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m The use of umbilical cord blood transplant has been substantially limited by the finite

Dp—— number of hematopoietic stem and progenitor cells in a single umbilical cord blood unit.
* p18 played an

! . Small molecules that not only quantitatively but also qualitatively stimulate enhancement
important role in

of hematopoietic stem cell (HSC) self-renewal ex vivo should facilitate the clinical use of

human HSC

. HSC transplantation and gene therapy. Recent evidence has suggested that the cyclin-
maintenance and ) o INKac ) o )
expansion dependent kinase inhibitor, p18 (p18), is a critical regulator of mice HSC self-renewal.

; The role of p18 in human HSCs and the effect of p18 inhibitor on human HSC expansion ex
* Targeting p18 by small

molecule compound
005A enhanced self-
renewal of human
long-term HSCs.

vivo need further studies. Here we report that knockdown of p18 allowed for an increase in
long-term colony-forming cells in vitro. We then identified an optimized small molecule
inhibitor of p18, 0054, to induce ex vivo expansion of HSCs that was capable of reconsti-
tuting human hematopoiesis for at least 4 months in immunocompromised mice, and
hence, similarly reconstituted secondary recipients for at least 4 more months, indicating
that cells exposed to 005A were still competent in secondary recipients. Mechanistic studies
showed that 005A might delay cell division and activate both the Notch signaling pathway
and expression of transcription factor HoxB4, leading to enhancement of the self-renewal
of long-term engrafting HSCs and the pool of progenitor cells. Taken together, these
observations support a role for p18 in human HSC maintenance and that the p18 inhibitor
005A can enhance the self-renewal of long-term HSCs.

Introduction

Hematopoietic stem cells (HSCs) give rise to all types of blood cells throughout life and have been widely
used in transplantation to treat human diseases such as hematopoietic malignancies and bone marrow fail-
ure."? Allogeneic HSC transplantation (allo-HSCT) offers superior overall survival compared with autolo-
gous HSCT (auto-HSCT), largely because of potentially curative graft-versus-leukemia/graft-versus-tumor
effects. Although allo-HSCT mainly depends on the availability of human leukocyte antigen (HLA)-matched
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Figure 1. Effect of p18 knockdown on human hematopoietic cells. Representative images (A) and absolute numbers (B) of the flow cytometry data of human CD34" and
CD34"CDA49f" cell populations of h(UCB CD34 " cells after infection of lentivirus carrying hairpin RNA targeting p78 were measured at 7 days (n = 3); 1 X 10* CD34"GFP"
human UCB cells were seeded at the beginning. (C) Total CFC contents of control and p18 knockdown human CD34 " cells at 2 weeks (n = 3). GEMM, colony-forming unit-

granulocyte, erythroid, macrophage, megakaryocyte; CFU-GM, colony-forming unit-granulocyte, macrophage; BFU-E, burst-forming unit-erythroid; CFU-E, colony-forming unit-
erythroid. (D) Frequencies of CAFCs of control and p18 knockdown human CD34" cells (n = 10). Doses of 30 000, 15000, 7500, 3750, and 1875 cells per well were used.
The experiment was repeated 3 times. All data represent the means = standard deviation (SD). Compared with control unless specified: *P < .05, **P < .01, ***P < .001 by

2-tailed unpaired t test.

adult donors, its application has been limited by the low probability of
finding such HLA-matched donors and the risk of developing severe
graft-versus-host disease.® Alternatively, umbilical cord blood (UCB)
represents an essential alternate source of hematopoietic stem and
progenitor cells (HSPCs) for HSCT because of its extensive availabil-
ity and reduced need for HLA matching.* For most of the preclinical
trials for expansion conditions, a double UCB transplant was required
to ensure the presence of long-term engrafting HSC in the UCB unit,®
which would substantially increase the cost for HSC therapy and the
risk of graft-versus-host disease. Research has made it clear that dou-
ble cord blood unit hematopoietic cell transplantation is no more effi-
cient than single cord blood unit hematopoietic cell transplantation for
children or adults.®° However, the limited number of hematopoietic
cells in a single cord blood unit results in delayed hematopoietic recov-
ery and higher mortality and prevents its widespread use in recipients
with larger body mass.”

Small molecules have been considered as an attractive therapeutic
tool because of their flexible and reversible effects that can be
achieved by adjusting the concentrations and combinations of the
molecules administered.® Several compounds have been identified
as agonists for UCB HSPC expansion. However, most reported cul-
ture conditions optimized for HSC expansion were accompanied
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with increased differentiation, leading to loss of primitive long-term
HSC (LT-HSC) activity and late graft failure.® For example, the aryl
hydrocarbon receptor antagonist StemRegenin 1 (SR1) was found
to preferentially expand short-term HSCs (ST-HSC)."° A recent study
by Fares et al'! identified the small molecule UM171 as a potential
agonist for UCB LT-HSC expansion, although the precise mechanism
of action of UM171 on LT-HSC remains unclear. Therefore, innovative
approaches that not only quantitatively but also qualitatively expand
HSPCs with long-term full lineage reconstitution properties during
ex vivo culture are still in critical need.

Much progress has been made in recent years in identifying intrinsic
regulators that can support the expansion of ST-HSCs and LT-
HSCs,'? and targeting of these critical molecules could represent a
strategy for inducing the expansion of HSCs ex vivo.'®'* A study
by Broxmeyer et al'® reported a decrease in the number of hematopoi-
etic progenitor cells in p18%° mice. Cell cycle regulators, including
cyclin-dependent kinases (CDKs) and CDK inhibitor (CKI) proteins,
also have been found to contribute to HSC self-renewal.'®'” It is
thought that members of the INK4 family of CKls compete with cyclin
D and selectively target CDK4/6 to inhibit its kinase activity and stop
cell cycle progression.'® Among INK4 family members, p1ghK4c
(018) has been identified as a unique target for HSC self-renewal."®

p18 INHIBITOR PROMOTES SELF-RENEWAL OF HUMAN HSCs 3363
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Figure 2. Specificity of 005A, a small molecule inhibitor of p18. (A) Predicted 005A and p18 protein binding interactions at the amino acid level. (B) The structure of 005A. (C)
Binding energy changes for p18 (i) and CDKB (ii) residues in the presence and absence of ligand 005A. (D) Surface plasma resonance (SPR) results of the binding activity of p18 (i),
p18Mt(ii), and p18P° (iii) at various concentrations of compound 005A. (E) Co-immunoprecipitation (Co-IP) assay using Flag taged CDK6 and Myc taged p18 and its mutants. HEK293T
cells were treated with 005A for 24 hours after 48-hour transient transfection. (F) In vitro CDK6 kinase activity assays were performed in the indicated conditions, Rb phosphating levels

indicate the CDK® kinase activity in these assays (n = 3). All data represent the means + SD. Compared with control unless specified: ***P < .001 by 2-tailed unpaired ¢ test.

In murine models, deletion of p18 prominently improved long-term
hematopoietic engraftment primarily by increased primary cell divi-
sion.'® Other CKls have been found to regulate HSC behaviors as
well, including p21, p27, and p57."92" However, only p18 has exhib-
ited the potential to facilitate hematopoietic reconstitution. Thus, the
role of p18 in human HSCs and the effect of p18 inhibitor on human
HSCs expansion ex vivo need further studies.

In our previous studies, we demonstrated that small molecule inhibi-
tors targeting p18 could expand functional mouse HSCs in a short-
term culture, and we performed primary screening of a series of ana-
logs using human HSCs in vitro.???® In the present study, p18 expres-
sion was first knocked down in human UCB HSCs, and then the
HSPC cell number and hematopoietic functions of these cells were
studied. A sulfamoyl benzoate derivative p18 inhibitor, 005A, was
developed in silico and found to be capable of prompting self-
renewal of human HSCs. LT-HSCs function was also assessed by
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performing primary and secondary transplantation. 005A-cultured
HSCs achieved efficient long-term engraftment in immunocompro-
mised mice. The mechanistic details of these effects were further
investigated with gene analysis and Numb staining analysis. Overall,
these observations support that 005A could enhance human long-
term HSC self-renewal ex vivo.

Materials and methods
Cell culturing

The cells were resuspended in Iscove's Modified Dulbecco's Medium
(IMDM, Gibco) supplemented with 10% fetal bovine serum (Gibco),
100 ng/mL human stem cell factor (PeproTech), 100 ng/mL human
thrombopoietin (TPO, PeproTech), and 100 ng/mL human FIit3L
(PeproTech) at a concentration of 1 X 1 0° cells/mL. 005A was added
in a concentration of 20 nM without special description.
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Figure 3. 005A treatment retained the stemness of human primary HSCs. (A) The percentage (i) of live cells and absolute numbers (i) per well of human
CD34"CD38 CD45RA™CD90" cells were measured (n = 4). Representative images (iii) of the flow cytometry data of CD34 *CD38 CD45RA CD90™" cell population and
percentage in CD34"CD38~ cells. (B) The percentage (i) of live cells and absolute numbers (i) per well of human CD34*CD38 CD45RA™CD90 " CD49f" cells were
measured (n = 4). Representative images (iii) of the flow cytometry data of CD34"CD38~ CD45RA~CD90"CD49f" cell population and percentage in

CD34"CD38 CD45RACD90" cells; 1 X 10° CD34" UBCs were planted in 24-well plate, and cell populations were analyzed by flow cytometry after 7-day treatment with
vehicle, SR1(1 pmol/L), UM171 (35 nmol/L), or 005A (20 nmol/mL) in panels A and B. (C) CFU statistical analysis of colony formation data for cells treated with or without 005A
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Xenotransplant assay

Animal experiments were conducted according to institutional guide-
lines for the use of laboratory animals and after being granted permis-
sion from Chinese Academy of Medical Sciences Animal Ethical
Committee for animal experimentation.

Other methods or details can be found in the supplemental
Information.

Results

Effect of p18 knockdown on human
hematopoietic cells

Our previous studies have demonstrated that p18 is a critical regulator
of mice HSC maintenance.?? To determine whether p18 has a similar
role in human HSCs, lentivirus carrying 3 different short hairpin RNAs
targeting p78 were used to infect freshly isolated CD34 " HCB cells,
and we chose the most efficient one to perform subsequent experi-
ments (supplemental Figure 1A-B). The sorted GFP" cells were
then cultured ex vivo for 7 days, and flow cytometry analysis demon-
strated that the cultured p18 knockdown/GFP™ cells exhibited
increased expression of the primitive cell surfface HSC markers
CD34 and CD49f (Figure 1A). Specifically, the absolute numbers of
CD34™" cells and CD34"CD49f™ cells in the p18 knockdown group
were higher than those in the control group, and this tendency could
be observed in different short hairpin RNA—induced p18 knockdown
cells (Figure 1B; supplemental Figure 1C). In contrast, the absolute
number of total cells after cultured in the p18<P group was lower
than that in the control group (supplemental Figure 1D).

To determine the short-term hematopoietic function of the p18 knock-
down cells, a colony-forming cell (CFC) assay was performed. All
kinds of colonies could be found in the semisolid media based on mor-
phology (supplemental Figure 1E), suggesting knockdown of p18
would not influence the multilineage differentiation potential of
HSCs. However, the number of total colonies, colony-forming unit-
granulocyte, erythroid, macrophage, megakaryocyte; colony-forming
unit-granulocyte, macrophage; burst-forming unit-erythroid; and
colony-forming unit-erythroid in the p18XP group were increased rela-
tive to the control group (Figure 1C; supplemental Figure 1). These
results suggest that knockdown of p18 enhances the maintenance
and expansion of human progenitor cells ex vivo. Interestingly, in our
previous study,® the p18 knockout mouse was characterized by
decreased progenitor cell numbers in bone marrow.

A modified cobblestone area—forming cell (CAFC) assay limiting dilu-
tion analysis assay®>2* was used to analyze the long-term colony for-
mation ability. The frequency of HSCs in the p18 knockdown cells
(1 in a fraction of cells equivalent to 6614 starting CD34" cells)
was 2.44-fold that of the control cells (1 in a fraction of cells equivalent

to 16118 starting CD34" cells; P < .01; Figure 1D). In addition, a
slight increase of S-phase cells percentage (supplemental Figure
1G) and increase of cell apoptosis (supplemental Figure 1H) were
observed in the p18 knockdown cells. These results indicate that
knockdown of p18 could significantly expand HSCs in vitro culture.
Taken together, these results suggest that targeting of p18 has the
potential to significantly expand HSC populations in ex vivo cultures.

Specificity of 005A, a small molecule inhibitor of p18

Virtual molecular docking studies and molecular dynamics (MD) sim-
ulations were performed for the p18 inhibitor 005A, a sulfamoyl ben-
zoate derivative that was previously developed in silico.?® A model of
005A binding to p18 is shown in Figure 2A. The structure of 005A is
shown in Figure 2B. Both Arg39 and Arg79 of p18 form strong elec-
trostatic interactions with 005A, while Val44 and Phe37 in p18 form
strong hydrophobic interactions with 005A.

The roles of these key residues were further validated in MD simula-
tions. First, 2 sets of MD simulations of the p18-005A complex
with or without CDK6 were performed. All 3 structures remained sta-
ble during the simulation, with root mean square deviation values of
~1.88, 0.97, and 2.03 A, respectively. The MD results also showed
that the energy contributions of Arg39/Arg79 ranked first (—2.53
and —1.54 kcal/mol, respectively), whereas Val44 (—0.83 kcal/mol)
and Phe37 (—0.36 kcal/mol) in p18, and Arg31 (—3.76 kcal/mol),
Arg39 (—0.66 kcal/mol), and Val16 (—0.25 kcal/mol) in CDK6
were also important residues for the recognition of p18 by 005A (sup-
plemental Figure 2A and B).

The energy contributions of these key residues, as well as the total
binding energies between p18 and CDK6 with or without ligand
(005A), were also determined. Figure 2C shows the changes in
energy contribution for each residue. Several residues in both p18
and CDK® exhibited lower binding energies (indicating better binding
interactions). Moreover, the overall binding energy of the p18/CDK6
complex exhibited a large change from —77.56 (without the ligand)
to —1.76 kcal/mol (with the ligand).

We constructed the expression vector of mutation (to Ala, p18M“) or
deletion (p18P°) of Arg39, Arg79, Val44, and Phe37 of p18. Then,
the interaction of 005A with wild-type p18 and the mutants plus
p16 and p19 proteins were validated through in vitro surface plasma
resonance (SPR) assays. Our data showed that 005A binds to p18 in
a dose-dependent manner, but with an irregular response with p18
mutants or p16 or p19 (Figure 2D; supplemental Figure 2C). On
the other hand, co-immunoprecipitation (co-IP) assays showed
005A blocked the interaction of p18 with CDK4/6 in HEK293T cells,
whereas the p18 mutants failed to bind to CDK8, perhaps because
the structure of these mutants were changed (Figure 2E; supplemen-
tal Figure 2D). Moreover, the 005A blocked interaction of p18 with
CDK4/6 could be partly reversed in 7-day culture (supplemental

Figure 3. (continued) for 7 days (n = 3). GEMM, colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte; CFU-GM, colony-forming unit-granulocyte, macro-

phage; BFU-E, Burst-forming unit-erythroid; CFU-E, colony-forming unit-erythroid. (D) Frequencies of CAFCs of vehicle and 005A-treated human CD34 " cells (n = 10). Doses of

1500, 750, 375, 186, and 92 cells per well were used. The experiment was repeated 3 times. (E) An overview of the experimental setup used to perform xenotransplantations in

immunodeficient NOG mice. (F) Levels of human engraftment (i) and representative images of the flow cytometry data (i) in intrafemoral injected (R, right) or none injected (L, left)

bone marrow from primary recipients of human CD34*CD38 CD45RA " CD90" cells that were directly transplanted (uncultured) or cultured with or without 005A (n = 4 for

uncultured group, n = 6 for control group and 005A group). Each symbol represents the results from an individual mouse. (G) Levels of human engraftment (i) of the secondary

NOG recipients and chimerism were assessed after 4 months. (i) Transplantation rate of mice at different engraftment levels (<5%; 5% —10%; >10%) in each group are shown.

n = 4 for uncultured group, n = 6 for control group and 005A group. (iii) Representative fluorescence-activated cell sorter profiles. All data represent means = SD. Compared
with control unless specified: *P < .05, **P < .01, ***P < .001 by 2-tailed unpaired t test.
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Figure 2E). Thus, 005A can disrupt interactions between p18 and
CDK4/6 by inhibiting p18 activity.

To further investigate whether p18 can selectively inhibit CDK4/6's
activity in phosphorylating Rb proteins via direct binding of Rb, an in
vitro CDK®6 activity assay was performed as previously described.?®
A mixture of p18 and 005A (2 pM) was added to a mixture of
CDK®6 and Rb, whereas a mixture of CDK6 and Rb was prepared
as a control. After adding [y-22P]ATP to each mixture, the reactions
were spotted onto polyvinylidene difluoride membrane papers and
washed with phosphoric acid. In the presence of p18, CDK6 activity
decreased approximately fourfold (Figure 2F), whereas the addition of
005A restored the activity of CDK6. As a control, dimethyl sulfoxide at
the same concentration did not have the same effect as 005A. Taken
together, these results suggest that 005A can target p18 and rescue
CDKB®6 activity.

005A treatment retained the stemness of human
primary HSCs

To optimize and maximize the expansion effect of 005A, a dose-
response assay was performed. Treatment with O05A significantly
increased both the absolute number and relative percentage of both
CD34" (eg, phenotypically defined HSCs and HSPCs) and
CD347CD49f" cells (eg, phenotypically defined primitive HSCs?®).
We found that the best concentration of 005A was about 20 nM.
An increase of approximately 20% was observed for the CD34™ pro-
portion compared with the control group (supplemental Figure 3A),
and the proportion of the CD34"CD49f" cells was increased
>50% (supplemental Figure 3B). Serum has also been identified
as a possible factor in the loss of stemness in ex vivo culture.?®
When CD34" cells were cultured in serum-free medium, a greater
expansion of CD34" CD49f" cells were observed in 005A group
compared with the control group (supplemental Figure 3C). Further-
more, we used other HSC markers, such as CD45RA, CD90, and
CD201, to examine the effects of 005A and 2 other reported com-
pounds (SR1 and UM171) on HSCs. The treatment of SR1 and
005A led to an increase of total cell numbers, whereas treatment of
UM171 decreased it (supplemental Figure 3D). We further showed
the percentage of live cells and absolute number of CD34",
CD34"CD38~, CD34"CD38 CD201", CD34"CD38 CD90*
CD45RA ™, and CD34"CD38~ CD90" CD45RA ™ CD49f" cell pop-
ulations. OO05A treatment could significantly increase the
CD347CD38~, CD34"CD38 CD90"CD45RA™, and CD34"

CD38~CD90"CD45RA™CD49f" cell populations (Figure 3A-B;
supplemental Figure 3F), but failed to increase the percentage of
CD34"and CD34"CD38~ CD201" cell populations (supplemental
Figure 3E,G). These results indicate that 005A has the potential to
expand human phenotypically defined HSC ex vivo.

The CFC assays showed that the total number of colonies significantly
increased by O05A treatment (Figure 3C). In addition, the number of
colony-forming unit-granulocyte, erythroid, macrophage, megakaryo-
cyte; burst-forming unit-erythroid; and colony-forming unit-erythroid
colonies increased significantly after treatment with 005A compared
with the control group (Figure 3C). These results suggest that
005A can increase the number of progenitor cells and maintain their
multilineage differentiation potential. To determine the long-term col-
ony formation capacity of 005A-treated HSCs, a CAFC limiting dilu-
tion analysis assay was conducted. Poisson statistics revealed that
the frequency of HSCs among the 005A-treated cells (1 in a fraction
of cells equivalent to 397 starting cells) was 2.72-fold higher than that
of the control cells (1 in a fraction of cells equivalent to 1081 starting
cells; P < .01; Figure 3D). These results suggest that 005A can
increase the frequency of primitive HSCs.

To determine the functional HSC frequency of 005A-cultured human
cells, we performed xenografts into NOG mice (Figure 3E). Flow
cytometry analysis of 12-week peripheral blood showed that 005A-
treated cells achieved higher engraftment than the cells cultured
with vehicle (supplemental Figure 3H). Notably, after unilateral interfe-
moral injection of cultured HSCs, we observed O05A increased
human hematopoietic engraftment in both injected or noninjected
femurs relative to the control or untreated group (Figure 3F), indicating
that 005A enhanced HSCs without influencing homing. OO5A-
cultured human HSCs could give rise to all major lineages, including
human B (CD19%), T (CD3), myeloid (CD33%), natural killer
(CD56"), and erythroid (CD235a") cells and progenitors
(CD347CD38™; supplemental Figure 3I-K), suggesting that the
005A-expanded HSCs retain multiinage potential. In addition, our
data showed that combi use of 1 WM SR1 + 20 nM 005A did not
enhance the engraftment of 005A in NOG mice, perhaps because
the mechanism of SR1 and 005A was antagonistic or we had to
screen a proper concentration of combi use of SR1 and 005A (sup-
plemental Figure 3L). To identify the function of human LT-HSCs, we
also performed secondary transplantation. Although there were no
significant differences between the 005A group and control or uncul-
tured groups, one-half of the 005A group mice achieved engraftment

Figure 4. Increase in human long-term HSC self-renewal induced by 005A is characterized by delayed cell division and activation of Notch signaling. (A-B) Cell
cycle status and percentage of viable cells were detected for cells cultured in the presence or absence of 005A (n = 3 in panel A, n = 4 in panel B). CD34 " UBCs were planted
in 24-well plates, and cell populations were analyzed by flow cytometry after 7-day treatment with vehicle or 005A (20 nmol/mL). (C) Analysis of single cell division status at 48
and 72 hours after 005A or vehicle treatment. (D) The total number of wells containing cell colonies at 14 days after 005A or vehicle treatment. Cells and colonies were counted
under a microscope, and the 3 categories indicated were recorded, and 60 wells were measured in each group (n = 3) in panels C and D. (E) The percentage of cells for each
cell division type after 72-hour treatment with and without 005A (005A and control, respectively) are presented. One hundred cells were randomly measured. Representative
pictures of Numb staining are shown on the left. Scale bar = 6 um. Original magnification, 60X. (F) Differential expression analysis of the genes closely related to stem cell fate
determination in cultured HSCs, HSPCs, MPPs, and progenitors (PROs) with or without 005A treatment by single-cell PCR. The genes exhibiting the greatest changes in gene
expression compared with the control group are labeled. (G-H) Expression of Notch signaling genes, HOXB4, and CXCR4 in 005A-cultured HSCs, HSPCs, MPPs, and PROs by
real-time PCR (n = 3). Data were normalized to the expression levels in control group. (I) Western blot analysis for c-MYC, HES1, NOTCH1, and Notch intracellular cytoplasmic
domain (NICD) in human CD34 " cells treated with vehicle control or various concentrations of 005A for 4 days. Actin was used as a loading control. (J) Absolute numbers per
well of human CD34"CD38 CD45RA™CD90™ (i) and CD34"CD38 CD45RA~CD90*CD49f™ (ii) cells were measured (n = 4); 1 X 10° CD34" UBCs were planted in

24-well plate, and cell populations were analyzed by flow cytometry after 7-day treatment with vehicle, 005A (20 nmol/mL), or 005A (20 nmol/mL) + DBZ (10 umol/L). (K) Venn
diagram shows the numbers of genes expressed differentially between 005A and control group. (L) The gene set enrichment in vehicle or 005A treated HSCs by gene set

enrichment analysis. The experiment was repeated 3 times. All data represent means + SD. Compared with control unless specified: *P < .05, **P < .01, ***P < .001 by 2-tailed

unpaired t test.
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rates >100%, and only one-sixth of control group mice and none of
uncultured group mice could achieve more than 10% engraftment
rates. The secondary transplantation results supported that the num-
bers of LT-HSC with self-renewal activity was increased by 005A
treatment. These results suggest that 005A promotes expansion of
human UCB-derived HSCs, contributing to both early and sustained
engraftment.

Increase of human long-term HSC self-renewal
induced by 005A is characterized by delayed cell
division and activation of Notch signaling

To explore the mechanism by which 005A increased human HSC
self-renewal, we examined the cell cycle and survival of 005A cultured
cells. No significant difference was found between 005A and vehicle-
treated CD34 " cells in cell cycle and apoptosis assays (Figure 4A-B).
Here, we sorted single CD34"CD38 CD45RACD90" cells into
individual wells with or without 005A and then evaluated their potential
to divide and expand for 48 and 72 hours. For the 005A-treated cells,
16.67% of the wells had undergone cell division to form 2 cells,
whereas 27.59% of the control cells had undergone a first round of
cell division. In addition, none of the 005A-treated cells had under-
gone 2 rounds of cell division, whereas 6.90% of the wells containing
control cells did. At the 72-hour time point, the percentage of wells
that contained single cells had decreased to 3.33% for the OO5A-
treated wells and 0% for the control group wells (Figure 4C). How-
ever, the total number of wells containing cell colonies was also higher
for the 005A group than the control group 14 days after 005A or vehi-
cle treatment (Figure 4D). These results together indicate that 005A
treatment delayed cell division. Because 005A treatment did not affect
cell cycle or cell apoptosis, we hypothesized that 005A may prompt
the self-renewal of HSCs by improving symmetric self-renewal cell
division. Two proteins, y-tubulin and Numb, were stained as represen-
tative determinants of cell division.?”?® We assessed the distribution
of these 2 proteins relative to the dividing line that was drawn between
each set of centrosomes. In our experiment, approximately 50 cells
were found in the mitosis stage for both 005A-treated and control
cells. The proportion of 005A-treated cells that showed symmetric
Numb and vy-tubulin distribution was higher than that of the control
cells (Figure 4E). These observations suggested that 005A might
delay cell division and regulate the symmetric cell division to promote
human long-term HSC self-renewal.

Because cell fate decision making in HSCs is driven by gene expres-
sion changes in key signaling pathways, genes that contribute to
enhanced self-renewal were assayed. Human UCB-derived
CD34™" cells were cultured for 7 days and then were sorted into 4
populations: HSCs (CD34 *CD38~ CD45RA~CD90™ cells), HSPCs
(CD347387), multipotent progenitors (MPPs) cells (CD34*CD38~
CD45RACD90 ), and progenitor (PROs) cells (CD34"38").2°
Each sample was assayed by single cell polymerase chain reaction
(PCR) to detect expression levels of 73 genes involving Notch, p53,
and other pathways. Among the most upregulated genes by 005A
treatment in HSCs or HSPCs, we found several Notch pathway genes
such as HEY1, HES1, HES5, NOTCH1, and FOXO3 (Figure 4F).
Real-time PCR assays also showed that 005A-treated HSCs exhibited
significantly higher expression levels of Notch targets. In the HSPCs,
O0O05A treatment resulted in a similar upregulation of Notch targets. In
contrast, Notch targets in more mature populations of MPP cells and
progenitor cells were largely unaffected by 005A (Figure 4G). Another
critical gene for HSC self-renewal, HOXB4,%° was found to be
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upregulated in all 4 005A-treated groups, whereas CXCR4 was not
affected by O05A treatment in HSCs, HSPCs, and MPPs (Figure
4H). In addition, similar results showed that p18 knockdown increased
the Notch targets’ expression in HSC and HSPC (supplemental Figure
4A-B). Western blot analysis also confirmed that the expression of
¢-MYC, HES1, Notch1, and Notch intracellular cytoplasmic domain
(NICD) were dose dependently increased by 005A treatment (Figure
4l). Using a reported Notch signaling inhibitor, DBZ,2' we found the
005A-induced increase of CD34 " CD38~ CD90" CD45RA™CD49f "
cell number could be abolished by DBZ (Figure 4J; supplemental Fig-
ure 4C) and decreased colony numbers by DBZ in CFC assays (sup-
plemental Figure 4D). Furthermore, sorted CD34 ™" cells were used for
RNA sequencing. By gene set enrichment analysis, we observed sig-
nificant enrichment of gene sets characteristic of “genes
up-regulated in human HSC enriched populations compared to com-
mitted progenitors and mature cells” in 005A-treated cells (Figure
4K-L; supplemental Figure 4E). Although there is no change of Notch
signaling (data not shown) detected by RNA-seq, perhaps because
amounts in formation of differentiated cells had covered those of prim-
itive cells, these results still supported that 005A treatment enhanced
human HSCs. Overall, the results obtained demonstrate that 005A can
modulate the fate determination of HSCs at least in part by regulating
Notch signaling.

Discussion

HSCs are extensively used for clinical treatment of various hemato-
logic malignancies. However, major obstacles to the clinical use of
HSCs remain, largely because of a lack of well-matched human leuko-
cyte antigen sources. Human UCB cells have exhibited promising
potential as an alternative source for HSCs. However, the number
of HSCs that can be recovered from a single UCB unit is not enough
for adult transplantation.®32 Thus, there is great interest in the devel-
opment of conditions for ex vivo expansion of HSCs.

Cell cycle regulation is a key target as well. In murine studies, several
CKis, including p18, p21, p27, and p57, have been shown to alter the
behavior of HSCs or HSPCs.2°22 In this study, the role of p18 in
human HSCs was similar to that in mouse models, in which knock-
down of p18 led to the production of a greater number of HSCs
and promoted hematopoietic function.?®> However, in contrast to
mouse HSCs lacking p18 exhibiting no phenotypic difference in col-
ony forming assays, human HSCs lacking p18 exhibited a significant
increase in the number of colony-forming units. These results suggest
that the role of regulatory function of p18 differ between mouse and
human HSCs, and these findings were consistent with the noted dif-
ferential responses of mouse vs human immature hematopoietic cells
to small molecules.3*%°

Small molecules with explicit targets may be of great utility in stem cell
research. Hou et al®” recently reported the use of multiple small mol-
ecule compounds, including C6FZ, CHIR99021, 616452, FSK, and
DZNep, to achieve complete reprogramming by targeting glycogen
synthase kinase 3 P, transforming growth factor-B receptor 1,
cAMP, and S-adenosylhomocysteine hydrolase, respectively.
Recently, a pyrimidoindole derivative (UM171) was reported to be
an agonist of human HSCs and increased the number of HSCs.""
Subramaniam et al*® reported that lysine-specific demethylase 1A
was a target of UM171, and EPCR (CD201) marked UM171-
expanded cord blood stem cells.®® In our study, both UM171 and
005A triggered expansion of CD34 " cells. However, 005A preferred
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to expand the CD90*CD45RA™ and CD49f" cell populations but
could not expand the CD201* cells.

In this study, 005A was found to affect several signaling pathways in
addition to targeting the p18 protein. The signaling pathway mainly
affected was the Notch signaling pathway. This pathway has long
been recognized as a critical factor for the self-renewal and fate deter-
mination of stem cells.*® Incubation of human UCB-derived progeni-
tors with immobilized Notch ligands increased the number of
CD34™" cells and enhanced hematopoietic reconstitution in an immu-
nodeficient mouse model.*'**? Furthermore, preliminary results from a
phase 1 clinical trial suggest that targeting of the Notch pathway may
represent a safe and efficacious cell-based therapy.*® In contrast,
downregulation of Notch targets has been found to be associated
with enhanced differentiation commitment of HSCs.** In particular,
the Notch targets HES 7 and FOXO3 have been studied for their roles
in the hematopoietic system.**** These results indicate that 005A
has the potential to significantly enhance the expression of several
Notch signaling pathway factors, as well as other related factors. Fur-
thermore, upregulation of NOTCH1, HEY1, HES1, HES5, and
FOXO3 gene expression may mediate the mechanism(s) by which
005A induces a self-renewal effect in HSCs. Correspondingly,
005A appears to fulfill these criteria and represents a promising com-
pound for HSC expansion.

Laurenti et al*® demonstrated that CDK6 levels are critical for the exit
of HSCs from a quiescent state, and they can also trigger cell division.
In LT-HSC:s, this action is delayed because of the absence of CDK6,
and this is possibly related to maintenance of the integrity of internal
populations of HSCs that are needed for long-term hematopoiesis.
In this study, 005A was shown to selectively block the activity of
p18 and act as an agonist of CDKB8, thereby facilitating the exit of
ST-HSC from a Gy phase of quiescence. Accordingly, 005A delayed
cell cycle progression in the initial stage of ex vivo HSC culture and a
higher frequency of HSCs were present in the 005A-treated wells.
Similarly, 005A treatment enhanced the activation of CDK6 activity.
In combination with the cell division assay results, it is hypothesized
that the p18 inhibitor may regulate ST-HSCs and LT-HSCs via distinct
mechanisms. The p18 inhibitor might increase symmetric cell divisions
of LT-HSCs to expand the pool of HSCs and induce ST-HSCs, as
well as progenitor cells, to enter the cell cycle and produce a greater
number of functional cells. These 2 pools of cells would be helpful to
avoid both early mortality and long-term hematopoietic failure of UCB
transplantation. More importantly, this potent strategy targeting p18

References

—_

for human HSC expansion was not found to be involved in tumorigenic
processes in our xenograft model and previous p18 knockout mice."®

Our data showed that the optimized small molecule inhibitor of p18,
005A, could prompt self-renewal of human HSCs to induce ex vivo
expansion that were capable of reconstituting human hematopoiesis
for at least 8 months when we performed primary and secondary
transplantation in immunocompromised mice. Mechanistic studies
suggested that O05A might increase the frequency of symmetric
cell division. Meanwhile, 005A activated both the Notch signaling
pathway and HoxB4 expression in human HSCs. These observations
supported roles of p18 in human HSC self-renewal and 005A in facil-
itating the clinical use of HSC therapy. Further studies to optimize
strategies for HSC expansion may involve the additive and synergistic
activities of 005A with other compounds.

Acknowledgments

This work was supported by grants from the Ministry of Science
and  Technology of China (2017YFA0104900 and
2016YFA0100600), the National Natural Science Foundation of
China (92068204, 81870083, 81970105, and 81800165), the
Tianjin ~ Science  and  Technology  planning project
(18ZXXYSY00010), and a State Key Laboratory of Experimental
Hematology pilot research grant.

Authorship

Contribution: Y.G., X.-Q.X,, T.C., and W.Y. designed the research and
analyzed data; Y.L, Y.Z,, X.L,, and Y.G. wrote the paper; Z.F. and X.-
Q.X. contributed vital new reagents; Y.L, W.Z, J.G, Y.Z, Y.D, MY,
XL, MH, YL, JY, SX, HG, HS, HX, QJ, SM., and W.Y. per-
formed research and analyzed data.

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

ORCID profiles: Y.L., 0000-0002-1645-1995; W.Y., 0000-0001-
8288-5022; X.-Q.X., 0000-0002-6881-6175.

Correspondence: Yingdai Gao, State Key Laboratory of Experi-
mental Hematology; e-mail: ydgao@ihcams.ac.cn; Tao Cheng, State
Key Laboratory of Experimental Hematology; e-mail: chengtao@
ihcams.ac.cn; and Xiang-Qun Xie, Department of Pharmaceutical Sci-
ences and Computational Chemical Genomics Screening Center;
e-mail: xix15@pitt.edu.

Morgan RA, Gray D, Lomova A, Kohn DB. Hematopoietic stem cell gene therapy: progress and lessons learned. Cell Stem Cell. 2017;21(5):574-590.

2. Kurre P. Hematopoietic development: a gap in our understanding of inherited bone marrow failure. Exp Hematol. 2018;59:1-8.

3. DuW, Cao X. Cytotoxic pathways in allogeneic hematopoietic cell transplantation. Front Immunol. 2018;9:2979.

4. Berglund S, Magalhaes |, Gaballa A, Vanherberghen B, Uhlin M. Advances in umbilical cord blood cell therapy: the present and the future. Expert Opin
Biol Ther. 2017;17(6):691-699.

5. van Besien K, Childs R. Haploidentical cord transplantation: the best of both worlds. Semin Hematol. 2016;53(4):257-266.

Wagner JE Jr, Eapen M, Carter S, et al; Blood and Marrow Transplant Clinical Trials Network. One-unit versus two-unit cord-blood transplantation for

hematologic cancers. N Engl J Med. 2014;371(18):1685-1694.

7.  Ballen KK, Gluckman E, Broxmeyer HE. Umbilical cord blood transplantation: the first 25 years and beyond. Blood. 2013;122(4):491-498.

3370 Lletal

14 SEPTEMBER 2021 + VOLUME 5, NUMBER 17 & blOOd advances


https://orcid.org/0000-0002-1645-1995
https://orcid.org/0000-0001-8288-5022
https://orcid.org/0000-0001-8288-5022
https://orcid.org/0000-0002-6881-6175
mailto:ydgao@ihcams.ac.cn
mailto:chengtao@ihcams.ac.cn
mailto:chengtao@ihcams.ac.cn
mailto:xix15@pitt.edu

10.

11.

12.
18.
14,
15.

16.

17.
18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

AliMM, Li F, Zhang Z, et al. Rolling circle amplification: a versatile tool for chemical biology, materials science and medicine. Chem Soc Rev. 2014;43(10):
3324-3341.

Zhang Y, Gao Y. Novel chemical attempts at ex vivo hematopoietic stem cell expansion. Int J Hematol. 2016;103(5):519-529.

Boitano AE, Wang J, Romeo R, et al. Aryl hydrocarbon receptor antagonists promote the expansion of human hematopoietic stem cells. Science. 2010;
329(5997):1345-1348.

Fares I, Chagraoui J, Gareau Y, et al. Cord blood expansion. Pyrimidoindole derivatives are agonists of human hematopoietic stem cell self-renewal.
Science. 2014;345(6203):1509-1512.

Doulatov S, Notta F, Laurenti E, Dick JE. Hematopoiesis: a human perspective. Cell Stem Cell. 2012;10(2):120-136.
Kumar S, Geiger H. HSC niche biology and HSC expansion ex vivo. Trends Mol Med. 2017;23(9):799-819.
Xie J, Zhang C. Ex vivo expansion of hematopoietic stem cells. Sci China Life Sci. 2015;58(9):839-853.

Broxmeyer HE, Franklin DS, Cooper S, Hangoc G, Mantel C. Cyclin dependent kinase inhibitors differentially modulate synergistic cytokine
responsiveness of hematopoietic progenitor cells. Stem Cells Dev. 2012;21(10):1597-16083.

Yuan Y, Shen H, Franklin DS, Scadden DT, Cheng T. In vivo self-renewing divisions of haematopoietic stem cells are increased in the absence of the
early G1-phase inhibitor, p18INK4C. Nat Cell Biol. 2004;6(5):436-442.

Cheng T, Rodrigues N, Shen H, et al. Hematopoietic stem cell quiescence maintained by p21cip1/waf1. Science. 2000;287(5459):1804-1808.
Lim S, Kaldis P. Cdks, cyclins and CKis: roles beyond cell cycle regulation. Development. 2013;140(15):3079-3093.

Yuan Y, Yu H, Boyer MJ, et al. Hematopoietic stem cells are not the direct target of spontaneous leukemic transformation in p18(INK4C)-null
reconstituted mice. Cancer Res. 2006;66(1):343-351.

Zou P, Yoshihara H, Hosokawa K, et al. p57(Kip2) and p27(Kip1) cooperate to maintain hematopoietic stem cell quiescence through interactions with
Hsc70. Cell Stem Cell. 2011;9(3):247-261.

YuH, Yuan Y, Shen H, Cheng T. Hematopoietic stem cell exhaustion impacted by p18 INK4C and p21 Cip1/Waf1 in opposite manners. Blood. 2006;
107(3):1200-1206.

Gao'Y, Yang P, Shen H, et al. Small-molecule inhibitors targeting INK4 protein p18(INK4C) enhance ex vivo expansion of haematopoietic stem cells. Nat
Commun. 2015;6(1):6328.

Xie XQ, Yang P, Zhang Y, et al. Discovery of novel INK4C small-molecule inhibitors to promote human and murine hematopoietic stem cell ex vivo
expansion. Sci Rep. 2015;5(1):18115.

Notta F, Doulatov S, Laurenti E, Poeppl A, Jurisica |, Dick JE. Isolation of single human hematopoietic stem cells capable of long-term multilineage
engraftment. Science. 2011;333(6039):218-221.

Dzierzak E, Bigas A. Blood development: hematopoietic stem cell dependence and independence. Cell Stem Cell. 2018;22(5):639-651.

Heinz N, Ehrnstrom B, Schambach A, Schwarzer A, Modlich U, Schiedimeier B. Comparison of different cytokine conditions reveals resveratrol as a new
molecule for ex vivo cultivation of cord blood-derived hematopoietic stem cells. Stem Cells Trans| Med. 2015;4(9):1064-1072.

Nteliopoulos G, Gordon MY. Protein segregation between dividing hematopoietic progenitor cells in the determination of the symmetry/asymmetry of
cell division. Stem Cells Dev. 2012;21(14):2565-2580.

Shen Q, Zhong W, Jan YN, Temple S. Asymmetric Numb distribution is critical for asymmetric cell division of mouse cerebral cortical stem cells and
neuroblasts. Development. 2002;129(20):4843-4853.

Hua P, Kronsteiner B, van der Garde M, et al. Single-cell assessment of transcriptome alterations induced by Scriptaid in early differentiated human
haematopoietic progenitors during ex vivo expansion. Sci Rep. 2019;9(1):5300.

Zhang X, Liu J, Huang G. Efficiency of an automatic dehydrated carrier for the vitrification of human embryos derived from three pronuclei fertilized
zygotes [published correction appears in Reprod Biomed Online. 2015;30(6):P675]. Reprod Biomed Online. 2015;30(2):144-149.

Zhao X, Ren Y, Lawlor M, et al. BCL2 amplicon loss and transcriptional remodeling drives ABT-199 resistance in B cell ymphoma models. Cancer Cell.
2019;35(5):752-766.e9.

Wang L, Gu ZY, Liu SF, et al. Single- versus double-unit umbilical cord blood transplantation for hematologic diseases: a systematic review. Transfus
Med Rev. 2019;33(1):51-60.

Horwitz ME, Wease S, Blackwell B, et al. Phase I/ll study of stem-cell transplantation using a single cord blood unit expanded ex vivo with nicotinamide.
J Clin Oncol. 2019;37(5):367-374.

Guo B, Huang X, Cooper S, Broxmeyer HE. Glucocorticoid hormone-induced chromatin remodeling enhances human hematopoietic stem cell homing
and engraftment. Nat Med. 2017;23(4):424-428.

Guo B, Huang X, Lee MR, Lee SA, Broxmeyer HE. Antagonism of PPAR-y signaling expands human hematopoietic stem and progenitor cells by
enhancing glycolysis. Nat Med. 2018;24(3):360-367.

Huang X, Guo B, Liu S, Wan J, Broxmeyer HE. Neutralizing negative epigenetic regulation by HDAC5 enhances human haematopoietic stem cell
homing and engraftment. Nat Commun. 2018;9(1):2741.

Hou P, Li Y, Zhang X, et al. Pluripotent stem cells induced from mouse somatic cells by small-molecule compounds. Science. 2013;341(6146):651-
654.

¢ blOOd advances 14 SEPTEMBER 2021 - VOLUME 5, NUMBER 17 p18 INHIBITOR PROMOTES SELF-RENEWAL OF HUMAN HSCs 3371



38.

39.
40.

41.

42.

43.

44,

45.

Subramaniam A, Zemaitis K, Talkhoncheh MS, et al. Lysine-specific demethylase 1A restricts ex vivo propagation of human HSCs and is a target of
UM171. Blood. 2020;136(19):2151-2161.

Fares |, Chagraoui J, Lehnertz B, et al. EPCR expression marks UM171-expanded CD34 " cord blood stem cells. Blood. 2017;129(25):3344-3351.

Delaney C, Varnum-Finney B, Aoyama K, Brashem-Stein C, Bernstein ID. Dose-dependent effects of the Notch ligand Deltal on ex vivo differentiation
and in vivo marrow repopulating ability of cord blood cells. Blood. 2005;106(8):2693-2699.

Delaney C, Heimfeld S, Brashem-Stein C, Voorhies H, Manger RL, Bernstein ID. Notch-mediated expansion of human cord blood progenitor cells
capable of rapid myeloid reconstitution. Nat Med. 2010;16(2):232-236.

Will B, Vogler TO, Bartholdy B, et al. Satb1 regulates the self-renewal of hematopoietic stem cells by promoting quiescence and repressing differ-
entiation commitment. Nat Immunol. 2013;14(5):437-445.

Kunisato A, Chiba S, Nakagami-Yamaguchi E, et al. HES-1 preserves purified hematopoietic stem cells ex vivo and accumulates side population cells in
vivo. Blood. 2003;101(5):1777-1783.

Gopinath SD, Webb AE, Brunet A, Rando TA. FOXO3 promotes quiescence in adult muscle stem cells during the process of self-renewal. Stem Cell
Reports. 2014;2(4):414-426.

Laurenti E, Frelin C, Xie S, et al. CDK®6 levels regulate quiescence exit in human hematopoietic stem cells. Cell Stem Cell. 2015;16(3):302-313.

3372 Lletal 14 SEPTEMBER 2021 - VOLUME 5, NUMBER 17 & blO()d advances



