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Tgifl Regulates Quiescence and Self-Renewal of Hematopoietic Stem
Cells
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TG-interacting factor 1 (TGIF1) is a transcriptional repressor that can modulate retinoic acid and transforming growth factor
signaling pathways. It is required for myeloid progenitor cell differentiation and survival, and mutations in the TGIFI gene
cause holoprosencephaly. Furthermore, we have previously observed that acute myelogenous leukemia (AML) patients with low
TGIF1 levels had worse prognoses. Here, we explored the role of TgifI in murine hematopoietic stem cell (HSC) function. CFU
assays showed that Tgifl '~ bone marrow cells produced more total colonies and had higher serial CFU potential. These effects
were also observed in vivo, where Tgifl "~ bone marrow cells had higher repopulation potential in short- and long-term com-
petitive repopulation assays than wild-type cells. Serial transplantation and replating studies showed that Tgifl "~ HSCs exhib-
ited greater self-renewal and were less proliferative and more quiescent than wild-type cells, suggesting that Tgifl is required for
stem cells to enter the cell cycle. Furthermore, HSCs from Tgif1*'~ mice had a phenotype similar to that of HSCs from Tgifl '~
mice, while bone marrow cells with overexpressing Tgifl showed increased proliferation and lower survival in long-term trans-
plant studies. Taken together, our data suggest that TgifI suppresses stem cell self-renewal and provide clues as to how reduced

expression of TGIFI may contribute to poor long-term survival in patients with AML.

G-interacting factor 1 (TGIF1) is a transcriptional repressor

and a member of the three-amino-acid loop extension (TALE)
class of homeodomain proteins (1). TGIF1 inhibits the transform-
ing growth factor  (TGF-[3) pathway by associating with Smad2
and recruiting corepressors, and it inhibits the downstream reti-
noic acid (RA) pathway by binding to the retinoid X receptor
(RXR) response element and by interacting with RXR (2-7). In
addition, it can bind to DNA directly through its own consensus
binding site and impact the transcription of as yet undefined tar-
get genes (6). Mutations in TGIFI are associated with holopros-
encephaly (HPE), which is the most common structural abnor-
mality of the forebrain in humans (8). The majority of these
mutations would cause a loss of protein function and are hypoth-
esized to alter signaling by TGF-B-related ligands (9—11). In mice,
loss of both TgifI and Tgif2 is lethal, but epiblast-specific deletion
of Tgifl in combination with a null mutation in Tgif2 results in
HPE, which is at least partly due to deregulation of Nodal signal-
ing, suggesting that human TGIFI mutations may cause HPE by
affecting TGF-f3 signaling (12, 13).

There were several lines of data suggesting that TGIF1 could
also have a role in hematopoiesis. As stated above, TGIF1 is a
repressor of both TGF-f3 and RA signaling, and there is incontro-
vertible evidence that both of these pathways play an important
role in hematopoiesis (14-16). Short hairpin RNA-mediated
TGIF knockdown in the myeloid cell line HL60 (a well-character-
ized model for the study of committed myeloid progenitors) af-
fected both proliferation and differentiation and induced a rela-
tive block in the cell cycle at the G, stage (17). TGIF1 gene
expression has been detected in murine hematopoietic stem cells
(HSCs) (18) and in murine and human embryonic stem cells (19);
TGIF1 is, in fact, represented on a short list of proteins proposed
to mediate embryonic stem cell function (19). TGIFI was also
identified in a group of genes that are downregulated in fetal liver
stem cells and upregulated in adult HSCs (20). Furthermore, and
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of possible clinical relevance, our unpublished data suggest that
expression of TGIF1I is highly predictive of relapse-free and overall
survival in patients with acute myelogenous leukemia (AML)
(21). Patients whose blast cells expressed relatively lower levels of
TGIFI mRNA had a worse outcome than patients who had higher
levels of expression.

HSCs are rare hematopoietic cells that reside in the bone mar-
row postnatally. These cells are capable of self-renewal (thus
maintaining their own number) and can differentiate into any
type of blood cell, losing their capacity of self-renewal in the pro-
cess (22-24). The vast majority of HSCs in the bone marrow are
quiescent; i.e., they are in the G, phase of the cell cycle, which
prevents their exhaustion and ensures a pool of self-renewing cells
(25-27). When an HSC exits G, to enter the cell cycle, it has the
choice of self-renewal or differentiation. The balance between qui-
escence and growth, entry into and exit from the cell cycle, and
self-renewal and differentiation is tightly controlled by a complex
interplay between intrinsic and extrinsic factors, including tran-
scription factors, cell surface receptors, and canonical signaling
pathways (28-31). Regulation of stem cell function is still incom-
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pletely understood and, importantly, appears to be altered in
acute leukemias.

Here we present data that suggest that Tgifl modulates HSC
biology by altering the exquisite balance between quiescence, self-
renewal, and differentiation. We found that TgifI knockout re-
sulted in increased HSC quiescence and self-renewal. Further-
more, our data show that this effect is associated with genes and
pathways previously implicated in HSC function.

MATERIALS AND METHODS

Mice. The generation, maintenance, and genotyping of Tgifl ™/~ mice
(C57BL/6, CD45.2") have been previously described (2, 32). Tgifl -
and Tgifl ™" mice were obtained by intercrossing Tgifl */~ mice, which
ensured that Tgifl /~ and Tgifl */* mice had the same genetic back-
ground. B6-LY5.2/Cr (CD45.1 ") mice were purchased from NCI/Charles
River. Mice were housed in accordance with an approved protocol from
Vanderbilt University’s Institutional Animal Care and Use Committee.

Flow cytometry analysis. A single-cell suspension of bone marrow
cells was obtained by flushing the tibias and femurs of the euthanized
mice. Following removal of the red blood cells, the remaining cells were
stained with a cocktail of antibodies (CD3, Ter119, Grl, Macl, B220,
streptavidin, Sca-1, c-Kit, CD45.1, CD45.2, Flt3, CD34, CD150, CD48, or
CD16/CD32 [FcyR]) to discriminate between specific hematopoietic
populations. Cells were designated as follows: lineage-negative (Lin™)
Sca™ c-Kit" (LSK); long-term hematopoietic stem cells (LT-HSCs), LSK/
Flt3~ CD347; short-term hematopoietic stem cells (ST-HSCs), LSK/
Flt3'°" CD34"; LT- and ST-HSCs (LT+ST-HSCs), LSK/F1t3'°"; signaling
lymphocyte activation molecule-positive (SLAM) cells, LSK/CD48™
CD150"; multipotent progenitors (MPPs), LSK/Flt3™8h;  committed
hematopoietic progenitor cells (HPCs), Lin~ Sca™ c-Kit"; common
myeloid progenitors (CMPs), Lin~ Sca™ c-Kit™ CD34" FcyR'°™; granu-
locyte macrophage progenitors (GMPs), Lin~ Sca™ c-Kit™ CD34™
FcyR"8%; and megakaryocyte erythroid progenitors (MEPs), Lin~ Sca™
c-Kit" CD34~ FcyR'°™. Flow cytometry analysis was performed on a
Becton, Dickinson 5-laser LSRII instrument.

BrdU incorporation and apoptosis analysis. For bromodeoxyuridine
(BrdU) incorporation assays, mice were sacrificed 2 h after intraperitoneal
injection of 1 mg BrdU (33). Bone marrow lineage-negative cells were
isolated using a MACS lineage cell depletion kit (Miltenyi Biotech, Ger-
many). These cells were then labeled with appropriate antibodies follow-
ing the instructions of the BrdU flow kit (BD Pharmingen). Apoptosis was
detected by staining the cells with antibody against annexin V.

Cell cycle analysis. Bone marrow cells were lineage depleted using a
MACS lineage cell depletion kit (Miltenyi Biotech), resuspended in RPMI
1640 with 10% fetal bovine serum, and incubated with 10 pg/ml of
Hoechst 33342 (Invitrogen) and 50 wM verapamil (Sigma) for 45 min at
37°C. Cells were washed with HBS once and incubated with the indicated
antibodies on ice for 20 min. Cells were then washed and resuspended in
Cytofix buffer (BD Pharmingen) overnight. Cells were resuspended in
staining buffer and incubated with 0.5 WM pyronin Y (Polysciences, Inc.)
for 30 min on ice prior to flow cytometry analysis.

Stem cell and progenitor cell assays. To evaluate the most primitive
progenitors, we assessed their replating ability in methylcellulose CFU
and serial replating assays. Briefly, 1.5 X 10* total bone marrow cells were
plated in methylcellulose medium (Methocult GF M3434; Stem Cell
Technologies). Colonies were counted between days 10 and 12. For the
serial replating assay, colonies were first counted and then harvested, and
then 1.5 X 10* cells were replated in fresh methylcellulose medium every
7 days for 4 weeks.

For competitive repopulation assays (CRAs), lethally irradiated B6-
Ly5.2/Cr (CD45.1 ") congenic mice were used as recipient mice. Tgifl ™"
or Tgifl /= donor cells (CD45.2%) were mixed with B6-Ly5.2/Cr
(CD45.1") bone marrow cells (1:1), and the cell mixture was injected
intravenously into the lateral tail vein of recipient mice. Reconstitution
was evaluated by flow cytometry every 4 weeks after transplant by staining
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the peripheral blood with anti-CD45.2—fluorescein isothiocyanate and
anti-CD45.1-phycoerythrin. For secondary CRAs, bone marrow cells
were harvested from mice used in primary transplants, and 2 X 10° total
bone marrow cells were injected into lethally irradiated recipient mice. To
accurately reflect the actual difference in functional activities of donor
HSCs relative to competitors, we calculated donor repopulation units
(RU) as previously described (34).

Homing assay. Bone marrow cells (1 X 107) isolated from Tgif1 r
Tgif /~ mice were labeled with the vital dye carboxyfluorescein diacetate
succinimidyl ester (CFSE; Life Technologies, Grand Island, NY) and sub-
sequently injected via the tail vein into lethally irradiated recipient
C57BL/6 mice. Sixteen hours later, the recipient mice were euthanized
and the bone marrow and spleens were isolated to determine cell homing
to either organ.

Analysis of gene expression by quantitative real-time PCR (qRT-
PCR). TagMan-based real-time PCR analyses to detect Tgifl and Tgif2
were done on sorted cell populations according to the manufacturer’s
instructions using a Cells-to-C. kit (Ambion).

Western blot analysis. Western blot analysis was done on nuclear
extracts of bone marrow cells. Extracts were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride (PVDF) membranes. Blots were probed with
a rabbit anti-Tgif] antibody (sc-9084; Santa Cruz Biotechnology) and a
rabbit anti-histone H3 antibody (sc-10809; Santa Cruz Biotechnology).

Tgifl overexpression. Tgifl cDNA was inserted into the vector
pMSCV-IRES-GFP (MIG) to prepare MIG-Tgifl. Phoenix retroviral
packaging cells were transfected with the parental vector (control) or
MIG-Tgifl, and after 48 h, the retroviruses were harvested from the su-
pernatants. Lin~ cells isolated from Tgifl */* mouse bone marrow were
then spinoculated with control retrovirus or retrovirus containing MIG-
Tgifl in the presence of 5 pg/ml Polybrene for 1 h at 1,350 X gand 32°C.
Following spinoculation, cells were cultured in StemSpan serum-free ex-
pansion medium (Stemcell Technologies) supplemented with growth fac-
tors. BrdU incorporation and annexin V staining were performed at spe-
cific time points to evaluate proliferation and apoptosis of transduced
Lin~ cells (green fluorescent protein [GFP] positive).

To determine the reconstituting ability of TgifI-overexpressing bone
marrow cells. Lin~ cells from Tgifl */* bone marrow were spinoculated
with control MIG or MIG-TgifI retrovirus in the presence of 5 pg/ml
Polybrene for 1 hat 1,350 X gand 32°C. After spinoculation, transformed
Lin~ cells were mixed with B6-Ly5.2/Cr (CD45.1%) Lin~ cells and in-
jected intravenously into the lateral tail vein of lethally irradiated B6-
Ly5.2/Cr (CD45.1") congenic mice. Reconstitution of transduced cells in
recipient mice was evaluated by monitoring GFP expression by flow
cytometry at 12 and 16 weeks after transplantation.

RNA sequencing. The RNA sequencing library was prepared from
approximately 200 ng RNA from LSK (Lin~ Sca* c-Kit™) cells isolated
from the bone marrow of Tgifl '~ and Tgifl /" mice (3 replicates each)
and sequenced on an Illumina HiSeq 2000 instrument. Sequencing anal-
ysis was performed by the Vanderbilt Technologies for Advanced Genom-
ics (VANTAGE) shared resource. The mouse genome sequence was an-
notated using the UCSC annotation file (http://genome.ucsc.edu), and
the TopHat and Cufflinks software packages were used for transcript
alignment and for gene expression quantification (35).

GSEA and IPA. We performed gene set enrichment analysis (GSEA)
(36) to determine whether differentially expressed genes (between the
Tgifl '~ LSK and Tgifl /" LSK cells) were randomly distributed
throughout the gene expression data set or were enriched in the top or
bottom of the gene expression list using the default weighted enrichment
statistic. A false discovery rate of =0.25 was considered significant. Inge-
nuity pathway analysis (IPA) was performed to display closely related
genes and identify biological pathways of relevance as previously de-
scribed (17).

Statistics. Data are presented as mean * standard error of mean
(SEM) and were analyzed with Student’s ¢ test. P values of <0.05 were
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FIG 1 (A) Tgifl mRNA levels in hematopoietic bone marrow cells (BMCs) of wild-type (WT) mice; (B) total bone marrow cell counts in Tgifl ~/~ and wild-type
mice enumerated by a hemocytometer; (C and D) flow cytometric analysis of the relative and absolute numbers of ST-HSC and SLAM cells in the bone marrow
of Tgifl * and Tgif ~/~ mice, respectively; (E and F) flow cytometric analysis of the relative and absolute numbers of CMPs and MEPs in the bone marrow of
Tgifl /+ and Tgifl ~/ mice, respectively. Asterisks indicate P values, as follows: *, P = 0.05 to 0.01; **, P = 0.01 to 0.001; ***, P < 0.001. N.S., not significant.

considered statistically significant. Analyses were performed with Prism
(version 5) software for Mac OS X (GraphPad Software Inc., La Jolla, CA).

RNA sequencing data accession number. RNA sequencing data were
submitted to the Gene Expression Omnibus (GEO) database under acces-
sion number GSE50739.

RESULTS

Tgifl is expressed in bone marrow cell populations. Since our
goal was to elucidate the role of Tgifl in hematopoiesis, we first
determined whether TgifI was, in fact, expressed in bone marrow
hematopoietic populations. Bone marrow cells from wild-type
mice with the same genetic background as the knockout mice were
sorted into various subpopulations and then analyzed for Tgifl
expression by real-time PCR analysis. We found that Tgifl was
ubiquitously expressed in the most primitive HSCs (SLAM cells)
as well as various hematopoietic progenitor cell populations (Fig.
1A). As expected, Tgifl was not expressed in Tgifl /~ bone mar-
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row cells and expressed at reduced levels in the Tgifl ™"~ cells (see
Fig. S1A in the supplemental material).

Tgifl knockout alters the bone marrow hematopoietic pop-
ulations. Since we found that TgifI was expressed in the hematopoi-
etic compartments, we investigated whether TgifI deficiency had any
effect on either the peripheral or bone marrow hematopoietic popu-
lations. Tgifl ~'~ mice lack exons 2 and 3 of the gene, which disrupts
the Tgifl open reading frame. Tgifl /~ mice thus do not express
Tgif1, while Tgifl ™'~ mice express lower levels of Tgif1 than wild-type
mice (see Fig. SIA in the supplemental material) (2). These mice,
however, develop normally, allowing us to analyze their peripheral
blood and bone marrow. At 8 and 12 weeks of life, complete blood
counting (CBC) found no statistically significant differences in the
number or types of peripheral blood cells between Tgifl ' and
Tgifl ~'~ mice (see Table S1 in the supplemental material). Likewise,
histological analysis of peripheral blood and bone marrow also did
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FIG 2 (A) CMPs isolated from Tgifl ’~ mice were less apoptotic than wild-type CMPs, as determined by annexin V staining and flow cytometric analysis; (B)
Tgifl '~ bone marrow cells produced more total colonies on methylcellulose medium than wild-type bone marrow cells. Each dot represents the total colonies
from one plate. Colonies were scored at 10 to 12 days. Asterisks indicate the P values described in the legend to Fig. 1.

not show any obvious differences (data not shown). Tgifl /"~ mice,
however, had lower total bone marrow cells than wild-type mice (P =
0.0057) (Fig. 1B). Next, we enumerated the HSCs and progenitor cells
in the bone marrow compartments of Tgifl */* and Tgifl '~ mice by
flow cytometry (the flow schematic is shown in Fig. S1B in the sup-
plemental material). The HSC population lacks lineage commitment
markers and expresses stem cell antigen (Sca-1) and high levels of the
stem cell factor receptor c-Kit; thus, it is referred to as the LSK popu-
lation (a population enriched in stem and early progenitor cells). This
LSK population can be further dissected into cells with the potential
to reconstitute hematopoiesis on along-term (SLAM cells) or a short-
term (ST-HSCs) basis, as well as progenitors with no potential for
self-renewal (MPPs). Tgifl '~ bone marrow had elevated percent-
ages of ST-HSCs (P = 0.008) and the most primitive HSCs, the SLAM
cells (LSK/CD48~ CD150") (P = 0.05) (Fig. 1C and D, left). Enu-
meration of the progenitor populations showed that Tgifl /" bone
marrow had a higher percentage of CMPs (P < 0.0001) (Fig. 1E, left)
and a lower percentage of MEPs (P < 0.0001) than Tgifl ™" bone
marrow (Fig. 1F, left). We did not observe any differences in GMPs
(P =0.9719) (data not shown).

However, there was no significant difference in the absolute
numbers of ST-HSCs and SLAM cells between Tgifl™’* and
Tgifl ~'~ mice (Fig. 1C and D, right), likely because Tgifl ~/~ mice
had a decreased cellularity compared to Tgifl */* mice (Fig. 1B).
Interestingly, however, the absolute numbers of CMPs (Fig. 1E,
right), MEPs (Fig. 1F, right), and GMPs (data not shown) were in
concordance with the relative numbers, which could suggest that the
loss of Tgif1 had a proportionally greater significant effect on progen-
itor populations.

Since changes in apoptosis are a common cause of altered cell
numbers or proportions, we evaluated apoptosis in the progenitor
as well as the HSC populations using annexin V staining. These
data showed that while CMP cells from Tgifl '~ mice were signif-
icantly less apoptotic than those from Tgifl /" mice (P = 0.004)
(Fig. 2A), there were no significant differences in apoptosis be-
tween HSCs from Tgifl '~ and Tgifl*'* mice (data not shown).
Taken together, these data thus indicate that TgifI loss increases
the primitive HSC and CMP cell populations without significantly
changing peripheral blood hematologic parameters under steady-
state conditions.

Tgifl is required for hematopoietic progenitor cell differen-
tiation and proliferation. To test whether TgifI deletion affected
myeloid progenitor cells’ differentiation and proliferation, we
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performed in vitro CFU assays in semisolid medium supple-
mented with cytokines that allow the quantification of committed
progenitor cells from mouse bone marrow. Fifteen thousand bone
marrow cells were plated in methylcellulose medium, and
myeloid, erythroid, and mixed-lineage colonies were counted af-
ter 10 to 12 days. We found that bone marrow cells from Tgifl "~
mice produced ~40% more total colonies than bone marrow cells
from healthy controls (P < 0.0001) (Fig. 2B). However, there was
no significant difference in the percentages of specific types of
progenitor colonies (data not shown).

Tgifl loss disrupts HSC function. To test whether TgifI loss
affects HSC function, we performed competitive bone marrow
transplantation studies. Lethally irradiated 8-week-old congenic
recipient mice (CD45.1 allelotype) were transplanted with 10°
Tgifl '~ or 10° Tgif1 ™" bone marrow cells (CD45.2 allelotype) in
a 1:1 ratio with 10° wild-type competitor bone marrow cells
(CD45.1 allelotype). We then examined peripheral blood for do-
nor chimerism at 8 and 16 weeks after transplantation. Our data
showed that Tgifl '~ bone marrow cells had a 1.9-fold higher
reconstituting ability than Tgifl"”’* bone marrow cells (P =
0.0025) at 8 weeks, a measure of short-term reconstitution, and a
1.6-fold higher reconstituting ability than Tgifl *'* bone marrow
cells at 16 weeks, a measure of long-term reconstitution (P =
0.0096) (Fig. 3A). To ensure that the observed differences in re-
constitution ability were not simply due to differences in homing,
bone marrow cells (Tgifl " and Tgifl ') were labeled with the
vital dye CFSE and transplanted into donor mice. Sixteen hours
later, the bone marrows and spleens of these mice were analyzed
by flow cytometry and the number of cells positive for CFSE was
quantified. These data showed that there were no differences in
homing to bone marrow or spleen between Tgifl /" and Tgifl '~
bone marrow cells (Fig. 3B).

Tgif1 loss affects HSC self-renewal. Tgifl /" mice have in-
creased reconstituting capacity in competitive bone marrow
transplantation assays (Fig. 3A), suggesting that TgifI loss could
increase stem cell self-renewal. A comparison of serially passaged
Tgifl = and Tgifl"’* bone marrow cells in methylcellulose
showed that at each replating, there were consistently more colo-
nies in Tgifl '~ plates than Tgifl ™'" control plates and that the
differences were most pronounced at the fourth replating (Fig.
3C), when control bone marrow cells displayed a nearly 8-fold
reduction in replating ability compared to Tgifl ~/~ bone marrow
cells. Furthermore, Tgifl *'* bone marrow cells could not be pas-
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FIG 3 Tgifl loss disrupts HSC function and affects HSC self-renewal. (A) CRA of HSCs. A mixture of Tgifl /™ or Tgifl '~ donor bone marrow cells (CD45.2%)
and competitor cells (CD45.1") was transplanted into recipient mice at a 1:1 ratio. The contribution of each population to the long-term reconstitution of the
bone marrow was assessed by flow cytometry using anti-CD45.1 and anti-CD45.2 to enumerate cells in the peripheral blood. Donor repopulation units (Donor
RU) were calculated at 8 and 16 weeks. (B) Tgifl ’~ cells home to bone marrow. Bone marrow from Tgifl /~ and Tgifl ™" mice were stained with CFSE and
injected into irradiated recipient mice. The percentages of cells stained with CFSE in bone marrow and spleen are shown. (C) Number of bone marrow cell
colonies formed in methylcellulose medium during 4 rounds of serial replating. (D) Secondary transplant experiment. Flow cytometry analysis for the presence
of CD45.2 and CD45.1 was used to calculate donor RUs at 8 and 16 weeks after secondary bone marrow transplant from an initial CRA. Asterisks indicate the P

values described in the legend to Fig. 1.

saged beyond the third replating, while Tgifl ’~ cells retained
nearly 50% of their original replating capacity.

The most stringent functional test for stemness, or self-renewal
capacity, of HSCs is the serial stem cell transplantation assay (37).
To that end, bone marrow cells harvested from the primary trans-
plant recipient mice were transplanted into irradiated secondary
recipient mice and peripheral blood was examined for reconstitu-
tion at 8 and 16 weeks after transplant. Tgifl '~ bone marrow cells
showed a significant (~5-fold) improvement in reconstitution
potential over the primary transplant relative to Tgifl ™" bone
marrow cells (P = 0.001 to 0.007) (Fig. 3D). Taken together, these
data suggest that Tgifl /~ HSCs have a self-renewal advantage
over Tgifl *'* HSCs.

Tgifl '~ bone marrow cells are less proliferative and more
quiescent than wild-type cells. The long-term competitive re-
populating ability of HSCs is associated with quiescence. HSCs are
maintained in a quiescent state that is the G, phase of the cell cycle,
and this quiescence is thought to protect these cells against the loss
of the self-renewal capacity needed for long-term maintenance of
hematopoiesis. The more quiescent that the HSCs are, the better
that their long-term repopulating potential will be. Thus, based on
the results of our primary and secondary transplant experiments,
we hypothesized that Tgifl /~ HSCs would be less proliferative
and more quiescent than Tgifl */* cells. To investigate this hy-
pothesis, we injected BrdU into Tgifl ™" and Tgifl ’~ mice to
evaluate the number of cycling cells in their respective HSC pop-
ulations. Two hours after BrdU injection, flow cytometry analysis
revealed that both in the stem cell pools (LSK/FIt3'°%, LT+ST-
HSCs) and in the most primitive HSCs, the SLAM cells (LSK/
CD48~ CD150"), the HSCs from Tgifl '~ mice incorporated
significantly less BrdU than the HSCs from Tgifl ™" mice (P =
0.0179 and P = 0.0208, respectively) (Fig. 4A and B). These data
indicate that fewer Tgifl /~ HSCs entered the cell cycle.

4828 mcb.asm.org

To further analyze the cell cycle in Tgifl ~/~ and Tgifl ™" mice,
we stained HSCs with Hoechst 33342 and pyronin Y, which dis-
tinguish G, and G, cells on the basis of RNA content. Our data
showed that among different HSC and progenitor populations,
the proportion of cells in G, relative to G, was significantly higher
in Tgifl ~'~ mice than in Tgifl ™" mice (Fig. 4C and D). However,
the overall percentage of cells in G phase (G, plus G;) did not
differ between strains (Fig. 4D). There was, likewise, no difference
in the percentage of cells in S or G,/M phase between Tgifl /~ and
Tgifl ™' cells (data not shown). Taken together, these data show
that the HSCs of Tgifl '~ mice are less proliferative and more
quiescent than the HSCs of Tgifl *'* mice under steady-state con-
ditions and suggest that TgifI could regulate the entrance of HSCs
into the cell cycle.

Tgifl*'~ heterozygotes also show altered progenitor and
HSC function. Since Tgifl '~ bone marrow had increased HSC
pools and showed increased numbers of CFU and engraftment in
primary and secondary transplant experiments and since TGIF1
abundance appears to impact survival in AML patients in a dose-
related fashion, we investigated whether haploinsufficiency of
Tgif1, which has previously been established to result in a =50%
reduction in Tgifl expression (2), would also have an effect on
progenitor and/or HSC function. Analysis of progenitor and HSC
populations showed that Tgifl "/~ bone marrow had slightly in-
creased LSK, ST-HSC, and CMP populations compared to
Tgifl */* bone marrow, although the differences were not statisti-
cally significant (data not shown). However, compared to
Tgifl ™" bone marrow cells, Tgifl '~ bone marrow cells showed a
significant enhancement of colony-forming capacity (P = 0.004)
(Fig. 5A) and repopulating ability in both primary transplantation
(P = 0.0005 at week 8 and P = 0.004 at week 16) (Fig. 5B) and
secondary transplantation (P = 0.0001 at week 8 and P = 0.007 at
week 16) (Fig. 5C). These data indicate that, like complete Tgifl
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Asterisks indicate the P values described in the legend to Fig. 1.

gene loss, decreased Tgifl expression affects progenitor and HSC
function and that the phenotypes observed in the Tgifl /™ mice
are equally sensitive to Tgifl heterozygosity.

Bone marrow cells overexpressing Tgif1 show increased pro-
liferation in culture and decreased hematopoietic repopulating
activity in long-term transplant experiments. Since Tgif] defi-
ciency altered HSC number and function, we investigated whether
Tgifl overexpression had an effect on bone marrow-derived HSC
populations. HSCs isolated from wild-type mouse bone marrow
were transduced with a TgifI retroviral expression vector or the
empty MIG vector (see Fig. S2A in the supplemental material).
Cells were then cultured in appropriate medium for 7 days, and
BrdU incorporation was used to determine the rate of prolifera-
tion. Our data showed that HSC populations (Lin~ Sca™&") trans-
duced with the MIG-Tgifl virus showed increased proliferation
compared to HSCs infected with the MIG control (Fig. 6A). Fur-
thermore, there was no difference in annexin V staining between
the MIG-Tgifl-infected cells and the MIG-infected cells (Fig. 6B).

We next determined the proliferative potential of these cells in
vivo. Lin~ bone marrow cells from Tgifl /" CD45.2 mice were
spinoculated with MIG control or MIG-TgifI retrovirus. Infected
Lin~ cells were then mixed with B6-Ly5.2/Cr (CD45.1") Lin~
cells and injected intravenously into the lateral tail vein of lethally
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*/* mice (n = 6 in each case).

irradiated B6-Ly5.2/Cr (CD45.1") congenic mice. The long-term
reconstitution ability of infected cells in the recipient mice was
then evaluated by flow cytometry analysis for GFP expression at 12
and 16 weeks after transplantation. At 16 weeks posttransplant,
cells infected with MIG-Tgifl showed significantly decreased
hematopoietic reconstituting function than MIG control-trans-
duced cells (see Fig. S2B in the supplemental material). Taken
together, these data reveal that TgifI overexpression increased the
proliferation of HSC populations and reduced their long-term
peripheral hematopoietic reconstitution potential, exactly oppo-
site of the effects of TgifI deficiency.

A Tgifl-dependent transcriptional program implicates per-
turbation of multiple pathways involved in HSC quiescence and
self-renewal. TGIF1 is a transcriptional corepressor, and so to
begin to determine the mechanisms by which it functions in bone
marrow hematopoietic stem and progenitor cells, we compared
gene expression in Tgifl /~ and Tgifl /" LSK bone marrow cells
by RNA sequencing of biological triplicates (GEO accession num-
ber GSE50739). Our overall goal was to understand the signaling
pathways by which Tgif] regulates HSC biology. This analysis
showed that the expression of 71 genes (31 upregulated and 40
downregulated) was significantly altered in Tgifl ’~ cells com-
pared to Tgifl """ cells (P < 0.05) (see Table S2 in the supplemen-
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tal material). A survey of the literature showed that 43% of these
differentially expressed genes have either direct or indirect func-
tions in hematopoietic cell biology, including proliferation, sur-
vival, and death. Of these, 6 genes were found to have functions in
progenitor cells (including myeloid cells), 9 genes were found to
have functions in cell cycle control and regulation of G, popula-
tions, and 26 genes were found to have roles in the proliferation of
hematopoietic cells (see Table S3 in the supplemental material).
We then used GSEA and IPA to further explore the biological
implications of these data. We generated a rank-order list based on
fold change expression differences such that the most upregulated
genes in the Tgifl /™ cells were at the top of the ranked list, while
the most upregulated genes in Tgifl ™" cells (downregulated in
Tgifl '~ cells) were at the bottom of the list. GSEA analysis
showed a statistically significant enrichment (false discovery
rate = 0.25) of gene sets involved in hemostasis, myeloid prolif-
eration, self-renewal, and RA signaling (see Table S4 in the sup-
plemental material). Enrichment of the last gene set in the upregu-
lated genes in the transcriptome sequencing (RNA-seq) data is
particularly interesting, given that all-frans RA is strongly impli-
cated in many aspects of HSC function and TGIF1 has been rec-
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ognized to function as a corepressor for the RAR-RXR-regulated
transcription.

We next examined the functional categories of differentially
expressed genes using IPA (see Table S5 in the supplemental ma-
terial). Importantly, pathways known to be important in hemato-
poietic cells predominated, including pathways relevant to the
HSC phenotype described in Tgifl knockout mice: acute myeloid
leukemia signaling, RA pathway signaling, Wnt/beta-catenin sig-
naling, and mouse embryonic stem cell pluripotency (Fig. 7). To
understand the intricate relationships of the genes defining the
Tgifl '~ LSK cells, we employed IPA to identify gene networks
(see Table S6 in the supplemental material). These networks con-
tain many genes known to affect important functions of both nor-
mal and leukemic stem cells.

DISCUSSION

In this study, we demonstrate that TgifI has a role in HSC main-
tenance, self-renewal, and quiescence. Importantly, Tgifl affects
HSC function in both the nullizygous state and the heterozygous
state, while overexpression has opposite effects to loss of function
in HSC populations. Tgifl thus joins a very small list of genes
whose knockdown has a positive effect and overexpression has a
negative effect on HSC function (24). On the basis of its interac-
tions with TGF-3 and RA signaling pathways and its effects on
myeloid cell functions, TgifI has been suggested to have a role in
HSC regulation, and this study provides the first direct evidence
by showing that Tgif] has important actions in the most primitive
hematopoietic stem and progenitor cells.

We showed that Tgifl had an effect on both hematopoietic
progenitor and HSC function. Tgifl '~ bone marrow produced
more CFU and showed increased replating potential. Both short-
term and long-term transplant studies further showed that
Tgifl ~'~ bone marrow cells had significantly greater engraftment
potential than wild-type bone marrow cells. Since long-term
transplantation potential is derived from the contribution of the
most primitive HSCs, these data suggest that Tgifl knockout af-
fects the function of the most undifferentiated populations of
HSCs.

Quiescence and self-renewal are critical for pool preservation
in adult HSCs and thereby long-term engraftment potential (28).
One of the defining characteristics of adult HSCs is their quies-
cence and tendency to reside in a G, state (27). Decreased quies-
cence can lead to defects in HSC self-renewal and eventual HSC
exhaustion. Indeed, Tgifl ’~ bone marrow had more HSCs in G,
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phase than wild-type bone marrow, and secondary transplant data
showed that Tgifl '~ bone marrow cells had enhanced self-re-
newal, as evidenced by significantly increased engraftment com-
pared to the primary transplants. Our data are consistent with a
previously reported finding of decreased proliferation and in-
creased senescence in mouse embryonic fibroblasts carrying a
Tgifl deletion (38). Taken together, these data indicate that the
enhanced engraftment ability in Tgifl '~ mice can likely be ex-
plained by their increased quiescence and potential for self-re-
newal.

While a number of gene knockouts have been found to alter
HSC function, heterozygosity has been shown to affect HSC func-
tion in only a very small number of genes. By way of example,
Gata2™'~ bone marrow cells display poorly competitive repopu-
lating ability, and their LSK population is more quiescent and
displays an increased frequency of apoptosis. Likewise, haploin-
sufficiency of Shp2 resulted in decreased HSC repopulating capac-
ity, with less quiescent LSK cells displaying reduced self-renewal
ability. Finally, heterozygosity of Apc led to expansion of LT- and
ST-HSC compartments and reduced HSC reconstituting capacity
(39-41). Interestingly, our data show that a 50% reduction of
Tgifl can also affect both progenitor and HSC function. Tgifl ™/~
bone marrow showed multiple functional changes, including in-
creased numbers of CFU and increased engraftment in primary as
well as secondary transplantation.

While highly significant from a statistical standpoint, TgifI
nullizygosity had only a mild effect on the HSC phenotype and no
effect on the peripheral blood counts under steady-state condi-
tions. One of the reasons for this might be gene redundancy. It has
previously been hypothesized that the closely related homeobox
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gene Tgif2 might compensate for the reduced activity of TgifI in
certain tissues or developmental contexts, since it shares many of
the functional attributes of TgifI (12). In addition, Tgifl and Tgif2
clearly perform overlapping functions during early embryonic de-
velopment in mice (12, 13). Furthermore, our data also show that
SLAM cells from Tgifl ~’~ mice express significantly higher levels
of Tgif2 than SLAM cells from wild-type mice (see Fig. S3 in the
supplemental material). Thus, our future plans involve investigat-
ing HSC function in mice with a combined knockout of Tgif] and
Tgif2.

Another important finding of our study was that TgifI overex-
pression in HSCs appeared to have the converse effect to Tgifl
knockdown. In this aspect, TgifI function resembles the effects of
manipulating Myc expression in hematopoiesis, where condi-
tional knockout of Myc in bone marrow cells resulted in accumu-
lation of LT-HSCs, while its enforced expression resulted in lower
HSC numbers (42).

The precise mechanism by which Tgif! affects progenitor and
HSC function remains to be defined. TGF-3 and RA pathways
were logical downstream candidates, since TgifI is an inhibitor
of both pathways through its interactions with Smad2/3 pro-
teins and RA receptor binding sites, respectively (2, 5-7), and
there is evidence of effects of TGF-3 on HSC quiescence (43,
44); furthermore, as discussed in the introduction, both have
been shown to have important roles in hematopoiesis (14—16).
Gene expression analysis did not show significant alterations of
known TGE-f or RA target genes in the Tgifl '~ LSK cells.
Although GSEA revealed activation of RA signaling, the RA
gene set was not near the top of the list. However, the expres-
sion data identified multiple genes and pathways known to be
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involved in HSC quiescence and self-renewal that were per-
turbed in Tgifl '~ bone marrow cells. For example, Alox5 can
block differentiation and division of leukemia stem cells and
plays an essential role during chronic myeloid leukemia devel-
opment (45). One interpretation of these data is that TGF-
and RA signaling pathways are not as important as direct reg-
ulation of transcription by Tgif] in HSCs. It is also possible that
one or both signaling pathways do, in fact, play a role but their
role was masked by the heterogeneity of LSK cells; in compar-
ison, the SLAM cell population is more primitive (and more
homogeneous). Additionally, it should be noted that the gene
responses to such signaling pathways are cell type specific, and
the best-characterized target genes may not change in all cell
types. Further, from our data on Tgif2 expression, it is possible
that the effects were blunted by the increased Tgif2 expression
in Tgifl-null cells (see Fig. S3 in the supplemental material).
Ultimately, combined chromatin immunoprecipitation-se-
quencing analysis and expression profiling, potentially requir-
ing a double-knockout (TgifI and Tgif2) mouse model, will be
needed to resolve this issue.

TGIF1 is a TALE transcription factor, and other TALE pro-
teins, including MEIS1 and PBX1, have been implicated in hema-
topoiesis and leukemogenesis (44, 46—48). For example, MEIS1
levels are important for leukemia stem cell function and chemo-
therapy resistance (49, 50), and PBX1 regulates HSC self-renewal
and maintains HSC quiescence through multiple pathways (44).
An increased HSC pool, enhanced quiescence, and an enhanced
potential for self-renewal may make Tgifl /~ HSCs more prone to
malignant transformation or increase leukemic stem cell or pro-
genitor cell survival with chemotherapy. This would be analogous
to what has been observed in MEF/ELF4 knockout mice, in which
HSCs were increased in number, outcompeted wild-type cells in
repopulation assays, and were less proliferative and more quies-
cent. MEF/ELF4~'~ HSCs are also more prone to malignant trans-
formation, although they have an otherwise normal life span with-
out spontaneous tumor formation (51). TGIF1 could also impact
AML cell biology through regulation of lymphoid enhancer-bind-
ing factor 1 (LEF1). High expression of LEFI appears to be a fa-
vorable prognostic predictor in AML (52), and our data show that
Lefl levels are significantly lower in Tgifl /~ bone marrow cells
than wild-type bone marrow cells.

Finally, we have found that a reduced TGIFI RNA abundance
in leukemic blasts is associated with poor long-term survival in
patients with AML (21). In contrast to individuals with holopros-
encephaly, these patients did not have a mutation in the TGIFI
coding or regulatory regions. Furthermore, we have shown that
TGIF1 expression levels are a continuously variable trait, i.e., a
quantitative genetic trait, in human lymphocyte cell lines (53).
These data, when taken together with the data showing that Tgifl
heterozygosity affects HSC function and TgifI overexpression has
the opposite phenotype to Tgifl nullizygosity, suggest that varia-
tions in TGIFI levels may be important for human HSC function
and that TGIFI may be a modifier of HSC and, potentially, leuke-
mic stem cell function.

In summary, our data define TgifI to be a novel regulator of
normal HSC function, and given the correlation between its abun-
dance and prognosis in patients with AML, it may also have an
important role in leukemic hematopoiesis.
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