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Long intergenic non-coding RNA
HOTAIRM1 regulates cell cycle progression
during myeloid maturation in NB4 human

promyelocytic leukemia cells
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HOTAIRM1 is a long intergenic non-coding RNA encoded in the human HOXA gene cluster, with gene expression
highly specific for maturing myeloid cells. Knockdown of HOTAIRM1 in the NB4 acute promyelocytic leukemia cell line
retarded all-trans retinoid acid (ATRA)-induced granulocytic differentiation, resulting in a significantly larger popula-
tion of immature and proliferating cells that maintained cell cycle progression from G1 to S phases. Correspondingly,
HOTAIRM1 knockdown resulted in retained expression of many otherwise ATRA-suppressed cell cycle and DNA rep-
lication genes, and abated ATRA induction of cell surface leukocyte activation, defense response, and other matura-
tion-related genes. Resistance to ATRA-induced cell cycle arrest at the G1/S phase transition in knockdown cells was
accompanied by retained expression of ITGA4 (CD49d) and decreased induction of ITGAX (CD11c). The coupling of cell
cycle progression with temporal dynamics in the expression patterns of these integrin genes suggests a regulated switch
to control the transit from the proliferative phase to granulocytic maturation. Furthermore, ITGAX was among a small
number of genes showing perturbation in transcript levels upon HOTAIRM1 knockdown even without ATRA treatment,
suggesting a direct pathway of regulation. These results indicate that HOTAIRM1 provides a regulatory link in myeloid

maturation by modulating integrin-controlled cell cycle progression at the gene expression level.

Introduction

Long intergenic non-coding RNAs (lincRNAs) are emerging
as a class of key regulators of mammalian gene expression, joining
microRNAs, histone modifications, and transcription factors to
direct gene expression patterns related to cell fate decisions." lin-
cRNAs, which are induced during many different development
programs, are crucial links in the modulation of gene expression
underlying those processes and deregulated expression has been
described in cancer and a variety of neurological, cardiovascular,
and developmental disorders.>?

The human genome contains four HOX clusters
(HOXA,B,C,D) that likely arose from a single ancestral cluster.*’
These transcription factor genes, named for their common homeo-
box domain, are best known as evolutionarily conserved regulators
of embryonic body patterning and development.” HOX genes of
the A and B paralog groups have emerged as a class of key transcrip-
tional regulators in definitive hematopoiesis.*'* Both the HOXA9
and HOXA10 genes are expressed in mature neutrophils and regu-
late the transcription of phagocyte function genes.!® HOX genes

also contribute to the pathogenesis of acute leukemia and the self-
renewal capacity of leukemia stem cells.'*'*"

Within the four paralogous clusters of human HOX genes,
lincRNAs constitute a newly recognized but probably more
abundant intergenic transcription activity than the better-
defined microRNAs, such as the miRNA-10 and miRNA-196
families.”*" lincRNAs within human HOX gene clusters are
among the first non-coding RNAs shown to function as direct
regulators of cellular functions.”?* HOTAIR (HOX antisense
intergenic RNA), the first to be characterized, is located in the
HOXC gene cluster but regulates the remote HOXD cluster and
a network of discrete non-HOX gene loci by recruiting elements
of the histone-modifying PRC2 and LSDI complexes.””** Three
other lincRNAs have been characterized in the human HOXA
gene cluster. We previously reported HOTAIRMI, located at
the 3" end of the HOXA cluster, as a myeloid-specific lincRNA,
upregulated during myeloid maturation.' HOTTIP, transcribed
from the 5" end of the HOXA gene cluster, enhances expression
of neighboring 5" HOXA genes, most prominently HOXA13.%
Mistral, a murine lincRNA located between Hoxa6 and Hoxa7, is
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Table 1. Differentially expressed genes upon HOTAIRM1 knockdown in
A B uninduced NB4 cells
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Figure 1. Effects of HOTAIRM1 knockdown on growth and differentia- CYFIP2 -0.840 2.2E-02
tion of ATRA-induced NB4 cells. (A) Quantitative RT-PCR mee.\surement of IPCEF1 0.857 2.6E-02
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expressing the indicated HOTAIRM1-targeting shRNAs. HOTAIRM1 RNA NCF1 -2.278 4.3E-02
levels were determined at the indicated days of ATRA inductior? (mean + POR 0732 2 4E-02
SD; n = 3); (B) Growth curves shown as total cell counts at the indicated
days of ATRA induction (mean + SD, n = 3-9; * P < 0.05, two-way ANOVA NCF1 -1.533 4.9E-02
Holm-Sidak post-hoc test); (C) Leukocyte differential counts of knock- ROR2 -0.904 7 4E-04
down and control NB4 cells at day 4 of ATRA induction (mean = SD, n =
3-9; * P < 0.05, two-way ANOVA Holm-Sidak post-hoc test). GPR34 -1.199 8.3E-03
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cell differentiation by activating the neighboring Hoxa6 and
Hoxa7 genes.”

Although the biochemical mechanisms of HOX lincRNA
functions remain incompletely understood, those so far character-
ized share the common feature of providing an inducible scaffold
for epigenetic modification at distinct gene loci, that include (but
are not limited to) their neighboring HOX regions.?* The gene
encoding HOTAIRMI is located adjacent and antisense to the
transcription start site of HOXALI in the 3" HOXA cluster and,
although independently regulated, its transcription is initiated
from the shared promoter segment embedded in a CpG island
between the two genes. This arrangement is a common genomic
feature of lincRNAs residing in HOX gene clusters and many
other developmentally important gene loci.?**” HOTAIRMI is
specifically expressed in the myeloid lineage, most highly in the
terminal stage of granulocytic differentiation.'® The neighboring
HOXA genes are essential for the development of myeloid lineage
cells during both embryonic and adult stages.!>"

We hypothesized that HOTAIRM1 could take part in the

regulation of myeloid maturation through modulation of gene
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*Compared with scramble shRNA-expressing controls.

expression in the myeloid program. In this study, we sought to
explore the perturbations in cellular phenotype and gene expres-
sion caused by the knockdown of HOTAIRMI expression
during all-trans retinoid acid (ATRA)-induced granulocytic
maturation of human acute promyelocytic leukemia NB4 cells,
a well-defined in vitro myeloid maturation model,?**’ in which

HOTAIRMI is dramatically induced by ATRA.'

Results

HOTAIRM1 knockdown decreases granulocytic matura-
tion in NB4 cells
Analysis of data from our prior studies and public data-

bases'®* showed that expression of HOTAIRMI is highly
myeloid-specific and associated with myeloid maturation.
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Figure 2. Comparison of transcription profiles of ATRA-induced granulocytic differentiation in HOTAIRM1 knockdown and control NB4 cells. (A)
Principal component analysis (left) and scatter plots of log ratios (right) of ATRA-induced gene expression changes in knockdown and control cells (red,
significantly upregulated genes; blue, significant downregulated). In the scatter plots, b indicates slope (i.e., dissimilarity) and r? represents the square
of the correlation coefficient(fitness); (B) Hierarchical clustering of genes for which expression in ATRA-induced NB4 cells was significantly altered by
HOTAIRM1 knockdown, as evaluated by moderated t tests between knockdown and scramble control. Each column of the heat map presents data from
an independent control or knockdown clone. The bars on the left margin indicates genes for which HOTAIRM1 knockdown abated ATRA-induced down-
regulation (orange) and upregulation (blue). Individual genes of interest are noted to the right of the heat map; colored bars in the right margin mark
the positions of genes in the indicated DAVID functional annotation clusters representing the indicated (top margin) enriched functional terms. The
graphs to the right of the heatmap show the top DAVID functional annotation terms for genes for which HOTAIRM1 knockdown abated ATRA-induced
downregulation (top, orange) and upregulation (lower, blue), with the significance of the enrichment indicated by the position on the x-axis (-log EASE),
the fold enrichment indicated by the intensity of color, and the number of genes indicated by the size of each dot; (C) Time course of MS4A3, CDC7,
HOXD13, and BCL6 gene expression during maturation in NB4 cells at the indicated days of ATRA induction in HOTAIRM1 knockdown and control cells,
as indicated by symbols and colors in the insert (mean £ SD, n = 3-9; * P < 0.05, two-way ANOVA Holm-Sidak post-hoc test). ctl, non-transduced control;
scr: scramble control; kd, HOTAIRM1-knockdown cells; dCTL/dSCR/dKD, differentiated ctl/scr/kd (4 d in ATRA).
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HOTAIRM1 knockdown moderates
induced alterations in gene expression

Genome-wide gene expression profiles  of
HOTAIRM1 knockdown and control NB4 cells,
before and after ATRA-induced granulocytic differ-
entiation for 4 d, were captured using oligonucleotide
arrays. Without induction by ATRA, only a very small

ATRA-

* number of genes showed statistically significant but

modest magnitude differences between HOTAIRM1
knockdown and control cells (Table 1). Most of these
genes encode membrane proteins, many of which
are involved in hematopoiesis. The most significant
decreases in knockdown cells were observed in genes
encoding the Charcot-Leyden crystal protein (CLC)
and integrin o X/CDl1lc (/TGAX, discussed below),
which play roles in myeloid cell maturation and lin-
— eage specification.””* Upregulation of MS4A3, one of
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the few genes with significantly increased expression
in knockdown cells, was confirmed by quantitative
RT-PCR (Fig. 2C). This gene encodes membrane-

spanning 4-domains, subfamily A, member 3, which

has been implicated as a modulator of G1-S cell cycle

knockdown cells.

Figure 3. Effect of HOTAIRM1 knockdown on cell proliferation and cell cycle progres-
sion at day 4 of ATRA-induced granulocytic differentiation of NB4 cells. (A) Left panels:
Representative cell cycle model analysis of DNA content histograms (S phase shaded
in blue); Right panels: EAU incorporation vs. DNA scatter plots; (B) Cell cycle phase
distribution of G1 (EdU negative), S (EdU positive), and G2/M (EdU negative) in knock-
down and control NB4 cells, determined by gating on EdU vs DNA scatter plots. Boxes
represent 25th to 75th percentiles, with means indicated by an interior horizontal line
and ranges by upper and lower brackets (n = 3-9; * P < 0.05, two-way ANOVA Holm-
Sidak post-hoc test). ctl, non-transduced control; scr, scramble control; kd, HOTAIRM1-

transition in hematopoietic lineage-specific control
of S phase progression.®* The genes with differ-
ential expression in uninduced cells are also among
those showing the greatest differential expression
between the knockdown and control cells after
ATRA induction, as presented below.

Consistent with previous gene expression stud-

ies,**3%%% a large number of genes were induced

HOTAIRMI expression first appeared in normal bone mar-
row at the promyelocyte stage and rose during maturation,
to a maximum level in mature neutrophils (Fig. S1), whereas
its expression was present but low in acute myeloid leukemia
bone marrows (Fig. S2). We have previously demonstrated that
HOTAIRMLI is significantly induced during ATRA-induced
granulocytic differentiation of the NB4 human acute promy-
elocytic leukemia cell line.'® NB4 has been widely used as a
model of myeloid maturation in which morphogenic signals
such as ATRA induce growth arrest at the G1 phase and termi-
nal myeloid differentiation.?®%”

HOTAIRMI1 knockdown in NB4 cells was mediated by
lentiviral vectors expressing shRNAs targeting HOTAIRM1
in stably transduced NB4 clones. Consistent knockdown of
HOTAIRMI transcripts by at least 70% was achieved in both
untreated and ATRA-induced cells throughout the matura-
tion process (Fig. 1A). Prior to ATRA induction, there was no
apparent alteration in the growth (Fig. 1B) or morphology (data
not shown) between knockdown and control cells. However,
ATRA-induced granulocytic maturation was diminished in the
knockdown NB4 cells, which showed attenuation of growth
inhibition by ATRA (Fig. 1B) and a shift in the distribution cell
morphology toward a higher percentage of immature myeloid
precursors (Fig. 1C).
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by ATRA in both control and knockdown cells;
these genes are enriched for functional groups
(Fig. S3, Tables S1-3) associated with ATRA-induced growth
arrested at G1 (e.g., cyclins, CDC kinases, MCM proteins, his-
tone, DEAD/DEAH box helicases, proteasome subunits, and
ubiquitin protein ligases) and granulocytic maturation (e.g.,
transcription factors [CEBPE, BCLG6], Fc receptors, MHC
class I molecules, adhesion, and signaling molecules [CSF3R,
ITGAM], and membrane protein genes).”*¥4! However, a
large proportion of the ATRA-induced transcriptional response
in control cells, including both up- and downregulation, was
scaled back in knockdown cells, as indicated by the lowered
slope of the scatter plot of fold changes (Fig. 2A) in knockdown
vs. scramble control gene expression (b = 0.75 vs. b = 1.03) and
reduced enrichment of many shared ATRA-induced functional
categories of genes in knockdown vs. controls cells (Fig. S4).
On a genomic scale, principal component analysis (Fig. 2A)
revealed that HOTAIRM1 knockdown caused a diminished
ATRA response, which was demonstrated by closer groupings
of untreated samples and ATRA-treated-knockdown cells com-
pared with the clear separation between untreated and ATRA-
treated control groups along first principal axis.

Comparison of ATRA-induced transcription profiles of
knockdown cells to scramble controls (Fig. 2B; Table S4)
by hierarchical clustering revealed the signature impact of
HOTAIRM1 knockdown to be the moderation of large scale
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ATRA repression of cell cycle progression
genes. These include genes of conserved key
components of the DNA replication machin-
ery, such as members of the pre-replication
and CMG complexes (e.g., CDC6, CDTI,
MCMS5 [Fig. 2B]) and genes encoding pro-
teins involved in replication initiation (e.g.,
CDC45, CDK6, CDCY7 [Fig. 2B and C; Table
S4]), as well as established and candidate reg-
ulators of the cell cycle in hematopoiesis (e.g.,
E2F8, WDHDI, and DEAD-box helicase
DDX11).7>° The highest-ranked enrichment
in this cluster were cell cycle-related DNA
damage response genes, including CHEKI,
FANCD?2, RAD51, and BRCAI>' The other
top enrichment clusters are shown in the
graph with orange symbols, to the right of
the heatmap in Figure 2B and in Figure S5.
The graphs present enrichment analyses of
genes that significantly responded to ATRA
treatment in either knockdown or controls or
both, and are significantly different in a direct
statistical comparison between separately ana-
lyzed knockdown and scramble controls.
HOTAIRMI knockdown also significant
moderated ATRA repression of HOXDI3
and the 5" HOXA cluster member HOXA1I
(Fig. 2B and C; Table S4). HOXDI3 has been
shown to be directly involved in DNA replica-
tion initiation through interaction with gemi-
nin, a repressor of DNA replication licensing
factor CDT1,%? for which HOTAIRM1 knock-
down also abated ATRA-mediated repression.
In a previous study using real-time quantitative
PCR, we reported that HOTAIRM1 knock-
down attenuated upregulation of neighboring
3" HOXA cluster genes in the first 3 d of ATRA
induction of NB4 cells. Our current data show
only low fold changes in these 3" HOXA genes,
with no significant differences between knock-
down and control cells (Table S1), possibly due
to diminished induction at the later time point
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Figure 4. Effect of HOTAIRM1 knockdown on ATRA-induced changes in expression of ITGAX
(CD11¢c) and ITGA4 (CD49d) integrin o subunits in NB4 cells. (A) Left panel: ITGAX transcripts
measured by gRT-PCR at the indicated days of ATRA-induced granulocytic differentiation
and graphed as means of the ratios of expression levels relative to untreated non-transduced
NB4 controls (mean + SD; n = 3-9; * P < 0.05, two-way ANOVA Holm-Sidak post-hoc test).
Right panel: cell surface expression of CD11c measured by flow cytometry in knockdown
and control cells at the indicated days of ATRA-induced granulocytic differentiation; (B)
Left panel: ITGA4 transcripts measured by gRT-PCR at the indicated days of ATRA-induced
granulocytic differentiation and graphed as log,; of the means of the ratios of expression
levels relative to untreated non-transduced NB4 controls (mean + SD; n = 3-9; * P < 0.05,
two-way ANOVA Holm-Sidak post-hoc test). Right panel: cell surface expression of CD49d
measured by flow cytometry in knockdown and control cells at the indicated days of ATRA-
induced granulocytic differentiation. ctl, non-transduced control; scr, scramble control; kd,
HOTAIRM1-knockdown cells.

used in this study or the lower sensitivity of the current microar-
ray profiling platform.

The knockdown of HOTAIRMI also abated ATRA upregula-
tion of a cluster of genes associated with granulocyte maturation,
predominantly glycoproteins and other membrane molecules.
The top-ranked enrichment group included major histocompati-
bility complex, leukocyte activation, and immune response genes
(Fig. 2B), including BCL6 (Fig. 2C), CEACAMI, and FCGR3A.
BCL6 has been implicated in proliferation of myeloid cells and
is induced during myeloid maturation of HL-60 and mono-
cytic leukemia cells;® it opposes NFkB regulation of immune
and inflammatory genes and suppresses monocyte production of
IL-6.%> BCLG also forms a circuit with miR155, adding to the

www.landesbioscience.com

number of hematopoiesis regulatory circuits that are integrated
with ncRNAs.*

Integrins, a family of cell adhesion receptors that commonly
serve as surface markers of cell differentiation, are among the
best defined phenotypic features of myeloid maturation. Several
integrin o chain family genes showed altered expression in
HOTAIRMI-knockdown cells. I7GA4, encoding CD49d,
resisted ATRA-induced repression in the knockdown cells,
whereas ITGAX (CDl11c) and ITGAM (CD11b) showed reduced
induction by ATRA in knockdown cells. As CD11b and CDl11c
are important myeloid maturation markers, their attenuated

induction extends our previous results indicating a functional
role of HOTAIRMI in myeloid differentiation.'®
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Figure 5. Effect of HOTAIRM1 knockdown on coupling of CD49d and CD11c expression with S phase progression during granulocytic differentiation of
NB4 cells. (A and B) Flow cytometry, gated for single viable cells using forward scatter and side scatter, measuring cell surface CD11c (A) and CD49d (B)
on the ordinates and DNA content on the abscissas, in the indicated populations of NB4 cells (left margin) induced with ATRA for the indicated number
of days (bottom margin). (C) Flow cytometry, gated for single viable cells, measuring cell surface CD11c (ordinate) and CD49d (abscissa) in the indi-
cated populations of NB4 cells induced with ATRA for the indicated number of days. ctl, non-transduced control; scr, scramble control; kd, HOTAIRM1-

Reduction in ATRA-induced cell cycle arrest at the G1/S
transition in HOTAIRM1-knockdown cells

Cell cycle phase distribution by DNA content showed no
difference between control and HOTAIRMI1 knockdown cells
before ATRA treatment (Fig. S5). However, after 4 d of ATRA-
induced differentiation, assays of both EdU incorporation and
DNA content showed that the S phase fraction was more than
10% larger in the knockdown cells than in controls (Fig. 3; Fig.
S5), while the proportion of cells in the GO/GI range of DNA
content decreased correspondingly. This reduction in ATRA-
induced G1/S phase arrest most likely represents the cellular phe-
notype of the abated repression of cell cycle progression genes
after ATRA induction of HOTAIRMI1-knockdown cells and
could be a key mechanism for their retention of cell proliferation.

HOTAIRM1 knockdown abates ATRA-induced changes in
CD11c and CD49d expression, coupled to resistance to arrest
of cell cycle progression

Integrins are a class of multifunctional cell adhesion receptors
that control the fate and function of cells by adhesive interaction
with the local microenvironment and by signal transduction to
regulators of proliferation and differentiation. CDl1l¢, encoded
by ITGAX, is not expressed on the NB4 cell surface before ATRA
induction and is considered a sensitive marker of granulocytic
maturation in this cell line.?®%44 The ITGAX gene is among
the cell membrane adhesion and signal transduction genes for
which ATRA-induced transcription was abated by HOTAIRM1
knockdown in NB4 cells. Notably, it was also among the small
number of genes moderately repressed by HOTAIRM1 knock-
down even without ATRA treatment. The decrease in /TGAX
transcript levels in HOTAIRMI1 knockdown cells was validated
by quantitative RT-PCR (Fig. 4A, left panel), and decreased cell
surface CDl11c expression on knockdown cells was demonstrated
by flow cytometry (Fig. 4A, right panel). CD49d, the integrin

a 4 chain, is the a subunit of the receptor for the endothelial
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adhesion molecule VCAM-1 and associated with bone mar-
row homing, proliferation, and cell cycle progression in CD34+
hematopoietic stem and progenitor cells.***”® Its expression is
decreased during myeloid differentiation in NB4 and other leu-
kemia cell lines.* We validated the significantly retained mRNA
level of /TGA4 gene (Fig. 4B, left panel) that encodes CD49d,
as shown above in the transcriptional profile of HOTAIRM1-
knockdown NB4 cells, and the correspondingly retained cell
surface expression of CD49d in the knockdown cells (Fig. 4B).
As expected in a multi-day developmental program, the changes
in surface protein expression occurred somewhat later than the
biologically preceding alterations in mRNA levels.

The previously observed link of CD49d expression to cell
cycle status® led us to assess the possible connection between
perturbed integrin expression and the persistence of cell cycle
progression during ATRA-induced maturation in HOTAIRMI-
knockdown NB4 cells. Living cells stained for DNA content
were harvested for subsequent immunostaining with fluoro-
phore-conjugated antibodies against myeloid differentiation
markers CD11lc, CD49d, CD13, and CD33. Multicolor flow
cytometric analysis (Fig. 5) revealed that S phase entry and
progression were coupled tightly with cell surface expression of
CD49d and CDllc, which were in a switching pattern during
ATRA-induced maturation. In control cells, a decrease in the
number of S phase cells during differentiation was accompa-
nied by increased expression of CDl11c (Fig. 5, left panel) and
by depletion of cell surface CD49d (Fig. 5, middle panel). In
HOTAIRMI-knockdown cells the retained higher number of S
phase cells was associated with continued expression of CD49d
and diminished induction of CDllc, as the G1/S transition
and S phase progression was limited to the subpopulation that
retained CD49d expression and remained CD1lc negative. In
contrast, expression of CD13 and CD33 did not correlate with
cell cycle progression (Fig. S6).
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Discussion

Mpyeloid maturation requires proper control of cell cycle pro-
gression to coordinate proliferation and differentiation and to
generate fully mature cells that then exit the cell cycle at GO.
ATRA-induced cell cycle arrest at the GO/G1 phase in NB4 cells
takes place through targeting of key cell cycle regulators in the
Rb/E2F pathway, the main transcriptional controllers of G1 to S
phase progression.”” Downstream targets include cyclin-depen-
dentkinase inhibitors (e.g., CDKN1A and CDKNI1B) and cyclins
(e.g., cyclin E and cyclin D1/D3). Transcriptional control of dif-
ferentiation takes place at least in part through ATRA-induced
upregulation of the myeloid lineage-specific transcription fac-
tor CCAAT/enhancer binding protein o (CEBPa), which also
blocks cell cycle progression by inhibition of E2F and its target
genes.*"®
CEBPa and E2Fs to control cell cycle progression during myeloid
differentiation. 6364

Recently, multiple ncRNAs have been shown to be coordinately
expressed in the promoters of cell cycles genes,” and long ncRNAs

2 MicroRNAs also contribute to regulatory circuits with

have been demonstrated to modulate cell cycle progression in
other cell development processes.®*® The present study reports
the effects of shRNA-mediated knockdown of HOTAIRMI, a
lincRNA induced during myeloid maturation in both primary
myeloid lineage hematopoietic cells and myeloid leukemia cell
lines.'® Knockdown of HOTAIRMI in the NB4 acute promy-
elocytic leukemia cell line delayed morphological granulocytic
maturation during ATRA-induced granulocytic differentiation
and reduced expression of integrin a chain CDllc and other
myeloid maturation-related cell membrane genes. HOTAIRMI
knockdown concomitantly reduced ATR A-induced suppression of
proliferation and preserved expression of DNA replication and cell
cycle genes normally downregulated during differentiation. This
perturbation in gene expression patterns was associated with sig-
nificant retention of G1/S transition and S-phase progression in
HOTAIRMI knockdown cells during ATRA induced maturation.

The relative preservation of S phase progression in
HOTAIRMI-knockdown cells was coupled with altered expres-
sion of two integrin a chains: increased expression of CDllc
and diminished levels of CD49d. Strikingly, the concurrent
changes in CD49d and CD11c expression occurred at a late stage
of ATRA-induced NB4 differentiation and appeared to be syn-
chronous. This shift may function as a switch for G1/S transi-
tion,®”" regulated by HOTAIRM1. Our results suggest that
HOTAIRMI may affect cell fate during myeloid differentiation
by regulating cell cycle progression and serving as a link in the
coordinated regulation of an extensive gene expression program.

We have previously shown'® that HOTAIRMI1 knockdown
attenuates ATRA-induced expression of neighboring 3" HOXA
genes including HOXA1 and HOXA4. The present study revealed
that the quantitatively greatest impact to HOX genes upon
HOTAIRMI knockdown is the retention of HOXDI13 expres-
sion during ATRA-induced differentiation. As HOX genes are
responsible for lineage-specific coordination of proliferation and
differentiation,”” this mechanism provides a possible pathway and
a broader context for the role of HOTAIRMLI in the control of the
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cell cycle. For example, HOX genes have a recently-demonstrated
involvement in DNA replication origin licensing. In particular,
HOXD13 binds to replication origins and helps to assemble the
pre-replication complex at these origins.> HOXA10 has also been
demonstrated to control several common cell cycle regulators.”

In addition, HOX gene products have multiple protein—pro-
tein interactions with geminin, a repressor of DNA replication
origin licensing. As a counter-function to MLL, which main-
tains expression of HOX genes, the geminin—polycomb complex
can silence the HOX genes.”” The involvement of HOX genes
in DNA replication may also occur through their interaction
with E2F transcription factors, as several HOXA genes have been
identified as E2F targets.”* A related study revealed that DEAD
(Asp-Glu-Ala-Asp) box helicase 5 (DDX5) may assist E2Fs in
recruiting RNA polymerase II to many cell cycle gene promot-
ers.”” Helicases, including the DEAD/DEAH box group, were
among the most enriched downregulated genes in control cells
and were significantly retained in knockdown cells (Table 1).
Our results suggest that E2Fs, HOTAIRMI, and perhaps pro-
tein-coding HOX genes might engage in a network to regulate
cell cycle progression during differentiation.

The current studies also show that HOTAIRM1 modulates
genes encoding cell adhesion receptors. Members of the integrin
families serve as important functional molecules in phagocy-
tosis, leukocyte trafficking, and signal transduction,””> and are
known to be regulated by HOX genes. For example, HOXA10
activates beta3 integrin (o-V/B-3) during myeloid differentiation
and HOXD3 promotes betal integrin (o-V/B-1) expression dur-
ing angiogenesis."”*”7 Among their multifunctional roles, many
integrins—especially the -1 family—initiate signaling pathways
that directly link growth factor receptors to signal transduction
and gene transcription events that control cell cycle, particularly
G1/S phase progression.”>” Integrins target the E2F/RB pathway,
which controls expression of cyclins, and regulate cyclin-CDK
activity.* Beta-1 integrin VLA-4 (CD49d/CD29) has recently
identified functions in hematopoietic cellular proliferation, includ-
ing stem cell self-renewal, CD34+ cell mobilization, and ex vivo
expansion, as well as in hematopoietic and leukemic stem cell hom-
ing.7-€0882 A integrin switch mechanism, through changing pro-
portions of -5 and -6 integrins, has also been proposed as the
determining factor in the proliferation vs. differentiation decision
during primary adipocyte differentiation.®”’® The current study
reports an a-4 to a-X integrin switch that is precisely coordinated
with the transit from proliferative phase of cell cycle progression
to granulocytic maturation. Thus, a HOTAIRMI-regulated inte-
grin switch mechanism involving CD11c and CD49d may regulate
cell growth in NB4 acute promyelocytic leukemia cells and hence
modulate NB4 cell maturation.

Materials and Methods

Cell culture

NB4 and HEK293 cell lines were obtained from the American
Type Culture Collection. NB4 cells were cultured in RPMI 1640
medium and HEK293 cells in DMEM, with 10% fetal bovine
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serum (FBS) at 37 °Cin a 5% CO, incubator. For granulocytic dif-
ferentiation, NB4 cells were seeded at 1 x 10°/ml in fresh medium
supplemented with 10% FBS, with or without 1 uM ATRA (=
98% pure by HPLC, Sigma) then cultured for up to 7 d and split
in fresh medium every 2 d or when the cell number doubled.

Cell numbers after ATRA induction were measured daily
over 4 d by hemocytometer counting of total viable cells for each
knockdown clone and control cells from triplicate cultures.

Cell cycle and proliferation

Cell cycle phase distribution was measured by flow cytomet-
ric analysis of DNA content in ethanol-fixed cells stained with
4,6-diamidino-2-phenylindole (DAPI) as described previously,”
or in living cells stained with Vybrant Dye Cycle violet (DCV)
(Invitrogen) as follows. Cells were cultured at 1 x 10%/ml in pre-
warmed culture medium containing 10 pM DCV for 90 min
with gently shaking every 10 min and avoidance of direct light
exposure, before immunostaining of cell surface markers and
data acquisition on a 4-laser BD LSR II flow cytometer (Becton
Dickinson). Cell cycle phase distributions were generated by fit-
ting DNA content histograms to applicable models using Flowjo
software (TreeStar).

Cell proliferation was assessed with a 5-ethynyl-2'-
deoxyuridine (EdU) incorporation assay. Cells were incubated
for 2 h with 10 pM EdU, then processed with Click-iT EdU
Alexa Fluor 647 Flow Cytometry Assay Kit (Invitrogen) accord-
ing to the manufacturer’s instruction, followed by incubation for
30 min with SYTOX® AADvanced DNA Stain (Invitrogen).
Proliferating cells were analyzed and quantified as the percentage
of cells EAU positive by BD LSRII flow cytometer and Flowjo
software.

RNA interference

siRNA targeting sites (21 nt) of the HOTAIRMI transcript
were selected on the siRNA selection server at the Whitehead
Institute for Biomedical Research and their specificities checked
by BLAST. Lentiviral vectors expressing short hairpin RNAs
(shRNAs) targeting the selected HOTAIRMI sites were con-
structed by inserting each shRNA cassette into a pLKO.3G
backbone plasmid (Addgene plasmid 14748). A control vector
expressing a scramble shRNA sequence (adopted from Addgene
plasmid 1864) was constructed on the same backbone plasmid.
Resultant pLKO.3G-shHOTAIRM1 and control pLKO.3G
scramble shRNA lentiviral vectors, were produced and pseudo-
typed in the HEK293T cell line by co-transfecting with packag-
ing plasmids pMD2.G (Trono lab, Addgene plasmid 12259) and
psPAX2 (Trono lab, Addgene plasmid 12260) using Lipo293
DNA In Vitro Transfection Reagent (Signagen Laboratories).
Titers of viral supernatants were assessed by a flow cytometric
assay of GFP expression in NB4 cells before use. For transduc-
tion, NB4 cells were suspended in medium containing lentiviral
supernatant at an MOI of 5-10 in the presence of 6 pg/ml poly-
brene (Sigma) and centrifuged at 800 x g in room temperature
for 1 h. The supernatants were aspirated and cells resuspended in
growth medium and cultured at 37 °C for 4872 h. GFP+ trans-
ductants were selected by flow sorting on a BD FACSVantage
DV-1 Cell Sorter. In addition, commercial lentiviral particles
targeting a different target site on the HOTAIRMI transcript
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(Table S5) were purchased from the custom lentiviral service of
Sigma-Aldrich.

For generation of stably transduced cell clones, the sorted
transduced cells (GFP+) were plated in soft agar medium in
100-mm culture dishes and incubated for 7-10 d, or until well-

1630 Tndividual colonies were

separated colonies were visible.
then transferred to 48-well plates for expansion. Selected clones
showed HOTAIRM1 knockdown of more than 70% by qRT-
PCR during ATRA induction.

Transcription profiling by oligonucleotide arrays

DNA-free total RNA was isolated from control and trans-
duced cells, in three biological repeats of each, using RNAzol
LT reagent (Molecular Research Center), and the quality of
total RNA was checked by glyoxal agarose gel electrophoresis.
Fragmented biotinylated NTP-labeled ¢<DNA was amplified
and labeled according to Affymetrix protocols for GeneChip
Human Gene 1.0 ST arrays. Hybridization of labeled samples
to GeneChip arrays and data acquisition was performed at the
genomics core facility of the University of Massachusetts Medical
School.

Data were analyzed using Bioconductor “affy” packages.?!
After passing quality control, the probe set summary of the signal
estimate was extracted from chips by Robust Multichip Average
algorithms. Global changes across control and HOTAIRMI-
knockdown cells and between untreated and ATRA-induced
cells were evaluated by principal component analysis. The differ-
ential expression of genes in comparisons of knockdown and con-
trol cells was assessed by the moderated t-statistics implemented
in LIMMA.? As biologically important changes related to non-
coding RNA function, especially in the setting of knockdown

experiments, can be relatively small,*

we tested the significance
of differentially expressed genes®** to a minimum fold change
threshold of > 1.25. The accuracy of the profiling was validated
by qRT-PCR for selected targets. Differentially expressed genes
were analyzed for functional enrichment using the Database for
Annotation, Visualization and Integrated Discovery (DAVID)
v6.7* GeneChip data from this study are available from the
NCBI Gene Expression Omnibus (GEO) under accession num-
ber GSE49516.

Quantitative RT-PCR

Total RNA was isolated and quality-checked as above. First-
strand ¢cDNAs were reverse transcribed using the iScript™
c¢DNA Synthesis Kit (Bio-Rad Laboratories). All PCR prim-
ers (Table S6) were searched by BLAST against GenBank or
by in-silico PCR in the UCSC Genome Browser. Real-time
quantitative PCR was performed using iTaqg™ SYBR® Green
Supermix with ROX (Bio-Rad Laboratories) on a Mastercycler®
ep realplex thermal cycler (Eppendorf), with quantitation by the
relative standard curve method. Relative expression levels were
calculated on the basis of the threshold cycle for amplification.
Endogenous controls for different targets were selected from a
panel of housekeeping genes: a tubulin, ribosomal protein s6,
PPIA, HMBS, and EAR.

Analysis of myeloid differentiation

Three aliquots of each NB4 culture at indicated days of ATRA-
induced differentiation were cytocentrifuged onto glass slides,
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which were stained with modified Wrights-Giemsa (Accustain;
Sigma-Aldrich). Blindly labeled slides were read by an experienced
hemarologist for the distribution of cells at each stage of myeloid
differentiation, classified as neutrophils (band and polymorpho-
nuclear forms), metamyelocytes, myelocytes, and promyelocytes.
Cells in mitosis or morphological apoptosis were excluded from

the counts; their numbers were too small to show any statistically

significant differences between groups. The data were compiled
by a different investigator and expressed as mean = SD of the trip-

licate readings for each cell type and day of induction.

For flow cytometric analysis, fluorochrome-conjugated anti-
bodies for human CDllc (PE-Cy7), CD13 (PerCP-Cy5.5),
CD33 (PE), and CD49d (APC) from BD Biosciences were used

in a 5- or 6-color panels together with GFP or DNA staining. 5 x
10° cells were re-suspended in 10% normal human serum in PBS,

incubated for 10-20 min at 4 °C to block Fc receptors, stained by
incubation with the selected monoclonal antibodies for 30 min at

10.
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