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1 | INTRODUCTION

| Utpal P. Davé?

| Michael Engel® | Stephen J. Brandt® |

Abstract

TG-Interacting Factor 1 (Tgif1) affects proliferation and differentiation of myeloid cells
and regulates self-renewal of haematopoietic stem cells (HSCs). To determine its im-
pact on leukaemic haematopoiesis, we induced acute or chronic myeloid leukaemias
(AML or CML) in mice by enforced expression of MLL-AF9 or BCR-ABL, respectively, in
Tgif1"* or Tgif1”~ haematopoietic stem and progenitor cells (HSPCs) and transplanted
them into syngeneic recipients. We find that loss of Tgif1 accelerates leukaemic pro-
gression and shortens survival in mice with either AML or CML. Leukaemia-initiating
cells (LICs) occur with higher frequency in AML among mice transplanted with MLL-
AF9-transduced Tgifl_/_ HSPCs than with Tgifl”* BMCs. Moreover, AML in mice gen-
erated with Tgif1™”~ HSPCs are chemotherapy resistant and relapse more rapidly than

+/+

those whose AML arose in Tgif1™" HSPCs. Whole transcriptome analysis shows sig-
nificant alterations in gene expression profiles associated with transforming growth
factor-beta (TGF-beta) and retinoic acid (RA) signalling pathways because of Tgif1
loss. These findings indicate that Tgif1 has a protective role in myeloid leukaemia ini-
tiation and progression, and its anti-leukaemic contributions are connected to TGF-

beta- and RA-driven functions.
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intermediate Smad respectively. TGIF1 can also inhibit tran-

scription directly through binding to a TG-rich sequence element via

TG-Interacting Factor1 (TGIF1) belongs to the three-amino acid loop
extension (TALE) family of homeodomain proteinsl'4 and functions
as a corepressor of retinoic acid (RA) and transforming growth fac-
tor-f (TGF-p)-stimulated transcription. It does so by interfering with
retinoid X receptor (RXR) binding to DNA and by recruiting general
corepressors,” histone deacetylases (HDACs) to the TGF-B signalling

its homeobox domain. Inactivating mutations in TGIF1 cause auto-
somal dominant holoprosencephaly,”*° the most common inherited
defect in forebrain development in humans.

In addition to its role in forebrain development, TGIF1 affects
proliferation and differentiation of myeloid lineage cells by regulat-
ing cell cycle progression.!! Also, we have shown that Tgif1 regulates
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self-renewal of haematopoietic stem cells (HSCs). Loss of Tgif1 in
mice increases quiescence in bone marrow HSCs and enhances long-
term repopulating activity without an effect on steady-state hae-
matopoiesis.'? In MLL-rearranged AML, which is typically aggressive
and portends a poor prognosis, TGIF1 expression is decreased com-
pared to AML cases characterized by other molecular lesions.'®
Moreover, enforced expression of TGIF1 in MLL-AF9-transduced
leukaemia cells influences transcriptional networks regulated by
MEIS1, another TALE family member, while the TGIF1:MEIS1 ratio
predicts AML survival. These data suggest that altered TGIF1 func-
tion could alter outcomes for AML patients.

Here, we present data showing that in addition to its role in nor-
mal HSCs, Tgif1 also affects leukaemia-initiating cell (LIC) function in
AML. Loss of Tgif1 increases LIC frequency in both acute and chronic
myeloid leukaemia mouse models, resulting in earlier disease re-

lapse, reduced survival and treatment resistance.

2 | MATERIALS AND METHODS
2.1 | Mice and plasmids

Mice with a Tgif1 null mutation have been previously described.!?
C57BL/6J mice were purchased from the Jackson Laboratories (Bar
Harbor, ME). All animal experiments were approved by the Animal
Care and Use Committees of Vanderbilt University and University
of Virginia. MSCV-MLL-AF9-IRES-GFP vector was provided by Dr
Scott Armstrong (Boston Children's Hospital, Boston, MA).

2.2 | Retrovirus production

Retroviral vectors were transfected into Phoenix ecotropic retrovi-
ral packaging cells using Lipofectamine 2000 according to the manu-
facturer's instructions. Forty-eight hours after transfection, viral

supernatants were collected, filtered and stored at -80°C.

2.3 | Induction of myeloid leukaemia in mice

The MSCV-MLL-AF9-IRES-GFP retrovirus was used to induce AML
in mice. Bone marrow cells were flushed from the tibias and femurs
of Tgiff/* or Tgifi’/’ mice and lineage marker-negative (Lin") cells
were enriched using the Mouse Lineage Cell Depletion kit (Miltenyi
Biotec). Lin™ cells purified from Tgifl”* or Tgifl‘/' mice were then
transduced using low-speed centrifugation (spinoculation), with
MSCV-MLL-AF9-IRES-GFP retrovirus in the presence of 8 pg/mL
polybrene at 1350g x 45 minutes (32°C). Transduced Tgif1** or
Tgifi’/’ Lin" cells were resuspended in phosphate-buffered saline
(PBS), and 1 x 10° cells were injected intravenously into sub-lethally
irradiated (4.5 Gy) Tgif1"* or Tgifl”" recipient mice, respectively.
Reconstitution of transduced cells in recipient mice was evaluated by

monitoring GFP expression by flow cytometry analysis at 1-2 weeks
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intervals following transplantation. Recipient mice were killed for
analysis when they developed palpable splenomegaly or appeared
ill. Bone marrow and spleen cells from leukaemic mice were isolated
and stored frozen for later use.

MSCV-BCR/ABL-IRES-GFP retrovirus was used to induce CML
in mice. Bone marrow cells were flushed from tibias and femurs of
Tgif1**, Tgif1”~ or Tgif1* mice, and single-cell suspensions of Lin’
c-Kit" cells were obtained using the Mouse Lineage Cell Depletion kit
and CD117 microbeads (Miltenyi Biotec, San Diego, CA). Lin™ c-Kit"
cells were spinoculated with MSCV-BCR/ABL-IRES-GFP retrovi-
rus in the presence of 8 ug/mL polybrene for 45 minutes at 1350 g
(32°C). Transduced cells were resuspended in PBS, and 8 x 10* cells
were injected intravenously into lethally or sub-lethally irradiated
C57BL/6J recipient mice. Reconstitution of transduced cells in re-
cipient mice was evaluated by flow cytometry analysis of GFP ex-
pression two weeks after transplantation. Mice were monitored for

disease development, at which time they were killed.

2.4 | Quantification of leukaemia-initiating
cell frequency

Leukaemia cells from spleens of three Tgif1** or three Tgif1”" mice
with AML induced with MSCV-MLL-AF9-IRES-GFP retrovirus were
pooled, and 1 x 10, 1 x 10, 1 x 10%, 1 x 10%, 100 and 50 cells were
transplanted into sub-lethally irradiated recipients. Animals were
killed when they became visibly ill, and the development of leukae-
mia was confirmed. LIC frequency was determined by limiting dilu-
tion analysis with the ELDA (for Extreme Limiting Dilution Analysis)
software package.'*

2.5 | Chemotherapy studies in AML mice

For treatment studies, 2 x 10° splenic leukaemia cells from Tgifl”+ or
Tgif1”~ mice were transplanted into sub-lethally irradiated recipients
by tail vein injection. Two weeks after transplant, mice were treated
by intraperitoneal injection with 100 mg/kg cytarabine once per day
for five days and 3 mg/kg doxorubicin for three days. Mice were
monitored closely for disease development, and GFP expression was
evaluated weekly by flow cytometry analysis. Animals were killed

when they appeared ill.

2.6 | RNA sequencing (RNA-seq) analysis of
AML cells

RNA was extracted from sorted populations of GFP-expressing leu-
kaemia cells isolated from the bone marrow or spleen of Tgif1** or
Tgifl'/' mice with AML. RNA-seq analysis was performed on leukae-
mia cells from three separate mice for each condition. Sequencing
of RNA and subsequent bioinformatic analyses was performed by
the Vanderbilt Technologies for Advanced Genomics (or VANTAGE)
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Shared Resource. Sequencing data were annotated with the
University of California, Santa Cruz Genome Browser (https://ge-
nome.ucsc.edu/), and the TopHat and Cufflinks software packages
were used for transcript alignment and quantification of gene ex-
pression, respectively. Gene set enrichment analysis*® was carried
out using the default weighted enrichment statistic to test whether
differentially expressed genes (between Tgif1”* and Tgif1”~ LSK
cells) were randomly distributed or enriched at the top or bottom of
the gene list. A false discovery rate of <0.25 was considered signifi-
cant. Gene ontology analysis was performed with Ingenuity Pathway
Analysis (http://www.ingenuity.com/) to group functionally related

genes and assign them to biological pathways.

3 | RESULTS
3.1 | Tgifl gene loss decreased survival in an
experimental model of acute myeloid leukaemia

We have previously shown that Tgifl deletion promotes quies-
cence and self-renewal activity in haematopoietic stem cells (HSC)
in mice without disturbing steady-state haematopoiesis.'? Studies
have also shown TGIF1 expression is decreased in MLL-rearranged
AML patients, favouring an anti-leukaemic role.'® Here, we sought
to determine directly whether Tgifl expression also affects leu-
kaemic haematopoiesis in mice. We induced AML in mice by
introduction of an MLL-AF9 fusion cDNA in lineage-negative hae-
matopoietic stem and progenitor cells (Lin"HSPCs) from Tgif1** and
Tgif1”™ mice. Transduced cells were transplanted into sub-lethally
irradiated recipients via tail vein injection. Development and pro-
gression of leukaemia in recipient mice was then monitored by flow

cytometry analysis for green fluorescent protein (GFP)-expressing

nucleated cells in peripheral blood. Six weeks after transplant, mice
that received MLL-AF9-transduced Tgif1”~ HSPCs showed higher
numbers of GFP* myeloid (CD11b* and Gr-1*) cells (Figure 1A,B) but
lower numbers of B cells (Figure 1C) compared to those receiving

+/+

similarly transduced Tgif1”" HSPCs. Necropsy showed that all mice
with circulating donor-derived leukaemia cells had splenomegaly,
with massive infiltration of myeloblasts observed in both spleen
and bone marrow (data not shown). These data suggest that Tgif1”/~
HSPCs are more prone to AML compared to those with Tgif1*"*
HSPCs upon enforced expression of MLL-AF9 fusion protein.
Kaplan-Meier analysis showed that mice transplanted with MLL-
AF9-transduced Tgifl’/’ HSPCs survived for a shorter time than mice
transplanted with transduced Tgif1"”* HSPCs (Figure 1D). As mice
transplanted with either Tgif1** or Tgif1”~ HSPCs succumbed to
leukaemia with very short latency, the aggressive nature of this leu-
kaemia almost certainly underestimates the impact of Tgifl loss on
survival. Regardless, these results indicate loss of Tgif1 accelerates

progression of MLL-AF9-induced AML in mice.

3.1.1 | Tgifl loss increases leukaemia-initiating cell
(LIC) frequency in MLL-AF9-induced AML

LICs are crucial for maintenance of AML in vivo.1¢18 Therefore, one
possible explanation for shorter survival seen with Tgif1 loss could be
increased numbers of LICs. To explore this question, we carried out
limiting dilution analysis to quantify LIC functionally by transplanting
serial numbers of MLL-AF9-transduced Tgif1** or Tgif1™" spleen cells
from primary recipients into non-conditioned wild-type C57BL/6J
mice. Indeed, our data showed a twofold higher frequency of LICs in
Tgifl’/’ mice with AML (1in 125) (95% ClI, lower: 1 in 279 and higher:
1in 56.5) than in Tgif1** mice (1 in 250) (95% CI, lower: 1 in 603 and
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higher: 1 in 103.6). These data suggest that Tgifl’/’ leukaemic popu-
lations were enriched in LIC number, function or both. Consistent
with this notion, mice transplanted with MLL-AF9-transduced Tgifl_/‘
leukaemia cells over a range of doses had inferior survival compared
to those with similarly transplanted Tgif1”* cells (Figure 2A-D).

3.1.2 | Tgifl loss results in earlier relapse and more
aggressive disease

Next, we sought to investigate whether Tgif1 expression is correlated
with time to AML relapse and/or overall survival after treatment with
conventional agents used in AML. To simulate the clinical setting, we
transplanted Tgif:l*/+ and Tgifl'/', MLL-AF9-transformed-spleen cells
from mice with established leukaemia into sub-lethally irradiated
recipients and treated these mice with cytarabine and doxorubicin
chemotherapy as described.'” Our data showed that GFP-expressing
cells appeared earlier and with higher numbers in peripheral blood
of mice transplanted with Tgifi’/’ leukaemia cells than mice trans-
planted with Tgif1™* leukaemia cells (Figure 3A). While chemother-
apy treatment extended survival of both Tgif1”* and Tgif1”~ mice
with AML (compare Figure 3B to Figure 2D), mice transplanted with
Tgifl'/’ leukaemia cells still had shorter survival than mice trans-
planted with Tgif1** leukaemia cells (Figure 3B). Although selection
at the level of a stem cell is not proven by these data, the differences
in latency of disease and response to chemotherapy, we posit, are
because of the higher frequency and/or greater fitness of LICs and

more rapid expansion of leukaemia in Tgif1™" mice.
3.1.3 | Tgifl loss decreases survival in a model of
chronic myeloid leukaemia

We next investigated whether Tgifl loss also affects leukaemic

progression in a mouse model of CML. CML arguably has the best
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evidence supporting the existence of a malignant stem cell. To
that end, Lin” HSPCs from Tgif1** and Tgif1”~ mice were trans-
duced with the BCR-ABL-GFP-expressing retrovirus and trans-
planted into sub-lethally or lethally irradiated recipients. After
transplant, the kinetics of leukaemic progression in recipient
mice was monitored using GFP-expressing myeloid cells in pe-
ripheral blood (PB). Six weeks after transplant, mice receiving
BCR-ABL-GFP-expressing Tgif1”™ cells showed higher numbers of
GFP* cells in PB and HSPCs, including the Lin'Scal*c-Kit" (LSK)
population enriched with haematopoietic stem and progeni-

tor cells, compared to Tgif1**

mice (Figure 4A-C, respectively).
Kaplan-Meier analysis revealed that mice transplanted with BCR-
ABL-GFP-transduced Tgifl’/’ HSPCs showed significantly shorter
survival than mice transplanted with BCR-ABL-GFP-transduced
Tgif1*’* HSPCs (Figure 4D). When recipient mice were condi-
tioned with a lower dose of radiation, leukaemia developed with
a longer latency; however, Tgifl genotype still significantly im-
pacted survival (Figure 4E). Interestingly, mice receiving BCR-ABL-
transduced heterozygous (Tgif1*) HSPCs also had shorter survival
(Figure 4F) paralleling the greater long-term repopulating ability
of Tgif1* HSCs compared to Tgif1”* HSCs.!? Collectively, these
data are compatible with mouse AML data and suggest Tgif1 ex-

pression impacts survival in CML.

3.1.4 | Tgifl loss affects multiple transcriptional
networks in AML

To gain insight into the biological and molecular pathways affected
by Tgifl gene loss, we compared global gene expression profiles in
Tgif1”~ and Tgif1”* myeloid leukaemia cells by unbiased mRNA se-
quencing. We identified at least 45 genes that were differentially
expressed in these two populations—33 of these were up-regulated

—/-

and 12 were down-regulated in Tgif1™”" relative to Tgif1*”* leukaemia

cells (Table 1).
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Ingenuity Pathway Analysis (IPA) allowed us to interrogate which Genes important for embryonic stem cell pluripotency were
upstream regulators contributed to gene expression changes. In highlighted in IPA canonical pathway analysis (P = 5.88 x 107
this analysis, genes involved in TGF-p signalling were significantly (Figure 6), while haematological system development and

enriched (Figure 5). Other regulators identified by this analysis in- function (P = 1.05 x 1077) were enriched in IPA physiological
cluded all-trans retinoic acid (ATRA) (P = 1.02 x 1078) and serum functions. Other functions impacted by Tgifl expression in-
response factor (SRF) (P = 5.34 x 107%). Like TGF-p targets, genes cluded cellular movement (P = 1.99 x 107%), leukocyte function
activated by ATRA were up-regulated by Tgif1 loss, consistent a role (P = 3.87 x 107®), cell death and survival (P = 5.38 x 107%), my-
for Tgif1 as a corepressor of retinoic acid receptor (RAR)-dependent eloid cell function (P = 3.24 x 107®) and cancer (P = 2.63 x 107).

transcription. Together, pathway analysis reveals altered regulation of TGF-§
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TABLE 1 Differentially expressed genes in Tgif1”~ vs Tgif1"*

leukaemic cells

1D

Slc15a2
Eps8I1
Dlgap1
Gdf3
Camk2b
Col19a1
Keng5
Vill
Cgnll
Cdkn2c
Gm15448
Selm
Ly75
Anxa3
Agapl
Ttc21a
Pip5ki1b
B4galté
Ptgs1
Olfm4
Dsp
Gfil
Plekhaé
Sept5
Optn
Kenh7
Fcnb
S100a8
Gcea
Serpine2
Camp
Serpinel
Retnlg
Cd74
Clgb
Clqc
Adam12
Clga
Mmp14
Thbs4
Bmp1l
Npril
Mtus2
Sycel
4930447C04Rik

Symbol

SLC15A2
EPS8L1
DLGAP1
GDF3
CAMK2B
COL19A1
KCNQ5
VILL
CGNL1
CDKN2C
LILRB3
SELM
LY75
ANXA3
AGAP1
TTC21A
PIP5K1B
B4GALT6
PTGS1
OLFM4
DSP

GFlI1
Plekha6
SEPT5
OPTN
KCNH7
FCN1
S100A8
GCA
SERPINE2
CAMP
SERPINE1
Retnlg
CD74
c1QB
Cc1QcC
ADAM12
C1QA
MMP14
THBS4
BMP1
NPR1
MTUS2
SYCE1
C140rf39

Location

Plasma Membrane
Cytoplasm

Plasma Membrane
Extracellular Space
Cytoplasm
Extracellular Space
Plasma Membrane
Cytoplasm

Plasma Membrane
Nucleus

Plasma Membrane
Cytoplasm

Plasma Membrane
Cytoplasm
Cytoplasm
Extracellular Space
Cytoplasm
Cytoplasm
Cytoplasm
Extracellular Space
Plasma Membrane
Nucleus

Other

Cytoplasm
Cytoplasm

Plasma Membrane
Extracellular Space
Cytoplasm
Cytoplasm
Extracellular Space
Cytoplasm
Extracellular Space
Extracellular Space
Plasma Membrane
Extracellular Space
Extracellular Space
Plasma Membrane
Extracellular Space
Extracellular Space
Extracellular Space
Extracellular Space
Plasma Membrane
Other

Nucleus

Extracellular Space

Log
ratio

-7.651
-7.587
-3.719
-3.658
-3.619
-3.488
-2.727
-2.499
-1.938
-1.649
-1.362
-0.761
0.652
0.714
0.742
0.967
0.976
1.029
1.045
1.123
1.212
1.278
1.291
1.301
1.325
1.417
1.427
1.503
1.575
1.875
1.940
2.160
2.167
2.609
3.161
3.269
3.167
3.503
4.032
4.578
4.577
5.607
5.713
7.905
8.430
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signalling and RA signalling in Tgifl’/’ leukaemia cells, with po-
tentially important consequences for LICs function.

4 | DISCUSSION

We have previously shown that inactivation of the Tgifl gene in
mice, complete or partial, increases quiescence in bone marrow
HSCs and enhances long-term repopulating activity without ef-
fecting steady-state haematopoiesis.'> We have also shown that
TGIF1 affects proliferation and differentiation of myeloid cell
lines.* Here, we sought to understand the role of Tgif1 in mouse
leukaemic haematopoiesis.

We find that loss or haploinsufficiency of Tgif1 accelerates leu-
kaemia development and shortens survival time in mouse models
of MLL-AF9-induced AML and BCR-ABL-induced CML. AML in mice
transplanted with oncogene-transduced Tgif1”~ HSPCs shows an
impaired response to conventional chemotherapy agents used to
treat myeloid malignancy and correlates with earlier relapse and

** controls.

shorter survival compared to similarly transduced Tgif1
In light of studies demonstrating that LICs frequency at diagnosis
in AML correlates with increased minimal residual disease and poor
survival,?° our finding that the Tgifl knockout enhances LIC func-
tionality by increasing LIC frequency provides an explanation for
how Tgif1 expression affects AML recurrence in our model. Our re-
sults are well aligned with data showing that enforced expression
of TGIF1 decreases human leukaemia cell proliferation, induces ter-
minal differentiation and increases survival in MLL-AF9 rearranged
myeloid leukaemia.'®

In accordance with the transcriptional repression functions of
TGIF1, mRNA expression profiling identified a number of genes
which were up-regulated in Tgif1-null leukaemic cells, with almost
half the genes differentially expressed between knockout and wild-
type leukaemia cells involved directly or indirectly in TGF-p signalling
(Figure 5). These results corroborate the enhanced TGF-p signalling
and/or target gene expression noted in epithelial ¢ and myeloid leu-

11

kaemia cells ** with diminished TGIF1 expression, and align with

roles for TGF-p in HSC self-renewal,?! quiescence %2 and enhanced
leukaemic stem cell function.?1:23-35

Loss of Tgif1 function also relieves repression of retinoic acid recep-
tor (RAR) target genes, consistent with its ability to act as a corepressor
of RAR/RXR-mediated transcription. Finally, our results do not exclude
direct effects of Tgifl on gene expression or indirect effects through
interaction with other TALE homeodomain proteins such as MEIS1'% As
chemical inhibitors are available for TGF-p and RAR signalling, it should
be possible to dissect the unique contributions of these pathways to the
altered Tgif1 functions in leukaemia development.

Although rare loss-of-function variants in TGIF1 are associ-
ated with holoprosencephaly,(”10 these same TGIF1 variants have
not been observed in AML patients. Furthermore, individuals with
holoprosencephaly and Tgif1-null mice are not at increased risk
for development of myeloid leukaemia, all of which argues against

a function for this protein as a tumour suppressor. Interestingly
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FIGURE 6 Canonical Pathway Analysis. Depicted are differentially utilized pathways in leukaemia cells from Tgif1”~ mice compared to
Tgif1*"* mice

Means-Powell et al reported that TGIF1 levels were an indepen- Taken together, these data may suggest that TGIF1 acts as a pro-

dent predictor of survival in AML, with lower levels associated totypical stem cell modifier gene, operating not in the initiation of

with earlier relapse and poor survival®® (personal communication). leukaemia but in disease progression and persistence.
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