


REV I EW

 on O
ctober 18, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

contain multiple retinoic acid response elements (RAREs) that display
dynamic occupancy of retinoic acid receptors [RARs and RXRs (retinoid
X receptors)] (30). This suggests amodel for how a key signaling pathway
in development (retinoids) may regulate noncoding transcripts that, in
turn, affect the expression of the adjacent Hoxa1 gene.

Within the human HOXA cluster, at the 3′ end between HOXA1
andHOXA2, isHOTAIRM1, a lincRNA from the noncoding strand ini-
tially identified in association with myelopoiesis in humans (28). In
mice, along with Hotairm1, a new isoform and a novel transcript,
Hotairm2, has been mapped to this region, and they display dynamic
expressionpatterns during development (30). Intriguingly, these lincRNAs
are also rapidly induced by RA in human myeloid lineages and dur-
ing mouse ES cell differentiation and embryonic development (28, 30).
This reveals conservation in both their syntenic position and regulatory
response to retinoids.HOTAIRM1 feedbacks into RA induced changes
in gene expression because its knockdown in NB4 cells results in altera-
tions related to RA-induced growth arrest at G1 and granulocytic mat-
uration (37). This further highlights regulatory interactions between
retinoids and multiple Hox lincRNAs.
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Functionally, HOTAIRM1 modulates gene expression in both cis
and trans (Fig. 1). Reducing the levels of HOTAIRM1 results in a loss
of gene expression of 3′ HOXA cluster genes (cis) and alterations in
b2-integrin signaling through CD11b and CD18 and in integrin switch
mechanism involving CD11c and CD49d (trans) (28, 37). This impli-
cates HOTAIRM1 in cell cycle regulation through moderation of G1/S
transition.

Further 5′ in theHoxA cluster,HoxA-AS2 is a lincRNAwith several
isoforms expressed from the noncoding strand between Hoxa3 and
Hoxa4 (38). HOXA-AS2 is induced by RA, IFN-g (interferon-g), and
TNF-a (tumor necrosis factor–a) and is functionally linked with the
repression of apoptosis throughmodulation of the caspase 8 and 9 path-
ways (38). Overlapping with the promoter region of Hoxa11 is a con-
served antisense RNA,HOX11AS (human) andHoxa11os (mouse), which
shows mutually exclusive expression throughout development with
Hoxa11 (39,40).This is illustratedby theexpressionofhumanHOXA11AS
during the menstrual cycle, which peaks at midproliferative stage in an
inverse relationship to HOXA11 expression (41). Mechanistically, ec-
topic expression of Hoxa11os does not down-regulate endogenous
β-

Fig. 1. Functions of Hox cluster lincRNAs and Mirs in cis and trans. Cis function is defined as the functional impact of a lincRNA and Mirs on Hox
genes from the same cluster.
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Hoxa11 expression in murine uterus, which appears to rule out po-
tential degradation of Hoxa11 by sense-antisense pairing and raises
the possibility ofmodulation via promoter interference (41). In addition
to the examples above, there are an extensive series of lincRNAs em-
bedded in and spread throughout the HoxA cluster in human and
mouse that display varying degrees of syntenic conservation, but their
functional significance is yet to be explored (Fig. 2).

The 5′ end of the HoxA cluster is also marked by two lincRNAs,
HIT18844 and HOTTIP. HIT18844 contains a highly conserved 265-bp
block in vertebrates that maps 1.8 kb upstream of Hoxa13 gene (29).
HOTTIP is expressed from the noncoding strand 330 bp upstream of
HOXA13, and the HOTTIP region displays both H3K4me3 and
H3K27me3 epigenetic marks (bivalent) that change upon activation
and expression (22). Depletion of Hottip leads to shortening and
bending of distal bony elements in the limb similar to the loss-of-function
phenotype of Hoxa11 and Hoxa13. Regulatory analyses suggest that
HOTTIP is implicated in the regulation of 5′HOXA genes in a directional
manner, in that it only alters expression of adjacentHox genes, not Evx2
(22). Furthermore, the strongest effects are seen on the immediately ad-
jacent Hoxa11 and Hoxa13 genes, and progressively less severe re-
ductions are observed on Hoxa10-Hoxa7, consistent with the limb
phenotypes. This may be related to the ability of Hottip to bind WDR5
(WD repeat–containing protein 5)–MLL (mixed lineage leukemia pro-
tein 1) complexes, which could provide a means for targeting the MLL
trithorax group of histone methyl transferases to the adjacent posterior
HoxA genes to modulate their activity. Knockdown of Hottip leads to a
loss of H3K4Me2 andMe3 fromwholeHoxA complex includingHottip,
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whereas HeK27me3 is increased only over Hottip. However, ectopic ex-
pression of Hottip in lung fibroblasts does not lead to activation of pos-
terior Hox genes or changes in the nature of bivalent marks over the
HoxA cluster. Thus, the precise biochemical mechanism through which
Hottip modulates posterior HoxA genes is yet to be established.

Hottip has other functional roles outside of input into Hox regula-
tion. In combination with microRNA mir-101, it regulates cartilage
development through modulation of integrin-a1 by means of DNMT-
3B–mediated epigenetic regulation (42). Together, all these studies on
the HoxA cluster clearly indicate the large extent and emerging impor-
tance of noncoding transcription, which needs to be integrated in think-
ing about the general roles and regulation ofHox clusters. For example,
many of the observed changes in epigeneticmarks over theHox clusters
may be related to expression of noncoding transcripts.

Many of these features on expression and regulation of noncoding
RNAs are also observed to a lesser degree in other clusters. HoxD-As1
(Haglr), a noncoding RNA from the intergenic region of Hoxd1 and
Hoxd3, is implicated in the regulation of RA-induced differentiation and
activation by the PI3K (phosphatidylinositol 3-kinase)/AKTpathway. This
RNA is implicated in metastasis through regulation of genes associated
with angiogenesis and inflammation, on the basis of knockout analyses
in SH-SY5Ycells (43).An interesting feature of a lincRNA(Hobbit1) from
theHoxB cluster transcribed from the sense strand betweenHoxb4 and
Hoxb5 is that it shares cis-regulatory elements with the adjacent coding
genes (Figs. 2 and 3B). The unspliced and polyadenylated Hobbit1
transcript is expressed in developing embryos and rapidly induced dur-
ing RA-mediated differentiation of murine ES cells (30). Consistent
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Fig. 2. Comparative alignment of human and mouse coding and noncoding transcripts originating from the four Hox clusters. Each Hox
cluster is scaled on the basis of human coordinates with the gene name listed below. Relative positions of mouse (green) and human (red) non-

coding transcripts are shown on the basis of human coding genes as landmark. Arrows indicate the direction of transcription.
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with the kinetics of induction, there is a rapid gain of the H3K4Me3
mark, associated with gene activation. In mouse embryos, Hobbit1 ex-
pression is dependent on an RARE that plays a role in the regulation of
multiple Hox genes (Fig. 3B) (30, 44). This opens the possibility that
many noncoding RNAs embedded in theHox clusters may share com-
mon regulatory components with the protein-coding genes.

LincRNAs may also be associated with long-range regulation and
sharing through physical interactions. For example, a pair of noncoding
transcripts, Hotdog (HoxD telomeric desert lncRNAs) and Tog (twin
Hotdog), arise from the gene dessert downstream of the HoxD cluster.
Hotdog and tog are transcribed from the noncoding strand and display
restricted expression in developing cecum (45). Furthermore, their
transcription start sites show enrichment of H3K4me3 and Pol II and
display strong physical interactions with active HoxD genes (Hoxd4 or
De Kumar and Krumlauf Sci. Adv. 2016; 2 : e1501402 29 January 2016
Hoxd11) in the cecum.Hotdog andTog expression levels are completely
abolished by deletion of the region fromHoxd9 toHoxd11. Disruption
of contact betweenHotdog/Tog andHoxd genes by chromosomal inver-
sion leads to complete loss ofHoxD expression. This suggests amodel of
long-range enhancer sharing between lincRNAs (Hotdog and tog) and
HoxD genes (Fig. 3C) (45).

One of the most studied lincRNAs isHOTAIR (HOX transcript an-
tisense intergenic RNA), which is a spliced, antisense, and polyadenyl-
ated transcript generated from the intergenic region between HOXC11
and HOXC12 (19). HOTAIR serves as a scaffold for interaction with
PRC2 (Polycomb repressive complex 2) and LSD1 (lysine-specific
demethylase 1A) complex. The interaction between HOTAIR and
PRC2modulates enzymatic activity, which is mediated by interplay be-
tween EZH2 (enhancer of zeste homolog 2), EED (embryonic ectoderm
(H-AR1)

HoxA1 HoxA2

Hotairm1/2

PURA/B

Halr1-PURB complex

RARE

RARE RARE RARE

Halr1os1

Halr1

RARE

RARE

Heater

Halr1/Halr1os1 Halr1/Halr1os1

HoxA1 HoxA2

Hotairm1/2

Retinoic acid 

H-AR2(H-AR2)

Uninduced ES cells 

Transcriptional
repression (?)

RA-treated ES cells 

C

W

B

A

C

W

Unknown function 

RARE

RARE

H-AR1

(DE) 

Mir10A Hobbit1

(ENE) (B4U)
       

HoxB5

C

HoxB4

Tog
Hog

     10    9     8     4 11

12

13 1

3

Halr1

Halr1os1

?
PURA/B

HoxD cluster 
in cecum

Modified from Delpretti et al. (2013)

HoxB

HoxA HoxA

HoxD

1

Fig. 3. Models for activities of lincRNAs from Hox clusters. (A) Regulation of Hoxa1 by Halr1 in mouse ES cells. Isoforms of Halr1 and Halr1os1
from the Heater region expressed in ES cells are indicated below the locus in blue. RA treatment changes the repertoire of transcripts, depicted as a

shift in color from black to blue. The positions of various RAREs are also indicated. (B) A distal element–RARE (DE-RARE) enhancer is shared between
Hoxb4, Hoxb5, Hobbit1, and Mir10a. Arrows indicate the regulatory influences of the ENE (early neural enhancer), B4U, and DE-RAREs on Hoxb4, Hoxb5,
Mir10, and Hobbit1. (C) Long-range interaction between enhancers, the Hog and Tog noncoding RNAs, and Hoxd3-d11 genes. The shaded yellow
area depicts topologically active domains (TADs). Red solid boxes indicate enhancers. Long-range interactions between Hog, Tog, and HoxD3-11 are
noted by brown arrows. In the cecum, Hoxd1, Hoxd12, and Hoxd13 (blue-shaded area) are outside the TAD region.
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