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IncRHOXF1, a Long Noncoding RNA from the X Chromosome That
Suppresses Viral Response Genes during Development of the Early
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Long noncoding RNAs (IncRNAs) can regulate gene expression in a cell-specific fashion during development. Here, we identify a
novel IncRNA from the X chromosome that we named IncRHOXF1 and which is abundantly expressed in trophectoderm and
primitive endoderm cells of human blastocyst-stage embryos. IncRHOXF]1 is a spliced and polyadenylated IncRNA about 1 kb in
length that is found in both the nuclear and cytoplasmic compartments of in vitro differentiated human trophectoderm progeni-
tor cells. Gain-of-function experiments in human embryonic stem cells, which normally lack IncRHOXF1 RNA, revealed that
IncRHOXF]1 reduced proliferation and favored cellular differentiation. IncRHOXFI knockdown using small interfering RNAs
(siRNAs) in human trophectoderm progenitors increased expression of viral response genes, including type I interferon. Sendai
virus infection of human trophectoderm progenitor cells increased IncRHOXF1 RNA levels, and siRNA-mediated disruption of
IncRHOXF]1 during infection reduced the expression of viral response genes leading to higher virus replication. Thus,
IncRHOXF1 RNA is the first example of a IncRNA that regulates the host response to viral infections in human placental progen-

itor cells, and we propose that it functions as a repressor of the viral response during early human development.

he mammalian genome contains thousands of long noncod-

ing RNAs (IncRNAs) that are transcribed in a cell- and tissue-
specific fashion. While only a few of these IncRNAs have been
functionally characterized, some are known to play important
roles during development. X chromosome inactivation and
genomic imprinting, classic epigenetic processes required for the
development of the early embryo and placenta, are regulated by
IncRNAs (1). Relative to other somatic tissues, many IncRNAs are
exclusively or predominantly expressed in the placenta (2). Recent
studies suggest that the formation of the placenta likely involves
IncRNAs and that that some of these IncRNAs become differen-
tially expressed during complicated pregnancies (2). However, the
function for the majority of these placental IncRNAs is still un-
known.

The development of the mammalian early embryo is regulated
by epigenetic mechanisms that coordinate gene expression
changes required to transition from totipotency to more-differen-
tiated states. The placenta is formed about 1 week postconception
and is a transient organ derived from the embryo, which supports
its growth and development. The placenta originates in the pre-
implantation blastocyst, from the outer trophectoderm (TE) cells
that surround the inner cell mass (ICM) and blastocoel cavity.
During implantation, the TE progenitor cells differentiate into
cytotrophoblasts (CTBs) and multinucleated syncytiotropho-
blasts (SYNs) and begin to invade the endometrium (3). CTBs
remodel the uterine spiral arterioles to sequester a maternal blood
supply. SYNs are terminally differentiated cells that facilitate nu-
trient and gas exchange between the fetus and the mother and also
produce hormones required to sustain the pregnancy.

The placenta is a physical barrier between the mother and fe-
tus, and emerging data indicate that it is also an immunological
barrier that prevents transmission of pathogens to the fetus (4).
Recent studies indicate that the immune system is not suppressed
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during pregnancy but actually is actively engaged and carefully
regulated at the implantation site (5). Placental trophoblasts and
various immune cells (T cells, macrophages, natural killer cells,
and dendritic cells) regulate immunity at the maternal-fetal inter-
face, yet our understanding of the specific mechanisms by which
the placenta protects the developing fetus from viral infections is
not complete. The SYNs directly contact the maternal blood sup-
ply and are the first line of defense against invading pathogens.
SYNs are resistant to infection by cytomegalovirus, herpes simplex
viruses 1 and 2, human immunodeficiency virus, coxsackievi-
ruses, and the nonviral prenatal pathogens Listeria monocytogenes
and Toxoplasma gondii (4). In contrast, the CTBs, which reside
between the SYNs and the fetal basement membrane, are suscep-
tible to infection by viruses and nonviral pathogens that do not
infect SYNs (4). However, human SYNs, which produce high lev-
els of exosomes, transfer viral resistance to recipient cells through
the generation of microRNA-containing exosomes (6).

Here, we identify a novel IncRNA, termed IncRHOXF], that is
robustly expressed from the X chromosome in TBs from preim-
plantation human embryos and in vitro-derived trophoblast pro-
genitor cells. Strikingly, we found that IncRHOXF]1 regulates ex-
pression of genes involved in the sensing and response to virus
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infection in these cells, providing the first example of a IncRNA
that regulates the innate immune response in the early human
placenta.

MATERIALS AND METHODS

Cell culture of in vitro-derived human TBs. Human embryonic stem
cells (hESCs; HUES-7 and HUES-9 cell lines) and human induced pluri-
potent stem cells (hiPSCs) (7) were cultured on mouse embryonic fibro-
blasts (MEFs) under 4% oxygen and passaged manually as described pre-
viously (7, 8). For bone marrow protein 4 (BMP4) with A83-01 and
PD173074 (BMP4/A/P)-induced differentiation (here termed BMP4/A/P
differentiation) to human trophectoderm progenitors, cells were pas-
saged onto plates coated with Matrigel (R&D Biosystems) and then grown
using MEF-conditioned medium containing B-fibroblast growth factor
(B-FGF) (9). After 6 to 7 days, cells were passaged 1:3 using Dispase (Life
Technologies) onto Matrigel-coated 6-well plates. To support differenti-
ation, the medium, which lacked B-FGF and contained 50 ng/ml BMP4, 1
wM A83-01 (Tocris), and 0.1 wM PD173074 (Tocris) (BMP4/A/P), was
added the next day and refreshed every 48 h for the course of the differ-
entiation.

siRNA transfection and Sendai virus infection. Three small interfer-
ing RNA (siRNA) target sequences for IncRHOXF1, a control scramble
siRNA, and siRNA for hnRNP U were designed and manufactured by
Dharmacon. BMP4/A/P-induced cells were transfected with siRNAs at a
final concentration of 75 pmol using RNAi Max (Invitrogen). Transfec-
tions were performed twice at 24-h intervals during BMP4-induced dif-
ferentiation before cells were collected. Knockdown was confirmed using
reverse transcription-PCR (RT-PCR). Sendai virus strain Cantell was
grown and characterized at the Lopez laboratory (10) and added at a
multiplicity of infection of 1 to a 0.5-ml volume of cell medium following
48 h of knockdown. Cells were infected for 8 h and then harvested for RNA
isolation. These experiments were repeated 8 times, yielding similar re-
sults (with varied knockdown efficiencies), and representative data from
one experiment are shown.

RNA and DNA FISH. Fluorescence in situ hybridization (FISH) ex-
periments were performed as described previously (11). IncRHOXF1
RNA was detected using a Cy3-labeled probe of IncRHOXF1 c¢cDNA
(~800 nucleotides [nt]) comprised of exons 1 to 4, which was labeled by
nick translation (Roche). DNA FISH for the X chromosomes was per-
formed using X-paints (Cambio, Cambridge, United Kingdom). For ex-
periments combining RNA and DNA FISH, the RNA FISH was per-
formed first. Images were captured and positions recorded, then slides
were refixed in 4% paraformaldehyde, treated with RNase A (to degrade
RNA signals), and then denatured for DNA FISH. After hybridization
overnight at 37°C, the slides were reimaged at the recorded positions. For
RNA FISH analyses preserving the cytoplasm, cells were either cytospun
(hESCs and hiPSCs) or grown on chamber slides, then fixed for 10 min
using 4% paraformaldehyde, washed, and permeabilized with 70% etha-
nol for 1 h (12). Each chamber was washed, then hybridization buffer
containing denatured Cy3-labeled IncRHOXF1 probe was added, and the
mixture was incubated overnight. Slides were washed twice and then
mounted using 4',6-diamidino-2-phenylindole—VectaShield before im-
aging.

Nuclear-cytoplasmic fractionation. BMP4/A/P-differentiated cells
(derived from HUES-9 cells) were washed twice with cold phosphate-
buffered saline and pelleted at 200 X g for 5 min, then resuspended in
fractionation buffer (10 mM Tris-HCI [pH 8.4], 1.5 mM MgCl,, 140 mM
NaCl), and 5 pl of 5% NP-40 and 1 wl RNase inhibitor (Roche) were
added. Samples of the fractionation reaction mixture were taken at inter-
vals of 5, 10, 15, 20, and 30 min, with 5 pl of 5% NP-40 added to the
remaining reaction mixture at each time point. The harvested samples
were spun at 2,500 rpm for 2 min in a tabletop centrifuge at 4°C, and the
supernatant was mixed with TRIzol-L/S (Thermo Fisher Scientific), while
the pellet was resuspended in TRIzol (Thermo Fisher Scientific). Samples
were stored at —80°C prior to RNA isolation. Cell fractionation experi-
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ments were repeated at least twice, demonstrating nuclear and cytoplas-
mic expression of IncRHOXF]I, and results from one experiment (female
cells) are shown below in Fig. 2.

Transgene constructs. The [ncRHOXFI1 cDNA was amplified by PCR
with Ncol and Kpnl restriction sites, then cloned into the pTRE tight
vector that contained homology arms for targeting the adeno-associated
virus integration site (AAVS) locus on chromosome 19 (13).

Quantitative RT-PCR (qRT-PCR) experiments. Total RNA was iso-
lated using TRIzol (Invitrogen), and 500 ng was reverse transcribed with
random primers using qScript cDNA master mix (Quanta Biosciences).
Control reaction mixtures without reverse transcriptase were also pre-
pared. Melting curve analyses showed a single peak for each primer pair,
indicative of homogeneity of PCR products. Expression levels were nor-
malized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels,
and relative expression levels were plotted using the AAC comparison.
Error bars in the figures represent standard deviations among triplicate
reactions, and each RT-PCR experiment was repeated at least three times.
Primer sequences are available upon request.

Cell growth and cellular differentiation assays. We tested five repli-
cates for each condition (with or without doxycycline [DOX]) and fol-
lowed the cells for over five passages. Statistical significance was deter-
mined using a two-tailed paired Student’s ¢ test. Cell growth experiments
were repeated two times using both clone 23 and clone 28 (with 5 to 6
replicates for each clone and treatment) and yielded similar results. The
results from one experiment using clone 28 are shown below in Fig.
3C. For embryoid body (EB) formation, equal numbers of HUES9-
IncRHOXF]1 cells (in triplicate) were transferred to low-retention tissue
culture plates, using hESC medium lacking 3-FGF. After 8 days, the total
number of EB spheres was counted for each clone for each treatment (with
or without doxycycline). Three independent EB differentiation experi-
ments using clones 23 and 28 were performed and yielded similar results;
results from one experiment are shown below in Fig. 3D. Statistical sig-
nificance between treated and untreated EB groups was determined using
a one-tailed paired Student ¢ test.

Expression profiling using microarrays. BMP4/A/P-differentiated
hESCs (HUES7 and HUES9) were used for siRNA-mediated knockdown
of IncRHOXFI. Microarray analyses were performed using male HUES7
cells. Undifferentiated HUES9 cells containing the IncRHOXF1 and
rtTA3 cDNAs inserted into the AAVS locus of chromosome 19 were used
in overexpression experiments. Total RNA was isolated using TRIzol (In-
vitrogen). RNA was processed using the NuGEN Ovation Pico system (for
knockdown) and the TargetAmp Nano labeling kit (for overexpression).
Labeled cDNA probes were hybridized onto the human Affymetrix U133
Plus 2.0 system for knockdown experiments, and for overexpression ex-
periments we used Illumina Human HT12 V4 chips. Biological replicates
(in triplicate) were analyzed, and results were averaged together to deter-
mine gene expression differences.

RESULTS

IncRHOXF]I encodes alncRNA expressed in the human trophec-
toderm lineage. We hypothesized that IncRNAs important for
early placental development would be robustly expressed in extra-
embryonic cells and missing in the early epiblast. Therefore, we
searched for IncRNAs that were specifically expressed in the tro-
phectoderm but not the inner cell mass by using single-cell RNA
sequencing data from blastocyst-stage human embryos (14). Us-
ing this criterion, we identified a gene (ENSG00000234493;
RHOXFIPI; LNCRHOXF2B), which we named IncRHOXFI. It
exhibited high numbers of reads in both the TE and primitive
endoderm (PE) cells of human blastocysts, yet was absent in
oocytes, zygotes, epiblast cells, and human embryonic stem cells
(Fig. 1A). Reads were also detected at the 4-cell to morula stage of
embryos, during the transition from totipotency to pluripotency,
yet at lower levels than in TE and PE cells. We concluded that
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FIG 1 IncRHOXF1 is robustly expressed during early human development. (A) Schematic showing RNA sequencing reads (RPKM) for IncRHOXF1 during early
human development (14). (B) Genomic location of IncRHOXF]I on the X chromosome. XIC, X-inactivation center. Primer locations for transcript cloning (F1 and R4)
and qPCR (F1 and R2) are shown. (C) Bright-field images of a human embryonic stem cell colony cultured using mouse embryonic fibroblasts (left) and BMP4/A/P-
differentiated cells after 9 days (right). (D) gqRT-PCR analysis of decreased NANOG expression during BMP4/A/P differentiation. Error bars denote standard deviations
from the means. (E) qRT-PCR analysis of increased placentation markers CDX2 and hCG-a expression during BMP4/A/P differentiation. Error bars denote standard
deviations from the means. (F) RT-PCR amplification of exons 1 to 4 of IncRHOXF]I by using primers F1 and R4 and RNA from BMP4/A/P-differentiated hESCs. (G)
qRT-PCR analysis of InNcRHOXF1 expression in male hESCs (blue) and hiPSCs (green) during BMP4/A/P differentiation. Error bars denote standard deviations from
the mean. (H) qRT-PCR analysis of IncRHOXF1 expression during BMP4/A/P differentiation of human female pluripotent stem cells. Error bars denote standard
deviations from the means.
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IncRHOXF1 RNA is one of the most abundant IncRNAs expressed
in human trophectoderm cells.

The IncRHOXFI gene is 4.8 kb in size and located within the
reproductive homeobox (RHOX) gene locus on the X chromo-
some, in between the protein-coding genes RHOXF2B and NKAP
(Fig. 1B). The human RHOX genes are not well characterized, but
they are expressed in oocytes and male germ cells and have been
associated with male infertility (15). Mouse RHOX genes are also
genes that are expressed during early embryonic development,
and some family members are essential for male and female repro-
duction (16). Although the IncRHOXFI gene was predicted to be
noncoding, we used in silico analyses to assess its coding potential.
Using the NCBI open reading frame (ORF) finder, we detected
short open reading frames that would be unlikely to produce a
protein (data not shown). PhyloCSF analysis of the IncRHOXFI
gene yielded negative values (data not shown), supporting its non-
coding status. Next, we searched for sequence homology using
NCBI BLAST and PhyloP, and we found that rhesus monkeys,
dogs, and elephants have significant matches across the human
IncRHOXF]I gene (data not shown). The mouse genomic sequence
has some homology to the exon 3 region of human IncRHOXFI.
Thus, IncRHOXF1 encodes a recently evolved IncRNA from the X
chromosome and is likely present in humans and higher placental
mammals, excluding mice.

The IncRHOXFI gene is also located near another long non-
coding RNA, RHOXF1-AS1 (NR_131238; ENST0000553843;
RP4-755D9.1). According to the NONCODE database, RHOXF1-
AS1 is predominantly expressed in breast and thyroid tissues, and
its expression is quite low in placenta and ovary. RHOXF1-AS1
reads were also absent in the single-cell RNA sequencing data sets
used to identify IncRHOXF1 RNA (14). Because IncRHOXF1
RNA and RHOXFI-AS1 are expressed in different cells, we
concluded that they are not functionally linked and are likely
regulated independently of each other. Examination of the
IncRHOXFI region using the UCSC genome browser revealed the
presence of a CpG island in the promoter region of this gene. We
examined the expression level for IncRHOXF1 by using available
ENCODE RNA sequencing data for five different cell lines (in-
cluding H1 hESCs), and we found that IncRHOXFI was not ex-
pressed in any of them (data not shown). DNA methylation pro-
files for the CpG island of IncRHOXF]I across these different cell
lines varied from being unmethylated (for the primary cell H1
hESCs and the B lymphocyte line GM12878) to hypermethylated
for the three carcinoma cell lines (A549, HepG2, and HeLa), con-
sistent with the frequently observed hypermethylation of cancer
cells. We conclude that DNA methylation of this CpG island is
unlikely to regulate expression of IncRHOXF]I.

Because of ethical and technical limitations of working with
human embryos, we validated the presence of IncRHOXF1 RNA
during early human preimplantation development by using an in
vitro model for human trophoblast progenitors. We differentiated
hESCs by removing 3-FGF from the culture medium and adding
three factors: BMP4 and the inhibitors A83-01 and PD173074,
which block the SMAD2/3 and MEK1/2 signaling pathways, re-
spectively (17). These compounds induce differentiation of pluri-
potent stem cells into early human trophectoderm-like progeni-
tors, mainly SYNs and extravillous cytotrophoblasts (EVTs),
without extensive generation of mesoderm, endoderm, or ecto-
derm cells (17-20). Using this method, the cells acquired a flat-
tened epithelial appearance (Fig. 1C), and expression of the plu-
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ripotency marker NANOG decreased within 48 h of treatment
(Fig. 1D). Importantly, the BMP4/A/P culture conditions stimu-
late expression of various trophoblast markers and placental hor-
mones (9, 17, 18), and we validated expression of HLA-G, CDX2,
human chorionic gonadotropin, and placental growth factor tran-
scripts by using RT-PCR (Fig. 1E and data not shown). To deter-
mine whether the full-length IncRHOXF1 RNA transcript was
expressed in this model system, we isolated RNA and amplified
one transcript using primers specific for exons 1 and 4 (Fig. 1F).
Sanger sequencing confirmed the identity of IncRHOXF]I.

Next, we used the BMP4/A/P model of in vitro trophoblast
development to examine when IncRHOXF1 is expressed. Undif-
ferentiated male and female hESCs and hiPSCs express very little
IncRHOXF1 RNA, in agreement with the single-cell RNA se-
quencing data (Fig. 1G and H) (14). Similar to CDX2 expression
(Fig. 1E), which specifies the trophectoderm lineage in mice (21),
we found that lncRHOXF] expression was highest during days 2 to
4 of BMP4/A/P differentiation (Fig. 1G and H). Female BMP4/A/
P-differentiated trophoblast progenitors expressed greater levels
of IncRHOXF1 transcript than did differentiated male cells (Fig.
1H). Next, we examined IncRHOXF]I expression in in vitro-differ-
entiated early mesoderm and endoderm progenitor cells (22), and
we found that this transcript was present, although at lower levels
than in trophoblast progenitors (Fig. 2A). IncRHOXF1 was ex-
pressed atlow levels in first-trimester human placentas (8-, 9-, and
10-week gestational age) and at higher levels in primary EVTs (Fig.
2B), although levels were still not as high as in BMP4/A/P-differ-
entiated cells. In contrast, IncRHOXFI1 was expressed at very low
(but detectable) levels in placenta-derived transformed cell lines
(HTR-8,JEG-3) thatare used to model trophoblast-related events
(Fig. 2C). The transformed human female fetal kidney cell line
293T had higher IncRHOXFI expression than the transformed
trophoblast cell lines, likely a result of its aneuploidy and multiple
X chromosomes (Fig. 2C). In conclusion, IncRHOXFI is ex-
pressed in early progenitor cells that have recently exited the plu-
ripotent state, suggesting that this transcript may function during
the initial stages of trophoblast lineage development.

IncRHOXF1 RNA is a spliced and polyadenylated cytoplas-
mic transcript in human placental progenitor cells. Using RNA
isolated from BMP4/A/P-differentiated hESCs, we performed
rapid amplification of cDNA ends (RACE) to determine the 5’
and 3’ ends of the IncRHOXFI transcript (Fig. 2D). We found that
IncRHOXFI RNA had a different 5" sequence in BMP4/A/P-dif-
ferentiated hESCs than found in the NCBI and ENSEMBL data-
base records for this transcript, with an additional 78-nt sequence
immediately upstream of exon 1. Using 3'-RACE, we found that
IncRHOXF1 RNA is polyadenylated with 12 or 13 A’s, and we
observed that exon 4 has a longer and slightly different nucleotide
sequence than the NCBI sequence. We confirmed our 5'- and
3’-RACE results by using PCR primers located in the novel up-
stream 5’ and novel 3’ ends of exon 4 (Fig. 2E). Thus, IncRHOXF1
is 961 nucleotides in length and is spliced and polyadenylated.

Next, we examined the nuclear localization pattern of
IncRHOXF1 by using RNA FISH. We designed a probe specific for
exons 1 to 4 of IncRHOXF1 (774 bp), and we found that this
transcript is abundant and easily detectible in nuclei from BMP4/
A/P-differentiated hESCs, hiPSCs, JEG-3 cells, and primary EVTs
(Fig. 2F). IncRHOXF1 transcripts localized to multiple small
bright foci widely distributed throughout the nucleus, similar to
the NEAT1/Neatl RNA localization pattern, also determined us-
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ing RNA FISH (23). Next, we performed sequential RNA/DNA
FISH using X-paint probes, and we confirmed that the brightest
pinpoint observed in all nuclei corresponded to the nascent tran-
script that overlapped with one X chromosome. Female BMP4/
A/P cells had just one pinpoint overlapping the X chromosome,
which indicates that IncRHOXF1 is subject to X chromosome in-
activation in female cells (Fig. 2G). Consistent with this idea, RNA
FISH using male cells, which have only one active X chromosome,
routinely displayed one bright pinpoint, corresponding to the
nascent IncRHOXF1 transcript (Fig. 2F). We conclude that
IncRHOXF1 RNA is abundant in the nucleus of human tropho-
blast progenitor cells.

We next determined the cellular distribution of IncRHOXF1
by using RNA FISH and cell fractionation experiments. Using
fixation conditions that preserve the cytoplasm for RNA-FISH, we
detected abundant IncRHOXF1 transcripts in the cytoplasm of
BMP4/A/P cells, JEG-3 cells, and primary EVTs (Fig. 2H). We
confirmed IncRHOXFI1 probe specificity by using undifferenti-
ated hESCs as a negative control, which express very low levels
of IncRHOXF1 RNA, and we found that these cells lacked
IncRHOXF1 foci (Fig. 21). Next, we fractionated BMP4/A/P -dif-
ferentiated cells into nuclear and cytoplasmic extracts, and we
detected IncRHOXF1 expression in both compartments (Fig. 2]).
The presence of IncRHOXF1 transcripts in cytoplasm suggests
that this transcript has the potential to regulate gene expression in
trans, acting at the RNA level and not through transcriptional
interference.

Overexpression of IncRHOXF1 RNA in hESCs induces dif-
ferentiation and reduces cell growth. To determine the func-
tional relevance of the IncRHOXF1 RNA during early human de-
velopment, we used a gain-of-function approach to induce
expression in undifferentiated hESCs that lack this transcript. To
this end, we cloned exons 1 to 4 of IncRHOXF]I into a targeting
construct for DOX-inducible expression from the AAVS.1 “safe
harbor” locus on chromosome 19 (Fig. 3A) (13). We targeted
female hESCs (HUES-9 cells) with IncRHOXF1 and the reverse
tetracycline transactivator protein (rtTA3) constructs simultane-
ously, and we obtained two correctly targeted clones (23 and 28).
Addition of DOX for 24 h to HUES9-IncRHOXF1 clones 23 and
28 significantly increased IncRHOXF1 transcript levels relative to
untreated cells (Fig. 3B). HUES9-IncRHOXF1 clones treated with
DOX expressed more IncRHOXF1 than did BMP4/A/P-differen-
tiated trophoblast progenitors. We observed that DOX-treated
HUES9-IncRHOXF1 cells required less frequent passaging than
did wild-type hESCs, suggesting reduced proliferation rates. We
performed cell growth assays by following the number of hESC

IncRHOXF1 Regulates Viral Response Genes

colonies originating from two colonies at each passage, using
clone 28 HUES9-IncRHOXF1 cells treated with DOX. The DOX-
treated HUES9-IncRHOXF1 cells had significantly fewer colonies
at passages 3,4,and 5 (P = 0.009, P = 0.0001,and P = 2.0 X 1073,
respectively) relative to untreated cells (Fig. 3C), indicating that
IncRHOXF1 expression in hESCs reduced cellular growth rates.
Next, we investigated whether IncRHOXF1 expression in hESCs
affected cellular differentiation by performing an EB formation
assay. HUES9-IncRHOXF1 clones 23 and 28 treated with DOX
had greater numbers of EBs than did untreated cells (P = 0.05)
(Fig. 3D), supporting our hypothesis that inappropriate expres-
sion of IncRHOXF1 in pluripotent stem cells favors cellular dif-
ferentiation.

We used microarray profiling to determine how exogenous
IncRHOXF1 expression in hESCs affects global gene expression
patterns. DOX treatment of HUES9-IncRHOXF1 cells altered the
expression of over 150 genes (1.5-fold or greater), and the major-
ity were downregulated. Altered genes clustered into two groups,
depending on the direction of expression change (upregulated
or downregulated) (Fig. 3E). Gene ontology (GO) analysis of
differentially expressed genes showed they belonged to catego-
ries pertaining to DNA replication, cell adhesion, cell migra-
tion, and development of bone and blood (Fig. 3F). Gene set
enrichment analysis (GSEA) demonstrated that DOX-treated
HUES9-IncRHOXF]1 cells were significantly enriched for genes
involved in DNA synthesis and elongation, DNA replication, and
oxidative phosphorylation (Fig. 3G). These gene expression
changes are consistent with our observations that IncRHOXF1
expression in hESCs affects cellular growth and differentiation,
and the changes suggest that this transcript functions in trans to
regulate gene expression.

Disruption of IncRHOXF1 RNA in human placental progen-
itors increases viral response gene expression. To determine the
function of IncRHOXF1 in human trophectoderm progenitor cells,
we used siRNAs to disrupt IncRHOXF1 RNA expression during in
vitro BMP4/A/P differentiation of hESCs (Fig. 4A). We optimized
transfection and differentiation conditions and achieved a maximum
of 60 to 70% IncRHOXFI knockdown efficiency via BMP4/A/P dif-
ferentiation on day 3 (Fig. 4B). We examined global gene expression
changes resulting from siRNA-mediated IncRHOXF1 disruption in
the in vitro human trophectoderm progenitors by using microarray
data from three separate knockdown experiments, comparing
IncRHOXF]1 knockdown to scrambled siRNA controls (Fig. 4C). We
identified 109 genes that were upregulated and 100 genes downregu-
lated 1.5-fold or more when IncRHOXF1 expression was disrupted.
Downregulated genes included noncoding RNAs with unknown

FIG 2 IncRHOXF1 RNA isoforms are present in the nucleus and cytoplasm. (A) qRT-PCR analysis of IncRHOXF1 expression for in vitro-differentiated hESCS
to mesoderm, endoderm, and trophectoderm lineages. Error bars denote standard deviations from the means. (B) qRT-PCR analysis of IncRHOXF1 expression
in human placental samples from 8-, 9-, and 10-week conceptuses (three independent placentas for each time point) and primary extravillous trophoblast cells
(from two different placentas). Error bars denote standard deviations from the means. (C) qRT-PCR analysis of IncRHOXF1 RNA in transformed epithelial fetal
kidney cells (293T), placental choriocarcinoma cells (JEG3), transformed trophoblast cells (HTR-8), fibroblast foreskin cells (BJ), and BMP4/A/P-differentiated
hESCs for comparison. Error bars denote standard deviations from the means. (D) Schematic of the IncRHOXFI gene, with locations of the 5'- and 3'-RACE
primers. PCR results for 5'- and 3’-RACE of IncRHOXF1. The arrow denotes the IncRHOXF1 transcript. (E) Validation of 5'- and 3’-RACE ends for
IncRHOXF]I, using primers 5’ F1 and new ex4 R1. (F) Nuclear RNA FISH analyses for IncRHOXF1 expression in primary and immortalized placental progenitor
cells. Cells were disrupted to preserve the nucleus, then fixed prior to probe hybridization. (G) Sequential RNA-DNA FISH analyses of IncRHOXF1 transcripts
in BMP4/A/P-differentiated (day 2) female hESCs. The arrow denotes nascent transcription (as a pinpoint) from the active X chromosome. Images are from the
same nucleus. (H) Whole-cell (cytoplasm preserved) RNA FISH analysis of IncRHOXF1 expression in primary and immortalized placental progenitor cells.
IncRHOXFI RNA transcripts are present in both the cytoplasm and nucleus. (I) Nuclear RNA FISH analysis for undifferentiated hESCs, which lack detectable
IncRHOXF1 transcripts. (J) Cell fractionation of BMP4/A/P cells (HUES-9) revealed that IncRHOXFI is present in the nucleus and cytoplasm. MALAT1 RNA
is exclusively nuclear, and B-actin RNA is cytoplasmic. +, inclusion of reverse transcriptase for cDNA synthesis.
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FIG 3 Overexpression of IncRHOXFI in undifferentiated hESCs promotes cellular differentiation by changing gene expression. (A) Targeting constructs for
inducible expression of IncRHOXF1 RNA from the AAVS locus on chromosome 19 in hESCs. The reverse tetracycline transactivator (rtTA3) was constitutively
expressed using the chicken B-actin (CBA) promoter. (B) qRT-PCR analysis of IncRHOXF1 expression in uninduced (—dox) and induced (+dox) hESCs, and
BMP4/A/P-differentiated hESCs (for comparison). P values were determined using a two-tailed ¢ test to compare untreated versus induced samples. Error bars
denote standard deviations from the mean. (C) Overexpression of IncRHOXF1 RNA (clone 28) reduces cell growth, which was quantified based on the number
of undifferentiated colonies during routine passaging. Five and six independent replicates for each condition (with or without doxycycline) were followed for 5
passages. Statistical significance was determined using a two-tailed paired ¢ test comparing —dox and +dox samples. (D) Overexpression of IncRHOXF1 (clones
23 and 28) increases the number of embryoid bodies during differentiation. The P value was determined using a one-tailed t test to compare EB quantities
between clones 23 and 28. (E) Microarray analyses of IncRHOXF1 overexpression in hESCs. The heat map indicates clustering of upregulated and downregulated
genes for the 162 differentially expressed genes in HUES9-IncRHOXF1 cells (clone 28) treated or not with doxycycline. Biological replicates (triplicates for each
sample) were averaged together to determine gene expression differences with IncRHOXF1 induction. (F) GO analysis for the 162 differentially expressed genes
(red, upregulated; blue, downregulated) when IncRHOXF1 is overexpressed (+dox). P values were determined by using the DAVID online analysis tool. (G)
GSEA of gene sets enriched in DOX-treated HUES9-IncRHOXF1 cells. NES, normalized enrichment score; FDR, false-discovery rate. FDR g values were
calculated by using the GSEA tool.

function and PRPF6, which is involved in pre-mRNA splicing (Fig.
4D). Intriguingly, we observed that various virus sensing genes exhib-
ited the highest upregulation with IncRHOXF1 disruption (Fig. 4D).
IFIHI (MDA5) and DDX58 (RIG-I), two pattern recognition recep-
tors (PRR) with RNA helicase activity that sense intracellular viral
RNA (24), were upregulated 2- to 2.2-fold. MXI, a member of the
interferon (IFN)-stimulated gene (ISG) family that is induced by type
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Iand III IFNs upon viral infection (25), was also elevated. In addition,
OAS], another ISG with antiviral activity that detects cytosolic dou-
ble-stranded RNA and activates RNase L (26), IFIT1, an antiviral
molecule upregulated by type I IFN signaling and virus infection (27,
28),and LGALS16, which encodes a placenta-specific galectin protein
expressed by SYNs that is involved in regulating immune responses,
were also elevated 2-fold following IncRHOXF1 knockdown. Galec-
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FIG 4 IncRHOXF1 RNA disruption increases viral response gene expression in human trophoblast progenitors. (A) Schematic of siRNA-mediated reduction of
IncRHOXF1 RNA during in vitro BMP4/A/P differentiation. (B) qRT-PCR analysis verifying IncRHOXF1 expression and knockdown for three independent
siRNA transfections used for microarray analyses. Statistical significance was calculated using a two-tailed Student’s ¢ test. Error bars denote standard deviations
from the mean. (C) Principal component analysis for the three independent knockdown experiments used for microarray analyses. (D) Genes exhibiting the
greatest upregulation and downregulation after IncRHOXF1 RNA disruption in BMP4/A/P-differentiated HUES-7 cells was determined by microarray profiling.
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tins induce T cell apoptosis and are thought to minimize the maternal
immune response against fetal semiallograft (29). GO analysis con-
firmed the enrichment of genes involved in viral and immune re-
sponses (P=9.0 X 10~ >and P = 0.02) when IncRHOXF1 expression
was reduced in our in vitro model of early human placental
progenitors (Fig. 4E). We confirmed that IncRHOXFI disrup-
tion increased the expression of the three viral sensing genes
IFIT1, MX1, and IFIHI in day 3 BMP4/A/P-differentiated human
cells by using qRT-PCR (Fig. 4F).

Because IFIT1 (MDAS5) and DDX58 (RIG-I) expression in-
creased with IncRHOXF1 disruption, we examined expression
levels of type I and III IFNs, IFN-B, and interleukin-29 (IL-29;
IFN-A1), which become enhanced in response to PRR-mediated
activation (24, 30). We observed that IFN-[3 expression increased
with IncRHOXF1 knockdown (P = 0.001), while IL-29 expression
remained unchanged (Fig. 4G). siRNA transfection can have off-
target effects and activate the type I IEN response, resulting in
induction of ISGs (31, 32). To eliminate the possibility of siRNA-
mediated activation of the IFN response, we used siRNAs to disrupt
expression of hnRNP U, a nuclear matrix protein with RNA binding
activity expressed at similar levels as IncRHOXF1 in human trophec-
toderm cells. We did not observe any changes in expression of MX1,
IFIH]1, or IFIT1 following hnRNP U RNA disruption using siRNAs,
supporting the specificity of IncRHOXF1 disruption for affecting vi-
ral response gene expression in differentiated hESCs (Fig. 4H). We
conclude that IncRHOXF1 RNA functions in trans to suppress the
expression of genes involved in the innate immune response to virus
infection in human placental progenitor cells.

IncRHOXF1 RNA increases following viral infection, and
knockdown affects virus infectivity. To determine the impact of
IncRHOXF1 in the antiviral response of human trophoblast pro-
genitors, we used Sendai virus to infect BMP4/A/P-differentiated
cells with disrupted IncRHOXF1 expression (Fig. 5A) and com-
pared their response to control cells. We found that infected cells
treated with siRNAs against IncRHOXF1 consistently expressed
less Sendai viral protein mRNA (SEV-NP) than did scramble
siRNA-treated or untreated cells (Fig. 5B). These results con-
firmed our hypothesized enhanced antiviral state of cells with re-
duced IncRHOXFI1 expression. Interestingly, we observed that
Sendai virus infection increased the expression of IncRHOXF1 in
BMP4/A/P-differentiated cells, even when cells were transfected
with either scrambled siRNAs or siRNAs specific for IncRHOXF1
(Fig. 5C). Therefore, we asked whether viral infection in combina-
tion with IncRHOXF1 RNA disruption would affect the expression of
viral response genes. As expected due to the reduced virus infectivity,
the levels of MX1 and IFIHI were significantly reduced (Fig. 5D). We
did not observe changes with IFN-f3 and IL-29 induction. We con-
clude that IncRHOXF1 RNA is responsive to viral infections and that
reducing IncRHOXF1 levels protected early human trophectoderm
progenitor cells from Sendai virus infection.

DISCUSSION

Here we have described the identification and characterization of
a novel IncRNA, which we named IncRHOXF1, that functions in
the innate immune response in early human placental progenitor
cells. We found that IncRHOXF1 is one of the most abundantly
expressed IncRNAs in trophectoderm and primitive endoderm
cells from human blastocyst-stage embryos, and it is also robustly
expressed in an in vitro model of placental trophoblast progenitors
differentiated from human pluripotent stem cells. Using this in
vitro model of human trophoblasts, we discovered that siRNA-
mediated disruption of IncRHOXF1 expression increased expres-
sion of viral sensor genes. To our knowledge, this is the first ex-
ample of a IncRNA that regulates viral sensor genes by repressing
their expression during development of human trophoblast cells.

IncRHOXF1 transcripts were most abundant in TE and prim-
itive endoderm cells, yet absent in epiblast cells of human blasto-
cyst-stage embryos. Our study found that IncRHOXF1 RNA is not
expressed in hPSCs, in agreement with its absence in the inner cell
mass of the human embryo (14). IncRNAs typically exhibit cell-
and tissue-specific expression patterns (33), and IncRHOXF1
RNA has a defined expression pattern during early human devel-
opment. The in vitro differentiation of hPSCs to the trophecto-
derm, mesoderm, or endoderm lineages resulted in upregulation
of IncRHOXF1 expression. We speculate that IncRHOXF1 RNA
primarily functions in early human development during differen-
tiation from pluripotency, because this RNA was almost undetect-
able in 8- to 10-week placentas and fetal somatic cell lines (Fig. 2B
and C). It is possible that IncRHOXF1 is expressed in just one of
the many cell types present in 8- to 10-week placentas, and per-
haps these cells were not present in sufficient quantity in the tissue
sample that we examined in our study. Primary EVT cells taken
from late-term placentas had low levels of IncRHOXF1 RNA tran-
scripts. This suggests that IncRHOXF1 RNA is not functional in
mature EVT cells but instead is important at an earlier develop-
mental stage, perhaps in a progenitor cell population. Our study
found that IncRHOXF1 RNA is abundant in mesoderm and endo-
derm progenitor cells, and we hypothesize that it may also regulate
the host response to viral infections in the human epiblast during
development. We conclude that IncRHOXF1 RNA is an abundant
transcript expressed during early human development.

In this study, we observed that overexpression of IncRHOXF1
RNA in hESCs, which normally express very low levels of this
IncRNA, reduced cell growth rates of pluripotent stem cells. Con-
sistent with this observation, we detected altered expression of
genes involved in DNA replication, DNA synthesis, and the M/G,
transition when IncRHOXFI RNA was introduced into hESCs.
Expression of IncRHOXF1 RNA also increased the number of EBs
formed during differentiation, which suggests that elevated levels
of IncRHOXF1 RNA in pluripotent stem cells favor cellular differ-

Genes in red are viral signature response genes; green denotes immune response genes. (E) GO analysis of differentially expressed genes following IncRHOXFI
RNA knockdown. P values were determined by using the DAVID online tool. (F) qRT-PCR analysis for expression of viral response genes, normalized to results
with GAPDH. Representative results from one experiment are shown, and similar results were obtained from 5 independent experiments. Statistical significance
was calculated using a one-tailed ¢ test. Error bars denote standard deviations from the means. (G) qRT-PCR analysis of IFN-f and IL-29, downstream targets
of viral response genes. Statistical significance was calculated using a one-tailed ¢ test. (H) siRNA-mediated knockdown of hnRNP U in human trophoblast
progenitors does not affect viral response genes. qRT-PCR analyses for expression of viral response genes are shown and were normalized to results with GAPDH.
Representative results from one experiment are shown, and similar results were obtained from two independent experiments. Error bars denote standard

deviations from the means.
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expression level, 2(ACT [virus] = ACT [no virus) + the standard deviation.

entiation instead of the pluripotent state. hESCs with elevated
IncRHOXF1 RNA had more morphological evidence of differen-
tiated cells despite the presence of B-FGF in the medium. Differ-
entiated cells have different metabolic requirements than pluripo-
tent stem cells (34), and we observed that IncRHOXF1 RNA
expression altered expression of genes involved in oxidative
phosphorylation, electron transport/ATP synthesis, respira-
tory electron transport, and mitochondrial protein import. We
did not observe altered expression of viral response genes when
IncRHOXF1 was overexpressed in hESCs. We speculate that the
reason for this could be that IncRHOXF1 RNA regulates viral re-
sponse gene expression specifically in trophoblast progenitors, which
are the cells that have the highest expression of this transcript. At this
time, it is unclear whether overexpression of IncRHOXF1 in tropho-
blast progenitors will further repress the expression of these viral re-
sponse genes and whether the endogenous levels of this transcript are
sufficient for full repression.
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Our gain- and loss-of-function experiments indicated that
IncRHOXF1 is a functional IncRNA transcript that can alter gene
expression in trans. We did not observe any altered gene expres-
sion of neighboring genes on the X chromosome following
siRNA-mediated knockdown, thus eliminating a cis-acting mech-
anism. Consistent with a functional role in trans, we found that
IncRHOXF1 is abundant in both the nucleus and cytoplasm in
BMP4/A/P-differentiated cells, primary EVTs, and the placental
cell line JEG-3. The nuclear and cytoplasmic signals appeared
evenly distributed between both cellular compartments. Cellular
fractionation experiments using BMP4/A/P-differentiated cells
confirmed our RNA FISH results, where IncRHOXF1 RNA was
detected in both the nucleus and cytoplasm. The nuclear
IncRHOXF1 RNA signal is specific because we observed similar
speckled patterns in all cell types where we detected IncRHOXF1
RNA expression. We did not detect IncRHOXF1 RNA transcripts
in undifferentiated hESCs, which have very low steady-state levels
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of IncRHOXF1 RNA (Fig. 1G and H), indicating that the probe is
specific for IncRHOXF1 and that this transcript is found in both
nuclear and cytoplasmic compartments.

Additionally, we found that IncRHOXF1 RNA levels could be
reduced using siRNAs, further supporting the hypothesis that this
transcript mediates gene expression changes in the cytoplasm.
One possibility is that IncRHOXF1 RNA in the cytoplasm inhibits
the translation of viral sensing genes, perhaps by initiating mRNA
decay of these transcripts. The IncRNAs Y2-sbsRNAs, which bind
to the 3" untranslated regions of some mRNAs, form a duplex that
is recognized by Staufen 1 and then targeted for degradation (35).
However, siRNAs specific for nuclear IncRNAs, such as XIST or
HOTAIR RNA, can also disrupt their expression (36, 37), so it is
also possible that IncRHOXF1 RNA plays a regulatory role in the
nucleus. IncRHOXF1 RNA may also function as a molecular scaffold
in the nucleus. Examples of IncRNAs that act as molecular scaffolds
include XIST and HOTAIR, which recruit the Polycomb repressive
complex 2 to specific genes or chromosomes for transcriptional si-
lencing (37, 38). It is possible that the secondary structure of In-
cRHOXFI1 RNA recruits repressive histone modifier complexes to
certain viral sensor genes to regulate their expression. Additional ex-
periments are required to identify the IncRHOXF1-interacting pro-
tein(s) and the chromatin modification changes, if any, at viral sensor
genes in early human placental progenitor cells.

The innate immune system responds to viral infection via
PRRs that sense cytoplasmic virus-derived RNAs, which then sig-
nal for a type I IFN-a/p response that induces transcription of
1SGs. Both IFIH1 (MDA5) and DDX58 (RIG-I) are PRRs that are
induced when IncRHOXF1 expression is reduced. In this study,
we found that siRNA-mediated reduction of IncRHOXF1 RNA
increased the expression of some ISGs (IFIT, OASI, and MX1) and
the type I IFN gene IFN-f. At this time, it is unclear how reduced
IncRHOXF1 RNA levels might directly activate ISGs and IFN-f3.
One possibility is that these genes become upregulated as a re-
sponse to IFIHI and DDX58 activation when IncRHOXF1 tran-
script levels decrease. In this study, we found that Sendai virus
infection increased IncRHOXF1 RNA levels in human trophoblast
progenitors, suggesting that factors induced by the viral response
may directly regulate expression of this IncRNA. Alternatively, viral
infection may stabilize IncRHOXF1 RNA transcripts within the cyto-
plasm, which would explain the increased steady-state levels (Fig.
5B). Studies have found that viral infection with severe acute respira-
tory syndrome coronavirus or influenza virus changes the expression
ofhundreds of IncRNAs, many of which are regulated downstream of
type I IFN signals (39, 40). Additional work is necessary to determine
how IncRHOXF1 expression is regulated during early human devel-
opment and how viral infections influence IncRHOXF1 transcrip-
tional expression and RNA stability.

Some IncRNAs can regulate the innate immune response dur-
ing pathogen infection outside the context of pregnancy and early
development. The IncRNAs NeST, THRIL, NEAT1, and NRAV
regulate expression of IFN-v, tumor necrosis factor alpha, IL-8,
and interferon-stimulated genes, respectively (41-44). NEAT1
and 7SL RNA can also modulate viral infection by affecting virion
packaging and posttranscriptional expression. NEAT1 RNA levels
increase after infection with herpes simplex or influenza viruses,
which elevates levels of the antiviral cytokine gene interleukin-8 in
mice (42). Similar to NEAT1, we found that viral infection stim-
ulated IncRHOXF1 RNA levels, which supports the idea that
IncRNAs play important roles as gene expression regulators for
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innate immunity. Our study also found that human trophoblast
progenitors were less susceptible to Sendai virus infection when
IncRHOXF1 RNA levels were reduced. This reduction of viral in-
fectivity could result from the increased expression of PRRs and
ISGs when IncRHOXF1 expression is disrupted (Fig. 4D and F).
Another possibility is that IncRHOXF1 RNA directly regulates the
expression of the Sendai viral SEV-NP gene, similar to NEAT1
RNA interference with virion packaging (42). As a result of im-
paired viral infection, we observed reductions in steady-state lev-
els of IFIH and MX1 in IncRHOXFI1-disrupted cells following
acute Sendai virus infection, yet downstream type I and III IFN
genes were unchanged. Our results suggest that human tropho-
blasts continue to sense and respond to the presence of Sendai
virus following IncRHOXF1 RNA disruption. Additional work is
necessary to examine whether other viruses increase IncRHOXF1
expression in human trophectoderm progenitors and how recur-
ring viral infections affect IncRHOXF1 RNA levels.
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