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Nuclear factor |-C overexpression promotes monocytic
development and cell survival in acute myeloid leukemia
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Nuclear factor I-C (NFIC) belongs to a family of NFI transcription factors that binds to DNA through CAATT-boxes and are involved in
cellular differentiation and stem cell maintenance. Here we show NFIC protein is significantly overexpressed in 69% of acute
myeloid leukemia patients. Examination of the functional consequences of NFIC overexpression in HSPCs showed that this protein
promoted monocytic differentiation. Single-cell RNA sequencing analysis further demonstrated that NFIC overexpressing
monocytes had increased expression of growth and survival genes. In contrast, depletion of NFIC through shRNA decreased cell
growth, increased cell cycle arrest and apoptosis in AML cell lines and AML patient blasts. Further, in AML cell lines (THP-1), bulk
RNA sequencing of NFIC knockdown led to downregulation of genes involved in cell survival and oncogenic signaling pathways
including mixed lineage leukemia-1 (MLL-1). Lastly, we show that NFIC knockdown in an ex vivo mouse MLL::AF9 pre-leukemic stem
cell model, decreased their growth and colony formation and increased expression of myeloid differentiation markers Gr1 and
Mac1. Collectively, our results suggest that NFIC is an important transcription factor in myeloid differentiation as well as AML cell

survival and is a potential therapeutic target in AML.

Leukemia; https://doi.org/10.1038/s41375-022-01801-z

INTRODUCTION

Acute myeloid leukemia (AML) is characterized by the rapid
accumulation of a dominant clone of immature cells in the
peripheral blood (PB) and bone marrow (BM) resulting in the
failure of normal hematopoiesis [1]. AML is highly heterogeneous
with poor clinical outcomes, averaging around 50% survival at 5y
in younger patients and 15% for those over 60y [2, 3]. The
targeted treatment of acute promyelocytic leukemic (APL) with
retinoic acid-based therapy is a paradigm for successful treatment
of this disease (>90% survival) [4]. Recent advancement in
targeted approaches and successful approvals of potential drug
candidates for AML treatment have shown promise to improve
clinical outcomes of AML patients [5].

AML is characterized by a developmental arrest and is mediated
through misregulation of the differentiation program. Given the
prevalence of nuclear protein abnormalities in AML, we recently
analyzed the nuclear proteome of AML blasts in comparison with
normal human stem and progenitor cells (CD34"-HSPC) using

8-channel isobaric tagging (iTRAQ) coupled with tandem mass
spectrometry (MS) [6]. Among already known proteins dysregu-
lated in AML including WT1, CEBPA, we identified overexpression
of several novel abnormalities including nuclear factor I-C (NFIC).
NFIC belongs to the NFI family of transcription factors which
includes NFIA, NFIB, and NFIX [7]. Regulation of cellular
differentiation is reported to be the fundamental function of
these members. For example, NFIC can induce differentiation of
osteoblasts and odontoblasts [8, 9]. In solid tumors, NFIC has been
shown to be upregulated in lung squamous cell carcinoma,
colorectal cancer, as well as gastric cancer and is correlated with
increased expression of oncogenes [10-13]. Conversely, its
downregulation has been associated with increased epithelial to
mesenchymal transition and metastasis in breast, bladder, and
esophageal squamous cell cancer [14-16]. However, the signifi-
cance of its expression in normal human hematopoietic develop-
ment and the functional implication of altered NFIC expression in
AML remain unidentified.
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In this study, we show that NFIC overexpression promotes
monocytic differentiation and increases cell survival. Conversely,
loss of NFIC expression leads to cycle arrest and non-apoptotic cell
death suggesting that AML cells are dependent on the expression
of this protein for their survival.

MATERIALS AND METHODS

Primary samples and cell culture

Human neonatal cord blood was obtained with approval from the South-
East Wales Research Ethics Committee from healthy full-term pregnancies
at the University Hospital of Wales, Cardiff, UK. Normal human cord blood-
derived CD34" (>90% purity) HSPCs were isolated and cultured as
previously described [6, 17]. Diagnostic AML BM or PB samples were
obtained from patients enrolled in the NCRI AML trials (Supplementary
Table S1). All primary material was collected following informed consent
and processed in accordance with the 1964 Declaration of Helsinki. AML
cell lines were obtained from ATCC (Middlesex, UK) or ECACC™ (Salisbury,
UK) and cultured under recommended culture conditions (Supplementary
Materials and methods).

Generation of control and NFIC expressing/knockdown
human myeloid progenitor cells

Short hairpin RNA (shRNA) vectors with GFP or-m-Cherry selectable
markers were designed and purchased from VectorBuilder (Guangzhou,
China) (Supplementary Materials and methods). Lipofectamine 3000 was
used to generate lentivirus through transient transfection of HEK293
packaging cells according to the manufacturer's instructions (Fisher
Scientific, Loughborough, UK). Normal human CD34" HSPC and cell lines
were transduced with lentivirus as previously described [6, 18]. Following
infection (day 3 of culture), cells were maintained in bulk-liquid culture for
growth and differentiation assessment by flow cytometry (see “Hemato-
poeitic differentiation”).

Hematopoietic differentiation and colony-forming assay
Following transduction human CD34" HSPCs were cultured in Iscove’s
Modified Dulbecco’s Medium (IMDM; Fisher Scientific, Loughborough, UK)
supplemented with the following cytokines at 5 ng/mL and incubated at
37°C with 5% CO, in air for 9 days: IL-3, SCF, G-CSF and GM-CSF
(BioLegend, London, UK). Hematopoietic differentiation was assayed by
flow cytometry at days 3, 6, and 9 of culture for monocytic, granulocytic
and erythrocytic lineages using cell surface markers as previously
described [18].

For myeloid colony formation assay, transduced normal human HSPCs
cells were FACSorted for GFP™. Subsequently cells were seeded by limiting
dilution (0.3 cells/ well) in 96-U well plates in IMDM medium described
above. Myeloid colonies (and clusters) were counted at day 14 of culture.
Colony replating was performed by pooling colonies from 14-day cultures
and re-seeded at limiting dilution (1 cell/well) for a further 14 days. Replated
colonies were again counted and colony-forming efficiency was calculated.
For colony formation in semi-solid medium MLL::AF9 transformed pre-LSCs
were infected with shRNA or scrambled control, sorted for GFP*/m-Cherry™
cells as previously described [19]. 2000 sorted cells were seeded in
methylcellulose-containing media MethoCult M3231 supplemented with
SCF (20ng/mL), IL-3 and IL-6, and GM-CSF (10ng/mL) (STEMCELL
Technologies, Cambridge, UK) following the manufacturer’s instructions.

Migration assay

Transduced CD34" HSPCs cells were seeded on top of trans-well inserts
(Corning, NY, USA) placed within 24-well culture plates containing the
following chemotactic growth medium; IMDM + 10% v/v FBS + SDF-1
(Peprotech, London, UK) and incubated at 37°C for 6h. Following
incubation cells were harvested and GFP*/~ cells counted using flow
cytometry to calculate percent GFP* migration.

Cell proliferation, cell cycle, and apoptosis assays

Transduced cells were seeded at a density of 2 x 10° cells per well and
viable cell counts were determined daily using 7-Actinomycin D (7-AAD, 10
ug/mL). Following five days of culture, cells were harvested, washed with
PBS, and fixed with 70% v/v ethanol on ice for 30 min. Fixed cells were
washed and stained with propidium iodide (Pl) 50 ug/mL and RNAseA
(100 pg/mL) and analyzed by flow cytometry. Cells were also stained with
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Annexin-V-PE and 7-AAD using apoptosis detection kit (Cambridge
Biosciences, UK).

Western blotting

Cytosolic and nuclear protein lysates were extracted and immunoblotted
as previously described (Supplementary Materials and methods) [6].
Primary antibodies used included NFIC anti-human (1C12-2A2; Bio-
Techne Ltd, Abingdon, UK), Nfic anti-mouse (ABE1387; Sigma), Histone
H1 (clone AE-4; AbD Serotec, UK), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, Santa Cruz Biotechnology, Heidelberg, Germany), B-actin
(AC-15, Sigma) and apoptotic inducing factor (AIF, B-9, SC). HRP-
conjugated secondary antibodies were purchased from GE Healthcare, UK.

RNA sequencing

For single-cell RNA sequencing viable GFP*7-AAD™ human CD34" HSPCs
were FACsorted following four days of transduction. 10,000 sorted cells per
sample were processed for single-cell nuclei for RNA sequencing according
to manufacturer’s instruction (10x Genomics, Pleasanton, CA). Briefly Gel-
Beads in emulsion (GEM) were generated using Chromium Next GEM
Single Cell 3/GEM Kit v3.1 (10x Genomics). cDNA libraries were constructed
using Chromium Next GEM Single Cell 3/ Library Kit v3.1 (10x Genomics)
and sequenced using lllumina NextSeq 500 system using the NextSeq 500/
550 High Output v2 Kit (Illumina, San Diego, CA). Data from 10X Genomics
was analyzed using CellRanger software v.3.1.0. as well as Partek Flow
single cell analysis module (Version: 6.0.17.1206) for cellular heterogeneity
and differential gene expression. For bulk mRNA sequencing THP-1 cells
transduced with NFIC shRNA or control (GFP only) vector were sorted for
GFP, four days after transduction. Total RNA was isolated using All Prep
DNA/RNA kit (Qiagen GmBH, Hilden, Germany) according to the
manufacturer’s protocol. Samples with RNA integration number (RIN) of
>9 was used for sequencing analysis using Novaseq 6000 S4. Data analysis
was performed through R and R studio and pathway analysis was
performed using Gene Set enrichment Analysis (GSEA) and Ingenuity
Pathway Analysis (IPA) software. For detailed protocol and data analysis
see Supplementary Material and methods. Raw and processed data from
scRNA seq and RNA seq is available at Gene Expression Omnibus with
accession numbers GSE200456 and GSE196045 respectively

Flow cytometry

To study human HSPCs differentiation, cells post-infections were analyzed
with the differentiation cocktail for 30 min at 4 °C, washed and analyzed
using BD FACSCanto Il and LSR Fortessa. For single-cell sequencing 7-AAD™
and GFP™" cells were sorted using FACS Aria lll. Data were analyzed using
FCS express software V7 (Pasadena, CA, US). Details for gating strategy and
analysis are in Supplementary Material and methods.

Statistical analysis

All data were analyzed using GraphPad Prism software (v9.0). Assuming
equal variances, one-way and two-way Analysis of Variance (ANOVA), or
student ‘t’ test were used to determined statistical significance as indicated
in figure legends. Dunnett’s test was used for multiple comparisons. Mann-
Whitney U test was used for comparing mRNA expression in patient
samples. Gene expression data from the online data sets were analyzed
using BloodSpot. Batch correction between different data sets was
performed by RMA normalization, with AML samples of each individual
group was compared to HSC or with their closest counter otherwise stated
[20]. For RNA sequencing data sets, False Discovery Rate (FDR; adjusted p
value) was calculated using Benjamin-Hochberg test with FDR < 0.05 was
considered as a significant. For GSEA analysis gene sets with a cut off
nominal p value <0.05 and FDR of <0.25 was considered significant.

RESULTS

NFIC is overexpressed in AML blasts

Initially, we validated NFIC protein expression by western blot in
HEK cells transfected for NFIC (Supplementary Fig. S1). Further, we
were unable to detect significant NFIC protein expression in
normal human HSPCs or normal human BM MNCs (Supplementary
Fig. S1). We previously identified overexpression of NFIC in the
nucleus of 40% (6/15) of FAB-M1 AML patients (>5-fold compared
to normal HSPC based on relative peptide frequencies) [6]. To
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Fig. 1 NFIC is overexpressed in AML. a Immunoblot showing NFIC (~56KDa) protein expression in subcellular fractions of FAB-M1 AML
patient blasts. NFIC overexpressing HEK-293T cells (Supplementary Fig S1b) were used as a positive control to determine NFIC expression.
GAPDH and Histone 1 (H1) were used as loading controls for cytosolic (C) and nuclear (N) protein respectively. b Immunoblot of NFIC protein
expression in AML patient blasts compared to CD34" HSPCs and normal human bone marrow (BM) in nuclear lysates in a second
independent patient cohort to that of samples previously analyzed by MS. ¢ NFIC protein expression in AML cell lines. d NFIC mRNA
expression (Log,) in Normal hematopoietic subsets and in different AML subtypes (For complete description of AML subtypes and normal
blood cells refer to Bloodspot data set for BloodPool: AML samples with normal cells) and normal hematopoietic cells analyzed using
BloodSpot and the following data sets: GSE13159, GSE15434, GSE61804, GSE14468, The Cancer Genome Atlas (TCGA) and GSE42519 (for
normal blood cells) [20-28] Horizontal markers indicate median expression intensities. Tukey's test was used to analyze the level of statistical
significance of individual AML subtype compared to normal HSC where ***p < 0.001, ****p < 0.001 and ‘ns’ is non-significant.

support the upregulation of NFIC that we identified by iTRAQ MS,
we examined nuclear NFIC protein expression by western blotting
and confirmed overexpression in 8/9 AML samples analyzed by
MS. Further, all these samples also showed aberrant cytosolic
expression of NFIC (Fig. 1a). In contrast, we next extended this
analysis using an independent cohort of 13 random samples from
AML patients and found nuclear expression of NFIC in 69% (9/13)

Leukemia

of patient samples (Fig. 1b). Further, nuclear NFIC protein
expression was observed in 9/13 (69%) AML cell lines (Fig. 1c).
To determine whether the overexpression was transcriptionally
driven we used the corresponding transcriptomic from patients
used in our MS studies [6]. We found NFIC mRNA expression (log,)
to be significantly upregulated by 1.5-fold in AML compared to
normal HSPC (Supplementary Fig. S2a). Analysis of publicly

SPRINGER NATURE



N. Rastogi et al.

a b

Control(+GF) == Control(-GF)

1807 Primary ; Replating g == NFIC(+GF) NFIC(-GF)
<

150 S g4
o * b
£ x
£ 120 ™ TR
E 5 o 64 T T
(<]
L 2 o0 € =
5o S 44 Th= T
O & so{uls c P
O w - &
o 3 24 z

30 . o - =

N Y

C d

= 4001 - :::grol . 100 I Control
g 8 BN NFIC
[} % 300+ -
= S
35 * e o
200 1

T o o
22 = 40
[y )

[}
D5 1004 O 2

B
= X
\° ()
e 0

3 5 s 3 6 9 3 6 9 3 6 9 Das
W ,b‘.l«‘} K Monocytes Granulocytes Erythrocytes

SDF-1 (ug/ml)

Fig. 2 NFIC overexpression disrupts normal hematopoiesis. a Bar graph represents average number of primary and secondary granulo-
myelocytic (GM) colonies in NFIC overexpressed (NFIC) vs GFP only control. Infected CD34" HSPCs were sorted for GFP three days post
infection and seeded at a density of single cell per 3 wells in 96 well plates for colony formation assay. Myeloid colonies were counted after
14 days of culture. For replating assay, primary colonies were pooled, counted, and re-seeded by limiting dilution (1 cell/well) in 96 well plates
and counted after 14 days. Data represents mean + 1 SD (n = 3). Statistical significance was analyzed using Dunnett’s multiple comparison test
with *p < 0.05 b Total cell counts represented as bar graphs. CD34" HSPCs expressing NFIC or Control were sorted on day 3 for GFP™ and
seeded in 24-well plate in IMDM with growth factor (+GF) or without growth factors (—GF) for cell growth and survival assay. Live cells were
counted using trypan blue stain at indicated days. Data represents mean * 1 SD (n = 3). Statistical significance was analyzed using Dunnett’s
multiple comparison test with *p < 0.05. ¢ GFP™ CD34" HSPCs at 3 days post infection were seeded on top of transwell inserts in 24-well plates
containing chemotactic media with SDF-1 at indicated concentrations. Migration response was calculated as the percentage of GFP-positive
cells that migrated across the transwell membrane. Data represents mean + 1 SD (n = 3). d Bar graphs represents percentage cell populations
of monocytes, granulocytes, and erythrocytes at 3, 6, and 9 day of culture. CD34" HSPCs, expressing NFIC or GFP only (Control) were seeded in
cytokine-rich media to study differentiation at indicated days. Cell surface differentiation markers on GFP-gated cells were used to identify
different cellular types (details in the Supplementary methods). Data represent mean + 1 SD (n = 3). Statistical significance was analyzed using
Dunnett’s multiple comparison test with test with *p < 0.05.

available transcriptomic data sets [21-29] also showed NFIC mRNA and cytokine-deprived culture conditions. NFIC overexpression did
was significantly upregulated in AML vs HSC (Fig. 1d and not significantly impact the growth of HSPCs in cytokine-
Supplementary Fig. S2b). Taken together, these data suggest that supplemented growth (Fig. 2b); however, we observed enhanced
AML cells have high expression of NFIC compared to growth of NFIC-expressing cells under cytokine-deprived condi-

normal HSPCs. tions where results were significant for day 9 (1.9-fold), day 12 (1.8-

fold) and day 15 (1.8-fold) (Fig. 2b). Next, given that changes to
NFIC overexpression promotes growth and monocytic cellular migration is a characteristic feature of pre-leukemic and
development leukemic cells [30, 31] we determined whether NFIC overexpres-

Higher expression of NFIC in AML prompted us to determine the sion could affect HSPC migration (Fig. 2c). NFIC overexpression
effects of NFIC overexpression on colony formation and growth of significantly promoted migration to SDF-1 by up to 3.5-fold
normal HSPCs. We overexpressed NFIC in CD34" HSPCs using a compared to controls. Lastly, to determine whether NFIC over-
vector co-expressing NFIC and GFP (Supplementary Fig. S3a) and expression can perturb normal human hematopoietic develop-
determined the effects of NFIC overexpression on myeloid colony ment, we analyzed the proportion of monocytes, granulocytes and
forming capacity under clonal conditions. Overexpression of NFIC erythrocytes that were derived from CD34" HSPC over time.
significantly increased the number of colonies by 2-fold compared Overexpression of NFIC significantly increased the proportion of
to control (Fig. 2a). To gauge the impact of NFIC overexpression on monocytes by 1.7-fold on day 9 of culture compared to control,
replating potential we carried out a secondary replating of colony- possibly at the expense of granulocyte development. These data
forming cells. NFIC overexpressing cells were able to form 2.4-fold suggest that NFIC overexpression may promote monocytic
more myeloid colonies than control. Given that NFIC promoted differentiation (Fig. 2d).

myeloid colony formation, we next determined whether NFIC Taken together, these data suggest that NFIC overexpression
overexpression affected growth of normal HSPCs under normal promotes monocytic development and myeloid colony formation

SPRINGER NATURE Leukemia



coupled with enhanced cytokine-independent growth and
migration.

scRNA seq reveals NFIC-mediated skewing of hematopoiesis
through increased number of monocytes with dysregulated
gene expression profiles

Since NFIC is a transcriptional regulator, we next determined the
impact of NFIC on developmental hematopoietic subsets at a
single-cell level (Fig. 3a). t-SNE plot was used to visualize eight
cell clusters which were identified based on the top cellular
markers expressed within each cluster (Fig. 3b and Supplemen-
tary Fig. S3b, c). We found increase in numbers of cells of
monocytic (1.8-fold), neutrophils (1.7-fold) and basophil/mast
progenitor (1.3-fold) lineage cells after NFIC overexpression
compared to control, however, increase in numbers of mono-
cytic lineage cells was more pronounced as compared to other
lineages (Fig. 3c). Therefore, to understand the molecular basis
of this, we focussed our analysis on monocytes to determine
changes in mRNA expression following NFIC overexpression. We
identified 164 and 88 significantly upregulated and down-
regulated genes, respectively (p<0.05, FDR<0.05) in NFIC
overexpressing monocytes as compared to control (Supplemen-
tary Table S2). Pathway analysis identified enrichment in genes
involved in mTOR signaling, cancer cell death and survival,
energy metabolism pathways and oxidative phosphorylation
(see “Discussion”) (Fig. 3d). This analysis was supported by an
enrichment analysis for disease and molecular functions, further
demonstrating a high number of genes enriched for cancer and
cell death and cell survival pathways (Fig. 3e). To further explore
the mechanistic pathway of cell death and cell survival we
created a network analysis map using all the genes enriched
within this mechanistic network using IPA Build tool. We found
that most of the genes associated with cell survival were found
to be upregulated in NFIC overexpressing as compared to
control monocytes (Supplementary Table S3) and were sub-
divided into three major functional nodes of cell survival, colony
formation and cell viability of tumor cells (Fig. 3f). These results
support the above data in that NFIC overexpression in HSPCs
skews normal hematopoiesis towards increased monocytic
development.

AML cell survival is dependent on NFIC expression

Data above show that ectopic expression of NFIC perturbs normal
hematopoiesis and promoted the growth of normal human HSPCs
under cytokine-deprived conditions. Therefore, we next deter-
mined if AML cells were dependent on NFIC expression for growth
and survival. We selected cell lines with high expression of NFIC
(Fig. 1) and transduced them with different shRNA targeting this
gene. Five different shRNAs were screened for NFIC knockdown
(KD) of which two with the highest KD efficiency were used in
subsequent studies (Supplementary Fig S4a). NFIC KD with sh494
reduced the growth of HL60 (0.5-fold), THP-1 (0.4-fold), NB4 (0.4-
fold), TF1 (0.5-fold), HEL (0.6-fold) and OCIAML2 (0.6-fold) cells at
day 5 as compared to scrambled control (Fig. 4a). Further, KD of
NFIC in primary AML blasts (Supplementary Fig S4b) also
significantly reduced growth ranging from 0.6-fold (sh488 vs Scr)
and 0.3-fold at day 4 (Fig. 4b).

We next analyzed the effect of NFIC KD on cell cycle in AML cell
lines. We found that NFIC KD triggered an accumulation of AML
cells in the G2/M phase of cell cycle (Fig. 5a and Supplementary
Fig S4c). Cell cycle arrest was further confirmed by cyclin B1
expression, a key mediator of G2/M cell cycle phase, which was
found to be increased upon NFIC KD (Supplementary Fig S4d). To
determine whether reduced survival could also contribute to
decreased cell growth, we analyzed annexin-V/PI staining in NFIC
KD AML cell lines and primary patient samples. NFIC KD with
sh494 led to significant increases in apoptosis in cell lines THP-1
(ninefold), HL60 (eightfold), NB4 (eightfold) and TF-1(tenfold)
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(Fig. 5b) and a similar effect was observed in AML patient samples
ranging from 1.6 to 4-fold (Fig. 5c). We next determined the
mechanism of apoptosis in NFIC KD cells. Western blot demon-
strated that apoptosis induction was not associated with PARP
activation (Supplementary Fig 4e) but elevated apoptosis did
correlate with the induction of a caspase-independent mechanism
through induction of apoptosis-inducing factor (AIF) (Fig. 5d). To
see if we could rescue NFIC KD cells from AIF induced cell death
we co-knocked down NFIC and AIF in HL60 and THP-1 cells and
assayed apoptosis (Supplementary Fig S5). Whilst a reduction in
NFIC-induced apoptosis was observed, the effect was not
significant (Supplementary Fig S5b). Taken together these results
suggest that NFIC is an essential factor for growth and survival of
AML cells and its inhibition can lead to caspase-independent
apoptosis in these cells.

NFIC knockdown alters gene expression of cell survival and
oncogenic pathways in THP-1 cells

To further understand the molecular mechanisms involved in
NFIC-mediated pro-survival signaling in AML cells, we performed
bulk mRNA sequencing of THP-1 cells in which NFIC was KD. PCA
analysis showed distinct separation between scrambled control
(C1, C2, and C4) and NFIC knockdown samples (N1, N2 and N3)
indicating differential gene expression profiles between the
groups (Supplementary Fig S6a). NFIC KD resulted in 10,083 sig-
nificantly differentially expressed genes (Supplementary Fig S6b).
GSEA analysis identified upregulation of genes involved in G2M
cell cycle regulation, apoptosis, DNA repair and epigenetic
regulation of gene expression as well as downregulation of genes
involved in cell survival such as Myc targets, MLL targets, cell
adhesion, migration, and invasion (Fig. 6a). We observed
significant changes in mRNA expression of AIF (AIFM3) (Fig. 6b).
Given that Bcl2 family proteins have shown to regulate AIF
mediated caspase-independent apoptosis we looked for changes
in these genes and found significant changes in expression of BID,
BAX and BCL2L11 (Fig. 6b). These findings suggest that AIF is not
solely responsible for NFIC inhibition induced cell death in AML
cells. Interestingly, we also found downregulation of MLL target
genes which were upregulated after MLL-1 overexpression in
mouse embryonic cells [32] (Fig. 6¢, d). These results suggest a
corelation of NFIC with MLL signaling in THP-1 cells. Similarly,
pathway analysis using IPA also showed enrichment of genes
involved in growth, survival, and migration of tumor cells
(Supplementary Fig S6c). GO analysis of the genes which were
significantly upregulated in NFIC knockdown THP-1 cells using
Metascape showed an enrichment of biological pathways of
epigenetic regulation of gene expression, differentiation, meta-
bolism as well as cell killing (Supplementary Fig S6d). Taken
together, these data suggest that NFIC may have a prominent role
in cell cycle, growth and apoptosis, epigenetic regulation of gene
expression, and oncogenic transformation of AML cells.

NFIC inhibition decreased growth, survival and colony
formation of MLL::AF9 pre-leukemic cell models

To further evaluate the role of NFIC in AML and leukemogenesis
we used MLL:AF9 transformed model of leukemia. We found a
significant increase in Nfic mRNA expression MLL::AF9 transformed
pre-LSCs as compared to normal granulo-monocytes progenitor
(GMP) cells (Fig. 7a). We next determined the effect of Nfic KD on
MLL::AF9 expressing pre-leukemic stem cell clones. Initially we
screened three mouse-specific Nfic shRNAs and scrambled control
vectors containing m-Cherry using NIH3T3 cells (Supplementary
Fig S7) of which two (sh539 and sh545) were selected for further
studies. We next transduced MLL:AF9-GFP pre-LSCs from two
different mice (indicated as Clone 1 and Clone 2) with Nfic ShRNAs
and determined their effect on growth and survival. Nfic KD
significantly reduced growth of both LSC clones and significantly
increased apoptotic cell death (Fig. 7b, c).
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Fig. 4 NFIC knockdown reduces growth of AML cells. a Line graphs represent total cell counts at different days post NFIC knockdown (KD).
AML cell lines HL60, THP-1, NB4, TF-1, HEL and OCIAML2 were infected with either of the two NFIC shRNAs (sh488 and sh494) or scrambled
shRNA (shScr). Forty-eight hours post-infection cells were seeded in 24-well plates designated as Day 0. GFP" viable (7-AAD) cells were
counted every 24 h for up to 5 days of culture. Immunoblots below each graph show KD of NFIC protein compared to control. GAPDH and
Histone H1 were used as loading controls for cytosolic (C) and nuclear (N) extracts respectively. Data is represented as mean + 1SD (n = 3).
b Line graphs showing total GFP* cell counts of primary AML patient-derived blasts infected with shRNA or control. Forty-eight hours post-
infection cell were seeded and GFP™ cell counts were performed every 24 h for four days. KD efficiency of shRNAs was also evaluated through
intracellular staining and flow cytometric analysis (Supplementary Fig S4b). Data represented are mean + 1 SD (n = 3). Statistical significance
denoted with *p < 0.05 and **p < 0.01 when analyzed by Dunnett’s multiple comparison test.

To determine the effect of Nfic KD on self-renewal of pre-LSCs,
colony assays were performed. A significant reduction in number
of colonies of pre-LSCs after Nfic KD in primary, secondary, and
tertiary colony formation was observed (Fig. 7d). Phenotypic
analysis of these colonies revealed an increase in expression of
myeloid differentiation markers Mac1 and Gr-1 in tertiary colonies,
in Nfic KD pre-LSCs as compared to pre-LSCs infected with
scrambled control (Fig. 7e). However, no change in c-kit
expression was observed in any of the colonies suggesting that
Nfic KD induces differentiation of MLL::AF9 pre-LSCs. Taken
together these data suggest that NFIC may have an important
role in growth and survival of MLL::AF9-driven LSCs as well as AML.

DISCUSSION

Aberrant expression of transcription factors, loss of function
mutations and epigenetic regulation have been shown to
transform normal hematopoietic stem cells to malignant leukemic
cells. Our study demonstrates that transcription factor NFIC is
aberrantly expressed in AML and is required for growth and
survival of leukemic cells. When overexpressed in normal HSPCs,

Leukemia

NFIC promotes survival of these cells under stress conditions,
enhance their migration, as well as promoting monocytic
differentiation and thereby disrupting normal hematopoiesis.
NFIC belongs to NFI family of proteins all of which have been
shown to exhibit both tumor suppressor and oncogenic roles in
different cancers [33]. The role of NFI members in AML have been
very limited where only the NFIA fusion protein NFIA/CBFA2T3 has
been reported in acute erythroid leukemia [34]. In hematopoiesis,
NFIA has been shown to play a central role in human erythro-
granulopoietic lineage decision by promoting erythroid lineage
commitment [35]. On the other hand, NFIX has been shown to
promote myeloid differentiation in murine hematopoiesis [36]
suggesting a possible redundancy of NFI members in hematopoi-
esis. In this current study, we found that NFIC promotes human
myeloid differentiation particularly with increasing monopoiesis
(an effect also supported by scRNA sequencing). Further, a recent
study also showed that NFIC overexpression promotes myelopoi-
esis in murine HSPCs under the direct influence of hepatic
leukemic factor (HLF) [37]. However contrary to their findings
where overexpression of NFIC alone lead to a decrease in myeloid
cells over time we found that NFIC promoted survival of human
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Fig. 5 NFIC knockdown reduces survival of AML cells by inducing apoptosis and cell cycle arrest. a Cell cycle analysis of NFIC KD AML cell
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for endogenous loading control.

HSPCs in cytokine-depleted media. A similar effect has been
overserved in murine HPSCs where Nfix overexpression supported
survival of immature HSPCs, thereby suggesting that these effects
can be context and model system dependent.

Single-cell mRNA analysis of human HSPC expressing NFIC,
identified 220 genes to be differentially expressed in monocytes
compared to control. Most of these genes were enriched in
pathways corresponding to cell growth and survival. Among the
most significantly upregulated genes where TYMP (log,FC =7.11),
HNRNPH1 (log,FC=3.68) and CDC42 (log,FC=3.68). TYMP
encodes for an enzyme thymidine phosphorylase (TP) which is
an important component of thymidine catabolism. TP has been
shown to confer survival advantage to cancer cells under nutrient
deficient conditions [38] and may possibly explain NFIC-HSPCs
growth in cytokine-free cultures. On the other hand, HNRNPH1, an
RNA binding protein (RBP), has found to be upregulated in AML
and is required for AML growth and survival in CRISPR screens for
RBPs in AML patient samples [39]. CDC42, a small RhoGTPase is a
cell polarity determinant that has been shown to regulate HSC
polarity and migration and its increased expression is associated
with asymmetric divisions in aging HSC [40]. A recent study has
shown that elevated expression and CDC42 GTPase activity is
associated with leukemic transformation of normal HSPCs by
regulating cell polarity and blocking differentiation stressing the
role of CDC42 in leukemogenesis [41].

We also found ST00A12 to be the most downregulated gene
(log,FC = —10.38) in NFIC overexpressing monocytes. STO0A12 is

SPRINGER NATURE

found to be expressed exclusively in leukocytes and has been
associated with inflammation-induced activation of myeloid cells.
Its exact role in monocytes is not clear but it has been shown that
S100A12 is highly expressed in classical monocytes and found to
be downregulated in non-classical monocytes [42]. While classical
monocytes are the most abundant form of monocytes found in
circulation, non-classical monocytes are found to be increased in
various disease condition including acute leukemia [10]. Therefore,
beyond the scope of the present study it would be interesting to
further validate these findings to determine the precise functional
role of NFIC in monocytic differentiation and haematopoiesis.

In this study, we also report high nuclear expression of NFIC in
AML patient samples as compared to control. Since NFIC belongs
to the NFI family of transcription factors (other members being
NFIA, NFIB, and NFIX), we analyzed the nuclear protein and mRNA
expression of these proteins. NFIX was the only family member to
have higher mRNA expression compared to control. However, we
were not able to detect correspondingly high expression of NFIX
protein in the nucleus of AML samples. Interestingly, the samples
with high NFIC nuclear levels showed decreased NFIX nuclear
localization suggesting a possible redundancy between NFIC and
NFIX in AML as well. Although dysregulation of NFIC has been
reported in different cancers this study to the best of our
knowledge is the first attempt to mechanistically explores its role
in AML. We showed that AML cells were dependent on NFIC for
their growth and survival and its inhibition induced apoptosis in
these cells which was mediated by activation of AIF.

Leukemia
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Fig. 6 NFIC KD induces differential expression (DE) of genes in THP-1 cells. a Multivariable graph represents a list of pathways enriched after
Gene Set Enrichment Analysis (GSEA) of all differentially expressed genes with significance (FDR < 0.05) and log, fold change >1.5 or <—1.5 in
THP-1 cells following NFIC KD (sh494) vs scrambled (shScr). b Table showing DE apoptotic-related genes in THP-1 cells following NFIC knockdown
(sh494) vs scrambled (shScr). ¢ GSEA shows that NFIC KD increases expression of genes involved in G2M checkpoints histone acetylation and
epigenetic regulation of genes expression with a positive Normalized Enrichment Score (NES). Pathway enrichment analysis showed upregulation
of genes downregulated by fusion oncogene NUP98-HOXA9 with a positive NES and downregulation of genes that are targets of MLL with a
negative NES. Enriched pathway with nominal p < 0.05 and False Discovery Rate (FDR) < 0.05 was selected for investigation. d Heat map showing
DEG in THP-1 cells following NFIC knockdown (sh494) vs scrambled (shScr) enriched for MLL target genes. Data represents n = 3 for each group.
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Fig. 7 NFIC KD reduces growth, survival and clonogenicity of MLL::AF9 pre-LSCs and induces differentiation and apoptosis. a Expression
of Nfic mRNA in pre-LSCs clones isolated from MLL:AF9 transformed mice (n=25) as compared to their normal counter-part granulo-
monocytic myeloid progenitor (GMP) cells (n = 4). Each dot represents an individual mouse. Data was analyzed using Mann-Whitney test.
b Line graph represents growth curve of MLL:AF9 (with GFP) transduced pre-LSCs after Nfic knockdown. MLL::AF9 transformed pre-LSCs
clones (Clone 1 and 2) form two different mice models were repeat-infected with either Nfic ShRNAs (sh539 and sh545) or scrambled (shScr)
vectors containing m-Cherry. Cells were seeded 48 h post infection. Total cell counts were performed every 24 h for 4 days. Cells were initially
gated on GFP for MLL::AF9 and then on m-Cherry. 7-AAD was used to exclude dead cells. Data are mean + 1 SD with *p < 0.05 and **p < 0.01,
analyzed by Dunnett’s multiple comparison test as compared to scramble control. ¢ Colony formation assay. The bar graph represents number
of colonies per 2000 cells seeded. MLL::AF9 transformed cells were infected with Nfic sShRNAs or scrambled for 48 h, sorted as GFP"/m-Cherry™
and seeded in six-well plates containing MethoCult for primary, secondary, and tertiary colony. Colonies were counted and phenotyped after
seven days and re-seeded for subsequent colony. Data represented are mean+1SD (n=4) with *p <0.05, **p <0.01 and ***p <0.001 as
analyzed by Tukey’s multiple comparison test. d Bar graph represents Annexin-V " cells. MLL::AF9 transformed pre-LSCs were infected with Nfic
shRNAs or scrambled for 72 h and analyzed for apoptosis assay. 7-AAD was used for necrotic and late-apoptotic cells. Each bar graph shows
sum of both Annexin-V* (early apoptotic) and 7-AAD"/Annexin-V™ (late apoptotic) cell populations. Data represented are mean + 1 SD (n = 4)
with *p < 0.05 and **p < 0.01 as analyzed by Dunnett’s multiple comparison test. e Flow cytometric histogram plots for c-kit, Mac and Gr-1
expression in tertiary colonies of MLL::AF9 transformed pre-LSCs infected with Nfic sShRNAs as compared to control (n = 4).

Interestingly, bulk RNA sequencing analysis in THP-1 cells with
NFIC KD showed downregulation of MLL target gene, we
therefore, analyzed the effect of Nfic KD on cell growth and
colony formation using MLL:AF9 pre-LSCs. We observed a
reduction in growth and colony formation of these LSCs as well
as induced differentiation and apoptosis suggesting that NFIC
could be an important transcription factor in MLL::AF9-asso-
ciated leukemia. Both our single and bulk RNA sequencing
analysis showed consensus role of NFIC epigenetic regulation of
gene expression in haematopoietic cells, which demands

SPRINGER NATURE

in-depth analysis of NFIC-mediated epigenetic changes in
AML cells.

This study shows for the first time that NFIC overexpressing
HSPC promotes monocyte development which exhibited distinct
molecular characteristics and increased cell survival. We also
showed that AML cells depend on NFIC for their growth and
survival and that its downregulation not only inhibited growth of
AML cells but also impaired normal growth and colony formation
in MLL::AF9 pre-LSCs. These findings suggest targeting NFIC can
be a potential therapeutic strategy in AML.
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The mRNA and scRNA sequencing data sets generated in this study have been
deposited in NCBI's Gene Expression Omnibus. The GEO Series accession number are
GSE200456 and GSE196045 respectively.

REFERENCES

1.

20.

21.

. Ferrara F,

Dohner H, Weisdorf DJ, Bloomfield CD. Acute myeloid leukemia. N Engl J Med.
2015;373:1136-52. https://doi.org/10.1056/NEJMra1406184

Schiffer CA. Acute myeloid leukaemia in adults.
2013;381:484-95. https://doi.org/10.1016/50140-6736(12)61727-9

Lancet.

. Burnett A, Wetzler M, Lowenberg B. Therapeutic advances in acute myeloid

leukemia. J Clin Oncol. 2011;29:487-94. https://doi.org/10.1200/JCO.2010.
30.1820

. Grimwade D, Mistry AR, Solomon E, Guidez F. Acute promyelocytic leukemia: a

paradigm for differentiation therapy. Cancer Treat Res. 2010;145:219-35. https://
doi.org/10.1007/978-0-387-69259-3_13

. Cucchi DGJ, Polak TB, Ossenkoppele GJ, Uyl-De Groot CA, Cloos J, Zweegman S,

et al. Two decades of targeted therapies in acute myeloid leukemia. Leukemia.
2021;35:651-60. https://doi.org/10.1038/541375-021-01164-x

. Alanazi B, Munje CR, Rastogi N, Williamson AJK, Taylor S, Hole PS, et al. Integrated

nuclear proteomics and transcriptomics identifies ST00A4 as a therapeutic target
in acute myeloid leukemia. Leukemia. 2020;34:427-40. https://doi.org/10.1038/
$41375-019-0596-4

. Chen KS, Lim JWC, Richards LJ, Bunt J. The convergent roles of the nuclear factor |

transcription factors in development and cancer. Cancer Lett. 2017;410:124-38.
https://doi.org/10.1016/j.canlet.2017.09.015

. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al.

Metascape provides a biologist-oriented resource for the analysis of systems-
level datasets. Nat Commun. 2019;10:1523 https://doi.org/10.1038/541467-019-
09234-6

. Kim MY, Reyna J, Chen LS, Zeichner-David M. Role of the transcription factor NFIC

in odontoblast gene expression. J Calif Dent Assoc. 2009;37:875-81.

. Jiang HB, Yang TJ, Lu P, Ma YJ. Gene expression profiling of gastric cancer. Eur

Rev Med Pharm Sci. 2014;18:2109-15.

. Zhang F, Chen X, Wei K, Liu D, Xu X, Zhang X, et al. Identification of key tran-

scription factors associated with lung squamous cell carcinoma. Med Sci Monit.
2017;23:172-206. https://doi.org/10.12659/msm.898297

. Liu HY, Zhang CJ. Identification of differentially expressed genes and their

upstream regulators in colorectal cancer. Cancer Gene Ther. 2017;24:244-50.
https://doi.org/10.1038/cgt.2017.8

. Xu G, Zhang Y, Li N, Wu Y, Zhang J, Xu R, et al. LBX2-AS1 up-regulated by NFIC

boosts cell proliferation, migration and invasion in gastric cancer through tar-
geting miR-491-5p/ZNF703. Cancer Cell Int. 2020;20:136 https://doi.org/10.1186/
$12935-020-01207-w

. Lee HK, Lee DS, Park JC. Nuclear factor I-C regulates E-cadherin via control of

KLF4 in breast cancer. BMC Cancer. 2015;15:113 https://doi.org/10.1186/s12885-
015-1118-z

. Wang H, Shi X, Wu S. miR-550a-3/NFIC plays a driving role in esophageal

squamous cell cancer cells proliferation and metastasis partly through EMT
process. Mol Cell Biochem. 2020;472:115-23. https://doi.org/10.1007/511010-
020-03790-y

. Liang X, Gao J, Wang Q, Hou S, Wu C. ECRG4 represses cell proliferation and

invasiveness via NFIC/OGN/NF-kappaB signaling pathway in bladder cancer.
Front Genet. 2020;11:846 https://doi.org/10.3389/fgene.2020.00846

. Tonks A, Pearn L, Tonks AJ, Pearce L, Hoy T, Phillips S, et al. The AML1-ETO fusion

gene promotes extensive self-renewal of human primary erythroid cells. Blood.
2003;101:624-32. https://doi.org/10.1182/blood-2002-06-1732

. Tonks A, Tonks AJ, Pearn L, Pearce L, Hoy T, Couzens S, et al. Expression of AML1-

ETO in human myelomonocytic cells selectively inhibits granulocytic differ-
entiation and promotes their self-renewal. Leukemia. 2004;18:1238-45. https://
doi.org/10.1038/sj.leu.2403396

. Menendez-Gonzalez JB, Vukovic M, Abdelfattah A, Saleh L, Aimotiri A, Thomas LA,

et al. Gata2 as a crucial regulator of stem cells in adult hematopoiesis and acute
myeloid leukemia. Stem Cell Rep. 2019;13:291-306. https://doi.org/10.1016/
j.stemcr.2019.07.005

Bagger FO, Kinalis S, Rapin N. BloodSpot: a database of healthy and malignant
haematopoiesis updated with purified and single cell mRNA sequencing profiles.
Nucleic Acids Res. 2019;47:D881-D885. https://doi.org/10.1093/nar/gky1076
Haferlach T, Kohlmann A, Wieczorek L, Basso G, Kronnie GT, Bene MC, et al.
Clinical utility of microarray-based gene expression profiling in the diagnosis and
subclassification of leukemia: report from the International Microarray Innova-
tions in Leukemia Study Group. J Clin Oncol. 2010;28:2529-37. https://doi.org/
10.1200/JC0O.2009.23.4732

Leukemia

N. Rastogi et al.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kohlmann A, Kipps TJ, Rassenti LZ, Downing JR, Shurtleff SA, Mills KI, et al. An
international standardization programme towards the application of gene
expression profiling in routine leukaemia diagnostics: the Microarray Innovations
in LEukemia study prephase. Br J Haematol. 2008;142:802-7. https://doi.org/
10.1111/j.1365-2141.2008.07261.x

Rapin N, Bagger FO, Jendholm J, Mora-Jensen H, Krogh A, Kohlmann A, et al.
Comparing cancer vs normal gene expression profiles identifies new disease
entities and common transcriptional programs in AML patients. Blood.
2014;123:894-904. https://doi.org/10.1182/blood-2013-02-485771

Klein HU, Ruckert C, Kohlmann A, Bullinger L, Thiede C, Haferlach T, et al.
Quantitative comparison of microarray experiments with published leukemia
related gene expression signatures. BMC Bioinform. 2009;10:422 https://doi.org/
10.1186/1471-2105-10-422

Metzelder SK, Michel C, von Bonin M, Rehberger M, Hessmann E, Inselmann S,
et al. NFATc1 as a therapeutic target in FLT3-ITD-positive AML. Leukemia.
2015;29:1470-7. https://doi.org/10.1038/leu.2015.95

Wouters BJ, Lowenberg B, Erpelinck-Verschueren CA, van Putten WL, Valk PJ,
Delwel R. Double CEBPA mutations, but not single CEBPA mutations, define a
subgroup of acute myeloid leukemia with a distinctive gene expression profile
that is uniquely associated with a favorable outcome. Blood. 2009;113:3088-91.
https://doi.org/10.1182/blood-2008-09-179895

Taskesen E, Bullinger L, Corbacioglu A, Sanders MA, Erpelinck CA, Wouters BJ,
et al. Prognostic impact, concurrent genetic mutations, and gene expression
features of AML with CEBPA mutations in a cohort of 1182 cytogenetically normal
AML patients: further evidence for CEBPA double mutant AML as a distinctive
disease entity. Blood. 2011;117:2469-75. https://doi.org/10.1182/blood-2010-09-
307280

Taskesen E, Babaei S, Reinders MM, de Ridder J. Integration of gene expression
and DNA-methylation profiles improves molecular subtype classification in acute
myeloid leukemia. BMC Bioinform. 2015;16:S5 https://doi.org/10.1186/1471-2105-
16-54-S5

Svendsen JB, Baslund B, Cramer EP, Rapin N, Borregaard N, Cowland JB.
MicroRNA-941 expression in polymorphonuclear granulocytes is not related to
granulomatosis with polyangiitis. PLoS ONE. 2016;11:e0164985 https://doi.org/
10.1371/journal.pone.0164985

Voermans C, van Heese WP, de Jong |, Gerritsen WR, van Der Schoot CE.
Migratory behavior of leukemic cells from acute myeloid leukemia patients.
Leukemia. 2002;16:650-7. https://doi.org/10.1038/sj.leu.2402431

Windisch R, Pirschtat N, Kellner C, Chen-Wichmann L, Lausen J, Humpe A, et al.
Oncogenic deregulation of cell adhesion molecules in leukemia. Cancers.
2019;11. https://doi.org/10.3390/cancers11030311

Wang P, Lin C, Smith ER, Guo H, Sanderson BW, Wu M, et al. Global analysis of
H3K4 methylation defines MLL family member targets and points to a role for
MLL1-mediated H3K4 methylation in the regulation of transcriptional initiation
by RNA polymerase Il. Mol Cell Biol. 2009;29:6074-85. https://doi.org/10.1128/
MCB.00924-09

LiY,Sun C, TanYY, Li L, Zhang H, Liang Y, et al. Transcription levels and prognostic
significance of the NFI family members in human cancers. PeerJ. 2020;8:e8816
https://doi.org/10.7717/peerj.8816

Micci F, Thorsen J, Panagopoulos |, Nyquist KB, Zeller B, Tierens A. et al. High-
throughput sequencing identifies an NFIA/CBFA2T3 fusion gene in acute ery-
throid leukemia with t(1;16)(p31;924). Leukemia. 2013;27:980-2. https://doi.org/
10.1038/leu.2012.266.

Starnes LM, Sorrentino A, Pelosi E, Ballarino M, Morsilli O, Biffoni M, et al. NFI-A
directs the fate of hematopoietic progenitors to the erythroid or granulocytic
lineage and controls beta-globin and G-CSF receptor expression. Blood.
2009;114:1753-63. https://doi.org/10.1182/blood-2008-12-196196

O’Connor C, Campos J, Osinski JM, Gronostajski RM, Michie AM, Keeshan K. Nfix
expression critically modulates early B lymphopoiesis and myelopoiesis. PLoS
ONE. 2015;10:¢0120102 https://doi.org/10.1371/journal.pone.0120102
Wahlestedt M, Ladopoulos V, Hidalgo |, Sanchez Castillo M, Hannah R, Sawen P,
et al. Critical modulation of hematopoietic lineage fate by hepatic leukemia
factor. Cell Rep. 2017;21:2251-63. https://doi.org/10.1016/j.celrep.2017.10.112
Tabata S, Yamamoto M, Goto H, Hirayama A, Ohishi M, Kuramoto T, et al. Thy-
midine catabolism as a metabolic strategy for cancer survival. Cell Rep.
2017;19:1313-21. https://doi.org/10.1016/j.celrep.2017.04.061

Wang E, Lu SX, Pastore A, Chen X, Imig J, Chun-Wei Lee S, et al. Targeting an RNA-
binding protein network in acute myeloid leukemia. Cancer Cell. 2019;35:369-84
e367. https://doi.org/10.1016/j.ccell.2019.01.010

Amoah A, Keller A, Emini R, Hoenicka M, Liebold A, Vollmer A, et al. Aging of
human hematopoietic stem cells is linked to changes in Cdc42 activity. Hae-
matologica. 2021. https://doi.org/10.3324/haematol.2020.269670

Mizukawa B, O'Brien E, Moreira DC, Wunderlich M, Hochstetler CL, Duan X, et al.
The cell polarity determinant CDC42 controls division symmetry to block

SPRINGER NATURE

11


https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1016/S0140-6736(12)61727-9
https://doi.org/10.1200/JCO.2010.30.1820
https://doi.org/10.1200/JCO.2010.30.1820
https://doi.org/10.1007/978-0-387-69259-3_13
https://doi.org/10.1007/978-0-387-69259-3_13
https://doi.org/10.1038/s41375-021-01164-x
https://doi.org/10.1038/s41375-019-0596-4
https://doi.org/10.1038/s41375-019-0596-4
https://doi.org/10.1016/j.canlet.2017.09.015
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.12659/msm.898297
https://doi.org/10.1038/cgt.2017.8
https://doi.org/10.1186/s12935-020-01207-w
https://doi.org/10.1186/s12935-020-01207-w
https://doi.org/10.1186/s12885-015-1118-z
https://doi.org/10.1186/s12885-015-1118-z
https://doi.org/10.1007/s11010-020-03790-y
https://doi.org/10.1007/s11010-020-03790-y
https://doi.org/10.3389/fgene.2020.00846
https://doi.org/10.1182/blood-2002-06-1732
https://doi.org/10.1038/sj.leu.2403396
https://doi.org/10.1038/sj.leu.2403396
https://doi.org/10.1016/j.stemcr.2019.07.005
https://doi.org/10.1016/j.stemcr.2019.07.005
https://doi.org/10.1093/nar/gky1076
https://doi.org/10.1200/JCO.2009.23.4732
https://doi.org/10.1200/JCO.2009.23.4732
https://doi.org/10.1111/j.1365-2141.2008.07261.x
https://doi.org/10.1111/j.1365-2141.2008.07261.x
https://doi.org/10.1182/blood-2013-02-485771
https://doi.org/10.1186/1471-2105-10-422
https://doi.org/10.1186/1471-2105-10-422
https://doi.org/10.1038/leu.2015.95
https://doi.org/10.1182/blood-2008-09-179895
https://doi.org/10.1182/blood-2010-09-307280
https://doi.org/10.1182/blood-2010-09-307280
https://doi.org/10.1186/1471-2105-16-S4-S5
https://doi.org/10.1186/1471-2105-16-S4-S5
https://doi.org/10.1371/journal.pone.0164985
https://doi.org/10.1371/journal.pone.0164985
https://doi.org/10.1038/sj.leu.2402431
https://doi.org/10.3390/cancers11030311
https://doi.org/10.1128/MCB.00924-09
https://doi.org/10.1128/MCB.00924-09
https://doi.org/10.7717/peerj.8816
https://doi.org/10.1038/leu.2012.266
https://doi.org/10.1038/leu.2012.266
https://doi.org/10.1182/blood-2008-12-196196
https://doi.org/10.1371/journal.pone.0120102
https://doi.org/10.1016/j.celrep.2017.10.112
https://doi.org/10.1016/j.celrep.2017.04.061
https://doi.org/10.1016/j.ccell.2019.01.010
https://doi.org/10.3324/haematol.2020.269670

N. Rastogi et al.

12

leukemia cell differentiation. Blood. 2017;130:1336-46. https://doi.org/10.1182/
blood-2016-12-758458

42. Wong KL, Tai JJ, Wong WC, Han H, Sem X, Yeap WH, et al. Gene expression
profiling reveals the defining features of the classical, intermediate, and non-
classical human monocyte subsets. Blood. 2011;118:¢16-31. https://doi.org/
10.1182/blood-2010-12-326355

ACKNOWLEDGEMENTS

We are grateful to the patients who participated in AML trials, for their samples. We
would also like to thank Catherine Naseriyan and Ann Kift-Morgan from Central
Biotechnology Services, Cardiff University for their technical expertise in FACS. We
also thank Dr. Fernando Anjos-Afonso, Cardiff University for additional support by
providing technical resource.

AUTHOR CONTRIBUTIONS

NR designed and performed in vitro and ex vivo experiments, analyzed all data and
co-wrote the manuscript. NA and AM contributed in designing and performing
single-cell RNA sequencing. BA and AFG assisted with patient AML blast isolation. VKS
contributed in performing RNA sequencing experiments and pathway analysis. JMG,
NPR, RNA, NON, and OH provided resources and/or helped in designing and
experimentation with mouse MLL::AF9 pre-leukemic clones. SD and RA performed
single-cell and bulk RNA sequencing bioinformatic analysis. SK contributed in
procuring and designing experiments of AML patient samples. NR, SK, RLD, and AT
secured funding and contributed to experimental design, data analysis and co-wrote
the manuscript. All authors helped in reviewing the manuscript.

FUNDING

This study was funded by Welsh Government European Regional Development Fund
through Ser Cymru Il Precision Medicine Fellowship (80762-CU-182). This research
was funded in part, by the Wellcome Trust (Welcome Trust ISSF3 Mobility and Skills
Award (NR)). For the purpose of Open Access, the author has applied a CC BY public
copyright licence to any Author Accepted Manuscript version arising from this
submission. Part of this study was also supported by Blood Cancer UK through
Programmatic funding from Blood Cancer UK (15038) (RLD, AT, and SK). AFG/SK was

SPRINGER NATURE

funded by Cancer Research UK as part of Cardiff Experimental Cancer Medicine
Centre (C7838/A25173). Health and Care Research Wales support OH.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-022-01801-z.

Correspondence and requests for materials should be addressed to Namrata Rastogi
or Alex Tonks.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Leukemia


https://doi.org/10.1182/blood-2016-12-758458
https://doi.org/10.1182/blood-2016-12-758458
https://doi.org/10.1182/blood-2010-12-326355
https://doi.org/10.1182/blood-2010-12-326355
https://doi.org/10.1038/s41375-022-01801-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Nuclear factor I-C overexpression promotes monocytic development and cell survival in acute myeloid leukemia
	Introduction
	Materials and methods
	Primary samples and cell culture
	Generation of control and NFIC expressing/knockdown human myeloid progenitor cells
	Hematopoietic differentiation and colony-forming assay
	Migration assay
	Cell proliferation, cell cycle, and apoptosis assays
	Western blotting
	RNA sequencing
	Flow cytometry
	Statistical analysis

	Results
	NFIC is overexpressed in AML blasts
	NFIC overexpression promotes growth and monocytic development
	scRNA seq reveals NFIC-mediated skewing of hematopoiesis through increased number of monocytes with dysregulated gene expression profiles
	AML cell survival is dependent on NFIC expression
	NFIC knockdown alters gene expression of cell survival and oncogenic pathways in THP-1 cells
	NFIC inhibition decreased growth, survival and colony formation of MLL::AF9 pre-leukemic cell models

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




