/~ HSCs from recipient WT mice
6 weeks after the first round of BM transplantation, Skp2 deficiency
also increased LSK cell frequency while reducing LT-HSC quies-
cence (Figure 3D-E). This is consistent with our results (Figures
1D, 2C-D) that Skp2~/~ mice displayed an elevation of the LSK
pool and a reduction of LT-HSC quiescence. This suggests that
Skp2 regulates stem cell pool and quiescence in a cell autonomous
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Figure 4. Skp2 deficiency rescues the BM defect in
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manner. We also showed that the colony-forming ability of BM
cells from Skp2~/~ donor was greater than those from WT
transplantation (Figure 3F).

Loss of Skp2rescues the failure of BM repopulation caused by
PTEN deficiency

Earlier studies have shown that, although PTEN deletion promotes
the early expansion of HSC pools, these HSCs exhaust quickly and
thus are unable to stably reconstitute in lethally irradiated mice.*>
We have recently demonstrated that Skp2 is a critical downstream
effector for tumorigenesis on PTEN inactivation and that Skp2
deficiency markedly restricts cancer development on PTEN inacti-
vation.!® We next determined whether Skp2 is responsible for the
functional defects of HSCs on PTEN inactivation. To this end, we
generated WT, PTEN"/~, and PTEN"/~Skp2~/~ cohort mice by
crossing Skp2~/~ with PTEN"/~ mice and isolated BM cells from
these mice for serial BM transplantation (Figure 4A). As expected,
PTEN inactivation reduced BM long-term reconstitution ability
and mice survival compared with their WT' counterparts (Figure
4B-E), which is consistent with previous reports.*> Notably, Skp2
deficiency completely rescued the defect in the BM reconstitution
ability and mice survival on PTEN inactivation (Figure 4B-E). It

should also be noted that Skp2 deficiency alone enhanced long-
term reconstitution ability of HSCs compared with their WT
counterparts (Figure 4C-E). The log-rank value of 0.018 was
obtained with the Kaplan-Meier plot analysis of the fourth round
transplantation among 4 different groups (Figure 4B). Our results
therefore suggest that Skp2 is a crucial downstream effector
responsible for HSC exhaustion on PTEN inactivation.

Cyclin D1 transcription and protein level are elevated in
Skp2-deficient HSCs

Having shown that Skp2 plays an important role in HSC quies-
cence, pool size, and self-renewal, we next determined the molecu-
lar mechanism through which Skp2 regulates these processes.
Because Skp2 is an E3 ligase component of the Skp2 SCF complex,
which promotes cell cycle progression and tumorigenesis by
targeting p27 and p21 for ubiquitination and degradation, we
investigated the potential role of Skp2 in the regulation of p21 and
p27 degradation in HSCs. Unexpectedly, there was no change in
p21 and p27 protein expression in WT and Skp2~~ cultured LSK
cells (Figure 5A), suggesting that p21 and p27 degradation is not
involved in Skp2-mediated HSC functions. To confirm this result,
we obtained freshly sorted LSK cells from 3 mice for Western blot
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Figure 5. Skp2 deficiency leads to elevated Cyclin D1 transcrip-
tion and expression, in turn contributing to an increase in HSC A
cycling. (A) Western blot analysis of p27 and p21 protein expressions

in cultured LSK cells from WT and Skp2-/~ mice. (B) Real-time PCR —
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analysis and found that p27 protein levels were comparable
between WT and Skp2-deficient LSK cells (supplemental Figure 8).
However, because of the limitation of cell number, we did not
detect p21 protein signal in either WT or Skp2-deficient LSK cells
(supplemental Figure 8).

Cyclin family proteins, such as Cyclin D and Cyclin E, form
complexes with CDK4 and CDK6 to regulate cell cycle entry.
Because Skp?2 is critical for HSC quiescence and self-renewal, it is
highly possible that Skp2 may regulate the expression of these
genes in HSCs. To test this hypothesis, we performed real-time
PCR to determine the transcription levels of these genes in WT and
Skp2-deficient HSCs. Notably, we found that the transcriptional
level of Cyclin DI, but not Cyclin D2 and Cycle E2, was
significantly increased in Skp2-deficient LT-HSCs compared with
WT LT-HSCs (Figure 5B). Likewise, Cyclin D1 protein expression
was also markedly up-regulated in Skp2~/~ LSK cells (Figure 5C).

We next tested whether Cyclin D1 up-regulation is responsible
for the reduction in quiescence of HSCs on Skp2 loss. We used
lentiviral ShRNA to knockdown Cyclin D1 in MEF cells and found
that 2 shRNAs efficiently knocked down Cyclin D1 expression
(supplemental Figure 9). We then knocked down Cyclin D1
expression in BM cells isolated from Skp2~/~ mice, and G, and G,
distribution of Skp2-deficient LSK cells was examined. Strikingly,
Cyclin D1 knockdown remarkably enhanced the G, population of
Skp2=/~ LSK cells, whereas the G; population was reduced
significantly (P < .01 and P < .001; Figure 5D), indicating that
up-regulated Cyclin D1 contributes to the enhancement of HSC
cycling on Skp2 deficiency. Collectively, our results suggest that
up-regulated Cyclin D1 expression may provide a molecular
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explanation as to why Skp2 deficiency promotes HSC cycling,
proliferation, and long-term reconstitution ability.

Loss of Skp2 sensitizes LSK and leukemia cells to
chemotherapy agents

Cancer stem cells (CSCs, also known as cancer initiation cells)
recently have emerged as important players in cancer initiation,
progression, and relapse after therapy.2%?’ CSCs display character-
istics similar to those of normal stem cells, including the ability for
self-renewal and to differentiate. Because CSCs normally stay in
the quiescent stage and are resistant to current cancer therapy,?
finding ways to prompt quiescent CSCs to reenter cycling stages
will sensitize CSCs to current chemotherapy agents. Because we
have shown that Skp2 plays a critical role in maintaining HSCs in
the quiescent stage and its deficiency promotes HSC cycling, we
reasoned that Skp2 deficiency may sensitize LSK cells and CSCs to
common chemotherapy agents. In support of this notion, we found
that Skp2 deficiency significantly promoted apoptosis of cultured
LSK cells on the treatment of chemotherapy agents, such as CPA,
5-FU, and DOX (Figure 6A). Consistent with the result from
cultured LSK cells, the freshly sorted LSK cells from Skp2 =/~ mice
displayed higher sensitivity to these chemotherapy agents com-
pared with those from WT mice (P < .001; Figure 6B). Moreover,
in vivo apoptosis assay by injecting 5-FU to mice showed that
Skp2-deficient LSK cells exhibited a higher apoptosis rate than
those from WT mice (61.34% = 5.89% vs 45.09% = 2.75%;
P < .001; Figure 6C).
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Figure 6. Loss of Skp2 sensitizes the cells to
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We next determined whether Skp2 deficiency also sensitizes
leukemia cells to chemotherapy agents. To this end, we knocked
down Skp2 in K562 leukemia cells, which overexpress the
BCR-ABL oncogene, and assessed the apoptotic rates of these cells
on the treatment of the chemotherapy agents. Notably, we found
that Skp2 knockdown profoundly enhanced apoptosis in K562 cells
on the treatment of CPA and 5-FU (Figure 6D-E). Similar results
were also obtained in KBMS5 leukemia cell line with BCR-ABL
overexpression (supplemental Figure 10). These results confirm
that Skp2 targeting may sensitize LSK and leukemia cells to
chemotherapy reagents.

Discussion

The maintenance of HSC quiescence regulates HSC pool and
self-renewal capabilities. How HSCs quiescence is regulated
remains largely unclear. In this study we provide convincing
evidence that Skp2 is a novel and critical regulator for HSC
quiescence and self-renewal ability. Mechanistically, we found

that, although Skp2 does not regulate p21 and p27 expressions, it
regulates Cyclin D1 expression, in turn promoting cell cycle entry
and proliferation.

Skp2, an important component of the Skp2 SCF complex, is
shown to promote cell cycle entry by targeting p21 and p27 degra-
dation. Skp2 deficiency in MEFs and cancer cells reduces cell cycle
entry and cell proliferation but enhances apoptosis through p27 and
p21 accumulation.®® However, loss of Skp2 in HSCs does not
affect the rate of apoptosis but surprisingly promotes cell cycle
entry and cell proliferation, in turn enhancing HSC pool, prolifera-
tion, and reconstitution ability through a mechanism independent
of p21 and p27 degradation. This novel discovery strikingly
contrasts our current understanding of the role of Skp2 in positively
regulating cell cycle progression in normal differentiated and
cancerous cells. Our study therefore shows a novel role of Skp2 as
a cell cycle inhibitor in HSCs.

Cyclin D1 expression is regulated through transcriptional
regulation and posttranslational modification. 3-catenin is known
to be a critical factor for Cyclin D1 gene expression, whereas
glycogen synthase kinase-3—mediated Cyclin D1 phosphorylation
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has been shown to target Cyclin D1 for ubiquitination and
degradation.”®3! Qur findings show that Skp2-deficient HSCs
display higher Cyclin D1 mRNA and protein levels, which
contribute to the enhancement of HSC cycling and proliferation on
Skp2 deficiency. Thus, Skp2 is a novel negative regulator for
Cyclin D1 gene expression in HSCs. Because we have previously
found that Skp2 cooperates with Myc and Mizl transcription
factors to induce RhoA gene expression important for cancer
metastasis,? it is possible that Skp2 may work in conjunction with
Myc and Mizl to regulate Cyclin D1 gene expression. Alterna-
tively, Skp2 may antagonize 3-catenin—mediated Cyclin D1 gene
expression. Interestingly, the earlier study shows that inhibition of
RhoA activity in HSCs increases Cyclin D1 levels, accompanied by
the enhancement of HSC proliferation and self-renewal ability,?
similar to the HSC phenotypes observed on Skp2 deficiency. Thus,
it is also probable that Skp2 may regulate RhoA level and activity
to regulate Cyclin D1 expression and HSC phenotypes.

PTEN inactivation in HSCs causes the long-term exhaustion of
HSC pool and the failure of reconstitution ability, which is
correlated with hyper mTOR activity. Rapamycin treatment rescues
the defects of HSC phenotypes on PTEN inactivation,’ indicating
that mTOR serves as a critical downstream effector for HSC
exhaustion on PTEN inactivation. Notably, we found that Skp2
deficiency also rescues the defect in long-term reconstitution
ability of HSCs on PTEN inactivation, suggesting that Skp2 is also
a critical downstream effector for HSC exhaustion. Because mTOR
and Skp2 are both downstream effectors executing HSC exhaustion
on PTEN inactivation,® it is highly possible that mTOR may
regulate Skp2 expression and activity or vice versa to control HSC
functions on PTEN inactivation. A previous study showed that
rapamycin treatment down-regulates Skp2 gene and protein expres-
sion in breast cancer cells,® suggesting that mTOR can regulate
Skp2 gene expression in cancer cells. It will be interesting to see
whether rapamycin also down-regulates Skp2 levels in HSC on
PTEN inactivation.

During the course of revising our manuscript, a recent study
from Carlesso’s group (Rodriguez et al**) showed that Skp2~/~
mice display a higher frequency of LSK cells and GMPs, consistent
with our current results. However, in contrast to our study, they
showed that Skp2 deficiency enhanced quiescence and impaired
long-term reconstitution ability of HSCs. Different from our data,
Carlesso’s group (Rodriguez et al**) showed that Skp2~~ BM cells
exhibited elevated levels of cell cycle inhibitors such as p21 and
p27. Although the reasons for such discrepancies remain to be
further determined, the distinct genetic backgrounds of the mice
used in these studies may have caused the differences. The mice
used in our study were 129 and C57/B6 mixed background,
whereas the mice used in their study had been backcrossed to B6
mice for 6 generations. Moreover, cell lineages and populations
used in these 2 studies for quiescence and proliferation assay were
different. In our study, we used LT-HSCs, ST-HSCs, and LSK cells,
whereas they used Lin~ cells for quiescence and proliferation
analysis. Thus, our study directly addresses the function of HSCs,
whereas their study may not have.

With regard to the serial transplantation assay, they performed
2 rounds of transplantation and found that the reconstitution of
WBCs from Skp2~/~ donor BM 12 weeks after transplantation was
reduced compared with WT donor cells. This result contradicts with
the finding from their study and ours showing that HSC populations
were higher in Skp2~/~ mice than in WT mice. This finding is also
hard to reconcile with the fact that hematopoiesis of Skp2~~ mice
is completely normal compared with that in WT mice. Whether the
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mice survival after transplantation in their study was affected on
Skp2 deficiency remains unclear. In our study, we did not find any
difference in the first 2 rounds of the transplantation as determined
by the CBC test, and mice survived 4 weeks after transplantation.
However, we did find the long-term reconstitution ability of
Skp2~/~ BM cells after the fourth and fifth rounds of the transplan-
tation was better than that of WT' BM cells, consistent with the
finding that HSC populations in Skp2~~ mice are higher than those
in WT mice. Moreover, we also confirmed this notion with the in
vivo competition assay.

The difference in p27 and p21 expressions between 2 studies
may have been because of the distinct cell lineages used in these
studies. In our study, we isolated both freshly sorted and cultured
LSK cells for Western blot analysis, whereas they used total BM
cells. Thus, our study may be more accurate to address the
mechanistic insight for HSCs. Nevertheless, these 2 studies both
underscore the important role of Skp2 in the regulation of HSC
pool size, and future research will be required to further resolve the
discrepancies between these 2 studies.

On the basis of our results, we propose a working model to
explain how Skp2 regulates HSC functions (Figure 6F). Skp2
negatively regulates Cyclin D1 gene expression in HSCs, which
may be responsible for the role of Skp2 in the maintenance of HSC
quiescence, pool size, and self-renewal capability. Our study
identifies Skp2 as a critical regulator for HSC quiescence and
self-renewal capability and provides a novel paradigm for HSCs.
Our finding that Skp2 deficiency increases the sensitivity of HSCs
and CML cells to chemotherapy agents and promotes the long-term
HSC reconstitution ability suggests that Skp2 targeting can be
considered as an attractive therapeutic approach to enhance BM
transplantation efficiency and the response of cancer cells and/or
CSCs to the chemotherapy.

Acknowledgments

The authors thank Drs Pier Paolo Pandolfi, Keiichi Nakayama, and
Xin Lin for the mice and cells. Special thanks is extended to Drs
Wendy Schober, Karen C. Dwyer, and Zheng-bo Han for their
assistance in flow cytometric analysis. They also thank the
microarray core facility at M. D. Anderson Cancer Center.

This study was supported by M. D. Anderson Research trust
fund and National Institutes of Health RO1 grants (H.K.L.).

Authorship

Contribution: J. Wang designed and performed research experi-
ments, analyzed data, and wrote the manuscript; J. Wang, FH., J.
Wu, S.-W.L., C-H.C, C.-Y.W., W-LY, X.Z., and Y.S.J. per-
formed experiments; Y.G. and A.M. reviewed and edited the
manuscript; E.S. and P.H, provided cells and reagents; Q. L. and
Y.-X.Z. provided kindly suggestions to the research; and H.-K.L.
conceived the project, analyzed the data, and wrote the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Hui-Kuan Lin, Department of Molecular and
Cellular Oncology, The University of Texas M. D. Anderson
Cancer Center, Unit 108, Y7.6079, 1515 Holcombe Blvd, Houston,
TX 77030; e-mail: hklin@mdanderson.org.

20 dunr 0 uo 3senb Aq Jpd 6275001 | 9¥08UZ/LG8SYE L/6ZYS/0Z/8 L/Pd-ajole/poo|qAau suoledligndyse//:djy woly papeojumoq



5438

References

10.

1.

12.

WANG et al

BLOOD, 17 NOVEMBER 2011 - VOLUME 118, NUMBER 20

Viale A, De Franco F, Orleth A, et al. Cell-cycle
restriction limits DNA damage and maintains self-
renewal of leukaemia stem cells. Nature. 2009;
457(7225):51-56.

Cheng T, Rodrigues N, Shen H, et al. Hematopoi-
etic stem cell quiescence maintained by p21cip1/
waf1. Science. 2000;287(5459):1804-1808.

Cheng T, Rodrigues N, Dombkowski D, Stier S,
Scadden DT. Stem cell repopulation efficiency but
not pool size is governed by p27(kip1). Nat Med.
2000;6(11):1235-1240.

Zhang J, Grindley JC, Yin T, et al. PTEN main-
tains haematopoietic stem cells and acts in lin-
eage choice and leukaemia prevention. Nature.
2006;441(7092):518-522.

Yilmaz OH, Valdez R, Theisen BK, et al. Pten de-
pendence distinguishes haematopoietic stem
cells from leukaemia-initiating cells. Nature.
2006;441(7092):475-482.

Nakayama KI, Nakayama K. Regulation of the
cell cycle by SCF-type ubiquitin ligases. Semin
Cell Dev Biol. 2005;16(3):323-333.

Bloom J, Pagano M. Deregulated degradation of
the cdk inhibitor p27 and malignant transforma-
tion. Semin Cancer Biol. 2003;13(1):41-47.

Lin HK, Wang G, Chen Z, et al. Phosphorylation-
dependent regulation of cytosolic localization and
oncogenic function of Skp2 by Akt/PKB. Nat Cell
Biol. 2009;11(4):420-432.

Kossatz U, Dietrich N, Zender L, Buer J,

Manns MP, Malek NP. Skp2-dependent degrada-
tion of p27kip1 is essential for cell cycle progres-
sion. Genes Dev. 2004;18(21):2602-2607.

Sutterluty H, Chatelain E, Marti A, et al. p45SKP2
promotes p27Kip1 degradation and induces S
phase in quiescent cells. Nat Cell Biol. 1999;1(4):
207-214.

Agarwal A, Bumm TG, Corbin AS, et al. Absence
of SKP2 expression attenuates BCR-ABL-
induced myeloproliferative disease. Blood. 2008;
112(5):1960-1970.

Wang H, Bauzon F, Ji P, et al. Skp2 is required for
survival of aberrantly proliferating Rb1-deficient
cells and for tumorigenesis in Rb1+/— mice.

Nat Genet. 2009;42(1):83-88.

13.

15.

16.

18.

19.

20.

21.

22,

23.

Lin HK, Chen Z, Wang G, et al. Skp2 targeting
suppresses tumorigenesis by Arf-p53-
independent cellular senescence. Nature. 2010;
464(7287):374-379.

. Zhong L, Georgia S, Tschen SI, Nakayama K,

Bhushan A. Essential role of Skp2-mediated p27
degradation in growth and adaptive expansion of
pancreatic beta cells. J Clin Invest. 2007;117(10):
2869-2876.

Di Cristofano A, Pesce B, Cordon-Cardo C,
Pandolfi PP. Pten is essential for embryonic de-
velopment and tumour suppression. Nat Genet.
1998;19(4):348-355.

LiL, Liu F, Salmonsen RA, et al. PTEN in neural
precursor cells: regulation of migration, apopto-
sis, and proliferation. Mol Cell Neurosci. 2002;
20(1):21-29.

. Nakayama K, Nagahama H, Minamishima YA,

et al. Targeted disruption of Skp2 results in accu-
mulation of cyclin E and p27(Kip1), polyploidy
and centrosome overduplication. EMBO J. 2000;
19(9):2069-2081.

Janzen V, Forkert R, Fleming HE, et al. Stem-cell
ageing modified by the cyclin-dependent kinase
inhibitor p16INK4a. Nature. 2006;443(7110):421-
426.

Nakada D, Saunders TL, Morrison SJ. Lkb1 regu-
lates cell cycle and energy metabolism in haema-
topoietic stem cells. Nature. 2010;468(7324):653-
658.

Chan CH, Lee SW, Li CF, et al. Deciphering the
transcriptional complex critical for RhoA gene ex-
pression and cancer metastasis. Nat Cell Biol.
2010;12(5):457-467.

Yang WL, Wang J, Chan CH, et al. The E3 ligase
TRAF®6 regulates Akt ubiquitination and activa-
tion. Science. 2009;325(5944):1134-1138.

Scheller M, Huelsken J, Rosenbauer F, et al. He-
matopoietic stem cell and multilineage defects
generated by constitutive beta-catenin activation.
Nat Immunol. 2006;7(10):1037-1047.

Haug JS, He XC, Grindley JC, et al. N-cadherin
expression level distinguishes reserved versus
primed states of hematopoietic stem cells. Cell
Stem Cell. 2008;2(4):367-379.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kiel MJ, Acar M, Radice GL, Morrison SJ. Hema-
topoietic stem cells do not depend on N-cadherin
to regulate their maintenance. Cell Stem Cell.
2009;4(2):170-179.

Li P, Zon LI. Resolving the controversy about N-
cadherin and hematopoietic stem cells. Cell Stem
Cell. 2010;6(3):199-202.

Harmes DC, DiRenzo J. Cellular quiescence in
mammary stem cells and breast tumor stem cells:
got testable hypotheses? J Mammary Gland Biol
Neoplasia. 2009;14(1):19-27.

Rajan P, Srinivasan R. Targeting cancer stem
cells in cancer prevention and therapy. Stem Cell
Rev. 2008;4(3):211-216.

Gotoh J, Obata M, Yoshie M, Kasai S, Ogawa K.
Cyclin D1 over-expression correlates with beta-
catenin activation, but not with H-ras mutations,
and phosphorylation of Akt, GSK3 beta and
ERK1/2 in mouse hepatic carcinogenesis. Carci-
nogenesis. 2003;24(3):435-442.

Yang K, Guo Y, Stacey WC, et al. Glycogen syn-
thase kinase 3 has a limited role in cell cycle
regulation of cyclin D1 levels. BMC Cell Biol.
2006;7:33.

Takahashi-Yanaga F, Sasaguri T. GSK-3beta
regulates cyclin D1 expression: a new target for
chemotherapy. Cell Signal. 2008;20(4):581-589.

Rowlands TM, Pechenkina IV, Hatsell S, Cowin P.
Beta-catenin and cyclin D1: connecting develop-
ment to breast cancer. Cell Cycle. 2004;3(2):145-
148.

Ghiaur G, Lee A, Bailey J, Cancelas JA, Zheng Y,
Williams DA. Inhibition of RhoA GTPase activity
enhances hematopoietic stem and progenitor cell
proliferation and engraftment. Blood. 2006;
108(6):2087-2094.

Shapira M, Kakiashvili E, Rosenberg T, Hershko
DD. The mTOR inhibitor rapamycin down-
regulates the expression of the ubiquitin ligase
subunit Skp2 in breast cancer cells. Breast Can-
cer Res. 2006;8(4):R46.

Rodriguez S, Wang L, Mumaw C, et al. The SKP2
E3 Ligase regulates basal homeostasis and
stress-induced regeneration of hematopoietic
stem cells. Blood. 2011;117(24):6509-6519.

20 dunr 0 uo 3senb Aq Jpd 6275001 | 9¥08UZ/LG8SYE L/6ZYS/0Z/8 L/Pd-ajole/poo|qAau suoledligndyse//:djy woly papeojumoq



