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RESUMO

Yunusov, D.Caracterizacdo doHIPSTR destaca o padrdao de expresséo heterogénea de
IncRNAs em embrides humanos e linhagens estaveis délulas. 2016. 87 p. Tese
(Doutorado) — Programa de POs-Graduacdo em Biogaiminstituto de Quimica,
Universidade de S&o Paulo, Sao Paulo.

Tem sido cada vez mais reconhecido que a tranecdgd& genomas eucarioticos produz
multiplos transcritos novos, anteriormente nao actetls e ainda ndo caracterizados, sendo
que a maioria € constituida de RNAs nao-codifianiengos (INcCRNAs) regulatérios.
Estudos recentes estdo focados principalmente noRNAs transcritos de regides
intergénicas eenhancers;, assim, o grupo dos INcRNAs antisenso permanegeenos
estudado de todos. Ao mesmo tempo, a transcrigé&geaso ocorre em até 74% dosi de
genes humanos, frequentemente — a partir da fibataple genes que codificam proteinas
envolvidas na regulacdo da transcricdo. No presegabmlho, nos identificamoBlIPSTR
(Heterogeneously expressed from the Intronic Plus Strand of the TFAP2A-locus RNA), um
IncRNA novo conservado que é transcrito a partifidaantisenso do gene TFAP2A. Ao
contrario do anteriormente relatado para os IncCRE®issenso, a expressao [HEPSTR nao
esta correlacionada com a expressao do gene dapfitsta.HIPSTR e TFAP2A sédo co-
expressos em células da crista neural e em trafimsladerivadasn vitro, mas somente
HIPSTR e ndo TFAP2A esta especificamente expresso num subconjuntoéligas de
embrides humanos nos estagios de 8-células e métakiramos que, semelhantelBPSTR,

a expressédo de IncRNAs é mais altamente heteroggieca expressao de mRNAs em células
individuais de embrides humanos em desenvolvimentem linhagens estaveis de células.
Finalmente, ndés demonstramos que a deplecd®BSTR em células HEK293 e Hg, uma
linhagem de células tronco embrionarias humanaa giredominantemente os niveis de
genes envolvidos no inicio do desenvolvimento dgismo e na diferenciacdo de células.
No conjunto, nds mostramos que a expressadlBETR e de centenas de outros INCRNAs é
altamente heterogénea em embrides humanos e Imhagdulares. UsamdsIPSTR para
exemplificar a relevancia funcional de INncRNAs cpadrbes de expressdo heterogéneos e

estagio-de-desenvolvimento especificos.

Palavras chave: RNAs longos nao-codificadores, RNAs antisens@GFAP2A,
desenvolvimento embrionario, variabilidade da esgéie em células individuais.



ABSTRACT

Yunusov, D. Characterization of HIPSTR highlights the heterogeneous expression
pattern of IncRNAs in human embryos and stable cellines. 2016. 87 p. PhD Thesis —
Graduate Program in Biochemistry. Instituto de QoémUniversidade de Sdo Paulo, Sdo
Paulo.

There is a growing appreciation that eukaryoticogees are transcribed into numerous,
previously undetected — and thus uncharacterizegulatory long non-coding RNAs
(IncRNAs). Recent studies are primarily focusedlmecRNAs transcribed from intergenic
regions and enhancers, leaving antisense IncRNAk#st studied group of IncCRNAs. At the
same time, antisense transcription occurs in uft& of human gene loci, frequently — from
the opposite strand of genes encoding proteinshiedoin regulation of transcription. Here,
we identified HIPSTR (Heterogeneously expressed from the Intronic Btreind of the
TFAP2A-locus RNA), a novel conserved INCRNA thatrascribed antisense to thEAP2A
gene. Unlike previously reported antisense INCRNASSTR expression does not correlate
with the expression of its antisense counterpalthotigh HIPSTR and TFAP2A are co-
expressed i vitro derived neural crest and trophoblast cells, ¢illpSTR and nofTFAP2A

is specifically expressed in a subset of cells wiBtcell- and morula-stage human embryos.
We show that, similar tblIPSTR, in the individual cells of developing human entdsor of
stable cell lines the expression of INCRNAs is mughly heterogeneous than the expression
of mMRNAs. Finally, we demonstrate thdtPSTR depletion in HEK293 and H3, a human
embryonic stem cell line, predominantly affects gression levels of genes involved in
early organismal development and cell differentiatiTogether, we show that expression of
HIPSTR and hundreds other INcRNAs is highly heterogenaousuman embryos and cell
lines. We uséHIPSTR to exemplify the functional relevance of IncRNAshvheterogeneous

and developmental stage-specific expression pattern

Keywords: long non-coding RNAs, antisense RNASFAP2A, early embryonic
development, single-cell expression variability
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INTRODUCTION

1. Introduction

1.1Pervasive eukaryotic transcription

It is now widely accepted that eukaryotic genomes pervasively transcribed
(Berretta and Morillon, 2009; Clast al., 2011; Djebalit al., 2012), producing thousands of
uncharacterized transcripts, the majority of whagk classified as long non-coding RNAs
(IncRNAs) (for human cells, the most complete aajab published in (lyeet al., 2015)). A
story of universal obsession with regulatory IncRNBegins in the year 1991 with the
discovery ofXIST IncRNA (Borsaniet al., 1991; Brownet al., 1991; Brockdorffet al., 1992;
Brown et al., 1992), and this story is far from its happy egdiNowadays, more than two
decades after the discovery XIST, we are still struggling to identify a completet s
proteins that interact with this IncRNA (Cleual., 2015; McHugket al., 2015).

LncRNAs are simply defined as long (> 200 nt) noot@in coding transcripts, and as
such they represent a very broad, widely unchaiaet group that includes non-functional
transcripts resulting from transcriptional noisangfom transcription initiation by RNA Pol Il
throughout the genome), and INcCRNAs exerting thaiction either passively through the act
of their transcription, or actively inis and intrans (Quinn and Chang, 2015). Similar to
MRNAs in many aspects, such as transcription by RPOA Il, presence of 5-cap and
poly(A)-tail (Guttmanet al., 2009; Ayupeet al., 2015), IncRNAs are usually shorter than
MRNAs and have fewer exons (Derrigral., 2012). Consistent with transcription of IncCRNA
genes by RNA Pol II, they are often marked by ttimgation of lysine 4 of histone 3
(H3K4me3) in their promoter regions, and by trinyddkion of lysine 36 of histone 3
(H3K36me3) in their gene bodies (Guttmanal., 2009). Notably, for a group of human
IncRNA genes, such H3K4me3-H3K36me3 demarcation essutionarily preserved in
orthologous regions of the mouse genome, and this woposed to serve as one of the

possible indicators of conserved functionality (Gwnet al., 2009).
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While important for the functionality of protein-dimg genes, sequence conservation
is only modestly pronounced in IncRNAs (Pagical., 2006; Cabiliet al., 2011), with the
conservation of genomic position apparently beimgdpminant instead (Carninet al.,
2005). For example, well characterized IncRNAs,hsas XIST, Cyrano/OIP5-AS1, MIAT,
TUNAR, and HOTAIR have conserved function even in the absence addbsequence
conservation (Li, Let al., 2013a; Ulitsky and Bartel, 2013; Kapusta and kete, 2014).
Nonetheless, sequence conservation of INcCRNA exassreported in several studies, and is
stronger than conservation of intergenic regionslrmRNA introns, with the greatest
evolutionary pressure near splice sites (Guttnearal., 2009; Chodroffet al., 2010).
Additionally, studies of single nucleotide polymbigms in primate-specific INcCRNA exons
showed lower derived allele frequencies than tHos® intergenic regions (Necsuletal.,
2014). For the oldest INcRNAs, conservation of éx@equences approaches that of coding
exons (Necsuleet al., 2014), while IncRNA promoter sequences are eyblécsuleat al.,
2014; Chen, Jet al., 2016), or even more conserved (Carnigical., 2005) than promoter
sequences of protein-coding genes, depending orethef INcCRNAs used for analysis. The
latter observation stands true even for youngeR s (Necsulea&t al., 2014).

When compared to mRNAs, INcCRNAs are expressednaritevels with considerably
higher organ-, tissue- and developmental stagefgyigc(Ravasiet al., 2006; Cabiliet al.,
2011; Derrieret al., 2012; Yaret al., 2013; Necsuledt al., 2014), although tissue-specificity
of expression is weakly preserved for orthologousRNAS across eutherians (Necsuéa
al., 2014). To explain evolutionarily preserved fuonality of IncRNAs, four dimensions of
the IncRNA conservation were proposed, and inckateservation of the sequence, structure,
function and transcription from a syntenic regiddiederichs, 2014). In other words,
conservation of genomic position, structure andusage could be considered as good

indicators of conserved functionality of a giveoRNA, but are not necessarily required.
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1.2L.ncRNAs in development and cell differentiation

Among other processes the importance of IncRNAde&arly shown for organismal
development and cell differentiation. This sectirefly outlines several major features and
functions of well-characterized IncRNAs in thesegasses.

In 2007, Rinnet al. used primary adult fibroblasts from 11 anatomtessito study
expression patterns #fOX genes, and discovered 231 IncRNAs transcribed@X loci, of
which 64% were differentially expressed along tleeaopmental axis of the body (Rieh
al., 2007). A specific example, that 6{OTAIR IncRNA, was used to show that such
INcRNAs are capable of establishing mutually exgkisdomains of silent and active
chromatin inHOX loci by recruiting Polycomb Repressive Complex R@2) to its target
genes (Rinret al., 2007). Later, in 2010, the same group showedltit®NAs inHOX loci
become dysregulated in breast cancer, leading tonge-wide alteration in PRC2 binding
profile with consequent increase in PRC2-dependesasiveness of cancer cells (Gugta
al., 2010).

Following the discovery oHOTAIR IncRNA and its interaction with PRC2, the latter
was shown to interact witklST (Zhaoet al., 2008). In 2004, yeast telomerase was used as an
example to propose a model where IncRNAs functisnmadular scaffolds for protein
complexes (Zappulla and Cech, 2004). This was ld@monstrated foiKcnglotl that
interacts with H3K9-specific histone methyltranafsg G9a and PRC2 (Pandktyal., 2008),
and forHOTAIR that binds to PRC2 via its 5’-domain, and to LSDAREST/REST complex
— through its 3'-domain (Tsa&t al., 2010). This concept is further developed andairph in
a landmark review by Guttman and Rinn (Guttman Rimh, 2012). Interactions of IncRNAs
with chromatin modifiers appear to be another comrgature of INncCRNAs as thousands of
IncRNAs were shown to interact with PRC2 in mousi#e/onic stem cells (ESCs) (Zhab

al., 2010). Although the fidelity of PRC2-RNA interamts is still a subject of active debate
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(Davidovichet al., 2013; Cifuentes-Rojaat al., 2014), it is clear that at least some of these
interactions are not promiscuous (Davidowthl., 2015).

In agreement with the ability of IncRNAs to act ssaffolds for proteins, it is not
surprising that interactions of IncRNAs with varsouranscription factors (TFs) were
demonstrated. For examplBAUPAR IncRNA co-regulates a subset of its target genes in
association with PAX6 (Vancs al., 2014),RMST IncRNA co-operates with SOX2 to recruit
the latter to promoters of neurogenic TFs @gal., 2013), andPANDAR IncRNA interacts
with NF-YA and regulates senescence (Puvetia., 2014). LncRNAs are intimately linked
to important TFs not only by physical interactiongh them, but also by genomic co-
localization, and often — by regulating their exgsien. For instance, not onRAUPAR
INcRNA associates with PAX6, but also regulaB#s<6 gene that is located in the vicinity
(Vanceet al., 2014). Another example igNgnl IncRNA that is required for the expression
of the downstreaniNeurogl gene during neuronal differentiation (Onoguehial., 2012).
General tendency is that gene deserts surroundingsgof developmentally regulated TFs
harbor multiple IncRNA genes in human, mouse afafesh, but the functional relevance of
these IncRNAs remains mostly unstudied (Ulitsky Badtel, 2013).

LncRNAs are tightly incorporated into networks rkging pluripotency and
differentiation. By comparing transcriptomes of lamfESCs and neuronal cells derived from
themin vitro, INcCRNAs required for pluripotency and neuroges@gere identified (N@gt al.,
2012). Similar approach in mouse ESCs led to ifleation of TUNA, whose sequence and
CNS-restricted expression pattern is conservecentebrates (Liret al., 2014). Similarly, a
pioneering study of IncCRNAs expression in the psscef reprogramming of human
fibroblasts into induced pluripotent stem cells S&s) showed regulated activation of
hundreds of pluripotency-associated IncRNAs (Loegted., 2010). During reprogramming,

IncRNAs are activated during reprogramming in aatgit fashion, downregulating lineage-
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specific genes and modulating expression of meilgdnes (Kim, D. Het al., 2015).
Concordantly, in mouse ESCs, IncRNAs were showretgulate gene expression tirans,
maintain pluripotency by repressing differentiatiprograms, and by acting downstream of
ESC-specific TFs, likely through interaction withmerous chromatin-modifying enzymes
(Guttmanet al., 2011).

1.3Expression of INcRNAs and mRNAs at the level of sgie cells

In Synthetic Biology, only dynamic and not stati&tal provides necessary parameter
and network connection constraints for modelingighaling and gene networks (Bennett, M.
R. and Hasty, 2009). On the other hand, a celasfindamental unit of life, and single-cell
resolution is the resolution of choice for syntbdbiologists (Bennett, M. R. and Hasty,
2009). Therefore, further advances in the areayoftgtic Biology required development and
improvement of single-cell isolation techniques;luding microfluidic devices (reviewed in
(Bennett, M. R. and Hasty, 2009)), which in turnd@gossible automated unbiased high-
throughput isolation of single cells, and are peeatl to serve as a basis for the sequencing-
based single-cell analyses (Shap@étoal., 2013). A recent review (Shapim al., 2013)
summarizes the main findings in the areas of stogle genomics, transcriptomics, and
epigenomics, which are out of scope of this wanktdad, below we provide a brief overview
of the key single-cell transcriptomic studies ofrtan and mouse early embryos and cell lines.

In 2009, based on several observations for shaitlang ncRNAs, including 849
heterogeneously expressed brain INCRNAs detectaitle in situ hybridization, it was
proposed that seemingly lowly expressed IncRNAsHagh expression levels in a particular
subset of cells (Dingeet al., 2009). Later, it was shown that in mouse lipopabcharide
(LPS)-stimulated bone-marrow-derived dendritic €¢BMDCs), IncRNAs with both — high
(GAS5) and low (Gm8773, 2810025M15Rik) populatierd! expression are indeed present

only in a subset of cells (Shalekal., 2013). This was true not only for IncRNAs, buterv
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for several highly expressed mRNAs (TPM > 250), #ndl was validated in the independent
RNA-FISH experiments for a set of representativanege (Shaleket al., 2013). Such
expression heterogeneity unlikely resulted from lthek of cell cycle synchronicity of LPS-
stimulated BMDCs, as the latter are post-mitotid Hreir response to LPS is synchronous in
time (Shaleket al., 2013). It is interesting to mention that Pearsomrelation of gene
expression for different individual cells was oBl#8, while reaching 0.98 for populations of
10° cells (Shaleket al., 2013). Such difference is believed to originatenf a random
assembly of RNA polymerase factors and that resualtifferences in efficiency of a given
gene expression (reviewed in (Levietal., 2013; Sanchez and Golding, 2013).

Since the processes of differentiation during erbiy development are essentially a
consequence of division of a single cell (zygotaj)derstanding gene expression patterns in
early embryos is impossible without techniques thHbw precise and reliable high-
throughput quantification of transcripts in singlells (Salibaet al., 2014). One of such
methods, developed by Taegal. (Tanget al., 2009) was used for sequencing of germ cells
(Guo, F.et al., 2015), and hESCs and human preimplantation ersbfyanet al., 2013).
This single-cell RNA-seq method was able to capsigaificant gene expression differences
between 4- and 8-cell stages, which is associatddtihe major wave of embryonic genome
activation (EGA) (Yaret al., 2013). Authors used 4- to 8-cell stage transitmrshow that
IncRNAs with heterogeneous and developmental stageific expression (> 0.1 FPKM,
fragments_per kilobase per million) show consisexpression in all sampled embryos, and
thus unlikely represent leaky transcription (Yatral., 2013). Another study that used strand-
specific single-cell-tagged reverse-transcriptiolR$-seq approach showed that during
oocyte to 4-cell stage transition proportionally reaf maternal coding than non-coding
transcripts are degraded (Tohoneh al., 2015). Moreover, while coding transcripts

expression increased during the major wave of Exhcoding transcripts increased during
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the transition from oocyte to 4-cell stage embrydshonenet al., 2015). Aside from
dissecting the differences in protein-coding ana-ooding transcripts in human embryos,
single-cell analyses facilitated the discovery ahddal expression of dozens of protein-
coding genes in sister mouse blastomeres (Béase, 2014), identification of the earliest
marker genes of the inner and outer mouse bladtamls (Guo, G.et al., 2010), and
determination of modules of co-expressed genes deéihe specific mouse and human
developmental stages (Xeeal., 2013). Despite significant progress in the arfesirgle-cell
transcriptomics, we are just beginning to undecstdime complexity and dynamics of
transcription in single cells, and further imprownts, including development of strand-
specific full-length RNA-seq technologies, is ragdi to study, for example, antisense
transcription in rare and transient cell stateshsas totipotent blastomeres.

1.4 Antisense IncRNAs

As recent research focuses on long intergenic moimg RNAs and enhancer RNAs
(reviewed in (Ulitsky and Bartel, 2013) and (Laanal., 2014)), antisense INcCRNAs remain
the least studied group of all IncRNAs. Antisems@mscription was proposed to occur in 74 %
of human gene loci (Nakayt al., 2007). These antisense transcription events sfeye/n to
coincide with the presence of promoter-associatednsatin marks, CpG islands, and RNA
Pol Il binding (Tahiraet al., 2011; Fachett al., 2013), and therefore can be considered to be
independent transcription units. Interestingly,%80f antisense transcripts were detected in
the absence of their overlapping genes (Aywgeal., 2015), further supporting the
independence of these transcription units. Ouriputswork demonstrates that such antisense
transcription units frequently produce monoexomicRNAs (Louroet al., 2007). Antisense
IncRNAs are tissue specific, and the most highlgregsed of them are transcribed antisense
to genes coding for regulators of transcription K& et al., 2007). The importance of

antisense IncRNAs is illustrated by their differahéxpression in pancreatic cancer (Taktra
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al., 2011), and renal cell carcinoma (Facleelal., 2013). The expression of antisense
IncRNAs was shown to correlate with expression (bogt al., 2007; Nakayaet al., 2007;
Beckedorffet al., 2013; Fachett al., 2013), or alternative splicing of their sensertetparts
(Louro et al., 2007).. Additionally, if a given antisense INCRN# expressed in another
species, its expression would be, by definitiomtegic to its sense counterpart. Syntenic
transcription would in turn increase the likelihooida cis-regulatory effect of such antisense
IncRNA (Diederichs, 2014). Nonetheless, the wideigepted assumption that a large portion
of antisense INCRNAs regulate their overlappingegefMagistriet al., 2012) might be a poor
predictor of function for any yet uncharacterizetisense IncCRNA.

1.5HIPSTR and its overlapping TFAP2A gene

In this study, we report identification of a nowetRNA, which we namediIPSTR,
that is expressed from the opposite stran@FAP2A gene, thegene encoding a transcription
factor (TF) AP-2alpha that is essential for veréédmeural crest development (Schetlal.,
1996; Zhang, Jet al., 1996; Rada-Iglesiaat al., 2012; Prescott al., 2015), and that is also
induced in mouse (Guo, @t al., 2010) and human (Chemjal., 2004; Aghajanovat al.,
2012) trophectoderm. AP-2alpha (TFAP289longs to a family of five related TFs that are
encoded by five retinoic acid-inducible, developtaémenes. This family is composed of:
AP-2alpha, AP-2beta, AP-2gamma, AP-2delta, and &psion (reviewed in (Eckest al.,
2005)). TFAP2A gene has three alternative first exons conserveerebrates, which in turn
give rise toTFAP2A isoforms la, 1b, and 1c, and only isoform la ensaéelF that is
capable of acting as both — repressor and actiyatbers only function as activators) (Berlato
et al.,, 2011). Significant TFAP2Aexpression is observed in the developing epidermis,
kidney, cerebellum, spinal cord, and eye (Zhangnd.Williams, 2003).

Despite its role as an important developmental le¢gu and in the light of our

previous findings that connect antisense INcCRNAd eancer, the most intriguing was the
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association of aberrant regulation @FAP2A with tumorigenesis (Yuet al., 2002).
Expression of TFAP2A is detectable in several adiskues, for example, in the ductal
epithelium of the mammary gland, where altered TEAPRexpression is linked to the
progression of breast cancer (Zhang, J. and Wi#ja@003). TFAP2A expression is
progressively lost in primary breast tumors withmar progression from non-malignant
epithelium to invasive breast cancer. Similarly APRA protein was lost in advanced stage
colon tumors (McPhersogt al., 2002), and CREB-dependent lossTBIAP2A expression is
considered as a hallmark of malignant progressfautaneous melanoma (Melnikoegal .,
2010). While TFAP2A loss in melanoma, breast andrceancers is a rather late event, in
prostate cancer TFAP2A expression is lost early, issire-expression in TFAP2A-negative
LNCaP-LN3 prostate cancer cell line eliminated tuigenicity of these cells in nude mice
(Ruiz et al., 2004).TFAP2A is a transcriptional target of p53 (Li, i al., 2006), and tumor
suppressor activity of TFAP2A protein is achievéulotigh tight cooperation with p53
(McPhersoret al., 2002), and consequent co-regulation of targeé ggomoters of both p53
and TFAP2A (Li, H.et al., 2006), including upregulation &DKN1A (Scibettaet al., 2010).
At the same time, TFAP2A overexpression resultsinbition of growth and stable colony
formationin vitro, apoptosis induction, cell cycle arrest in G1 @®lphase in various cancer
cells (McPhersoret al., 2002; Wajapeyee and Somasundaram, 2003). Onathieacy, in
head and neck squamous cell carcinoma (HNSCC) TRA&#genetically silences tumor
suppressive genes and induces microsatellite imsgalvhile downregulation of TFAP2A in
these HNSCC results in decreased cell prolifergigemnett, K. Let al., 2009).

We therefore hypothesized theiPSTR IncRNA transcribed antisense T6-AP2A
might be involved into cancer-related deregulatcdnTFAP2A expression. In the present
work we found thaHIPSTR has conserved expression patterns between huntamamse,

and its promoter demarcation is conserved in thei@tes. Unlike previously characterized
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antisense INCRNASHIPSIR levels do not correlate with the expression ofoerlapping
TFAP2A gene in cell lines and tissues, ailPSTR expression could not be associated with
tumor or normal phenotypes in cell lines. SilenanigdIPSTR led to differential expression
of a group of genes involved in development antedghtiation. HIPSTR and TFAP2A were
weakly co-induced inn vitro developmental models, such svitro derived neural crest
cells and trophoblasts, but such co-induction weeat in retinoic acid-treated NT2/D1 cells.
Moreover, we show thaHIPSTR is activated independently fromFAP2A during early
development in a group of cells within totipotentedl- and morula-stage human embryos.
Analyses of expression patterns l8fPSTR and hundreds of other IncRNAs in totipotent
human embryos, human embryonic stem cells (hES®s),myelogenous leukemia (K562)
cells provide additional evidence that cell-to-cglriability is an inherent feature of

INcRNAS.
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2. Aims and objectives

2.1Aims
The aim of the current study was to charactddideSTR antisense INCRNA, expressed
from the antisense strand in tAEAP2A gene locus, and to understand the relationship of
these two genes.
2.2 Objectives
1. Characterization oHIPSTR as an antisense IncRNA, including evaluation of
coding potential, expression patterns in cell liard tissues, and conservation.
2. ldentification of HIPSTR promoter sequences and their conservation in v&riou
species.
3. Analysis of HIPSTR knockdown and overexpression effect ®RAP2A locus
genes expression, and on global gene expressitarat
4. Assessment dfllPSTR expression in developmental models and its reldataine
expression of the overlapping developmentally ragaTFAP2A gene.
5. Comparison ofHIPSTR expression patterns with other INncCRNAs with similar

expression levels.
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3. Materials and methods

3.1Cell culture

DU 145, 769-P, 786-O, MCF7, HepG2, NT2/D1, HEK2B@La (all - ATCC), RC-
124 (CLS Cell Lines Service, GmbH) cell lines an&83{ human endometrial cells, were
cultured in DMEM medium (Vitrocell Embriolife) supmented with 10 U/ml Penicillin,
0.01 mg/ml Streptomycin (1x Pen-Strep; Vitrocell lmlife) and 10 % FBS (Vitrocell
Embriolife). HES human endometrial cell line wakiad gift from Dr. Douglas Kniss (Ohio
State University, Columbus, USA). H9 human embrgasiem cells (hESCs, WiCell) were
cultured as described in (Rada-lglessfal., 2011). Hp cells were derived from H1 hESCs
(WiCell) as described previously (Yaegal., 2015).

LNCaP and K562 cell lines (both — ATCC) were cudtiin RPMI-1640 medium
(Gibco) supplemented with 1x Pen-Strep (Vitrocethliiolife) and 10 % FBS (Vitrocell
Embriolife), and for LNCaP an additional 10 mM HEPHGibco). For RNA-seq
experiments, LNCaP cells were grown in RPMI-1640dime supplemented with 10 mM
HEPES (Gibco) and 10 % charcoal stripped FBS (Sidorad8 h prior to RNA extraction.

RWPE-1 cells (ATCC) were cultured in K-SFM mediuf@il§co) containing 0.05
mg/ml bovine pituitary extract (Gibco), 5 ng/ml EGEibco), and 1x Pen-Strep (Vitrocell
Embriolife).

MCF10A cells (ATCC) were cultured in DMEM/F12 mediuVitrocell Embriolife)
supplemented with 20 ng/ml EGF (Invitrogen), @@/ml insulin (Invitrogen), 0.5ug/ml
hydrocortisone (Sigma), 0.lug/ml cholera toxin (Sigma), 1x Pen-Strep (Vitrocell
Emobriolife), and 5 % horse serum (Gibco).

RL95-2 cells (ATCC) were cultured in DMEM/F12 mexhuVitrocell Embriolife)

supplemented with 1x Pen-Strep (Vitrocell Embrm)liand 10 % FBS (Vitrocell Embriolife).
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THLE-3 cells (ATCC) were cultured on flasks preamhtwith FNC coating mix
(AthenaES), and in BEGM medium (Clonetics) supplete@ with 1x Pen-Strep (Vitrocell
Embriolife), 10 % FBS (Vitrocell Embriolife), 5 ngl EGF (Invitrogen), 70 ng/ml
Phosphoethanolamine (Sigma), supplemented withaddlitives from BEGM bullet kit
(Clonetics), except for Epinephrine and Gentamyxamphotericin.

All cell lines were grown at 37C in 5 % CQ-humidified atmosphere.

3.2LNCaP RNA-seq

LNCaP RNA-seq libraries were prepared as describg@eckedorffet al., 2013).
Briefly, LNCaP poly(A) RNA was extracted with FastTrack MAG Maxi mRNA lktion
Kit (Invitrogen), as per manufacturer’s protocogated with 25 U of DNase |, Amplification
Grade (Invitrogen) for 1 h at room temperature,fifiad with Quant-iT RiboGreen RNA
Reagent (Invitrogen) and assessed for integrit 100 Bioanalyzer (Agilent). Obtained RNA
samples were used for strand-specific paired-end-Bég library preparation, in accordance
with the standard illumina protocol and two bioloalireplicates were sequenced on a HiSeq
2000. Data were processed as described below.

3.35" and 3’ rapid amplification of cDNA ends (RACE)

Human Prostate Marathon-Ready cDNA (Clontech) wssduto validate strand-
specific RNA-seq identification dfllPSTR in LNCaP prostate carcinoma cell line. The first
round of the 5and 3 RACE PCRs was done in complete agreement with tllanaReady
cDNA library user manual (Clontech). The seconchbof RACE PCR was performed with
nested strand-specific primers to increase the ifspgc of target product detection
(Additional file 1. Table 1). Obtained PCR produutsre gel-purified (Wizard SV Gel and
PCR Clean-Up System; Promega), cloned into pGEMa3yEvector (Promega), and

sequenced.
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3.4HIPSTR coding potential analysis and polyadenylation sigad prediction

To assesHIPSIR coding potential, we first searched for potentige reading
frames (ORFs) withinHIPSTR gene sequence by using the ORF Finder on-line tool
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). To smen for similarities with any known
proteins, all found ORFs were then subjected tstplaearch against Non-redundant (nr)
protein sequences database (http://blast.ncbi.ifirgov/Blast.cgi?PAGE=Proteins).

ORF shuffling was done essentially as describgdlattenhoffet al., 2013). Briefly,
HIPSTR sequence was split into groups of 3 nucleotiddschvwere subsequently shuffled
1000 times. Considering only ORFs that begin witteaonical ATG start codon, maximum
ORF sizes were retrieved after each shuffling, oedr distribution was plotted. ORF sizes
are expressed as fractionsHiPSTR length.

HCpolya, Hamming Clustering poly-A prediction in kauyotic Genes on-line tool
(http://bioinfo4.itb.cnr.it/~webgene/wwwHC _polyanml) with pattern length parameter set at
12 was used to predi¢ilPSTR polyadenylation signal position (Milanegtial., 1996).

3.5Biogenesis by RNA-Polymerase IlI, HIPSTR 5'-cappingstatus, half-life

estimation, and cell fractionation

Confirmation ofHIPSTR transcription by RNA-Polymerase I, test for thegence of
5'-methylguanosine cap, as well as determinatioMI®fSTR sub-cellular localization were
performed in parallel with analogous experimentsr fiNXS antisense IncRNA
characterization, and by using essentially the ssangples and controls as described in detalil
(DeOcesano-Pereirat al., 2014), except for primers required for specifietettion of
TFAP2A locus genes (Additional file 1: Table 1). Stabilay transcripts ofTFAP2A locus
genes was assessed in HEK293 cells after 1, 3, &)® 12 h of treatment with 33y/ml
actinomycin D (Sigma) or vehicle alone (0.05 % DMS@alf-lives of transcripts were

calculated as described in (Beckedatfél., 2013).
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3.6 RNA extraction, cDNA synthesis, and quantitative P& (qPCR)

Total RNA was extracted with TRIzol (Invitrogen)dapurified with RNeasy Micro
Kit (QIAGEN) according to manufacturer's protoceVjth on-column DNAse | treatment
time extended to 1 h. Total RNA was quantified dd-N)00 (NanoDrop), and its integrity
was checked with 2100 Bioanalyzer (Agilent). TORINA was reverse transcribed with
SuperScript Il First-Strand Synthesis System (thogen) and oligo(dty primer for
detection of any transcript mentioned in this stuelycept forHIPSTR. To detect human
HIPSTR, 100 to 500 ng total RNA and 20 pmol of strandedpePrimer #1 (Additional file
1: Table 1) were annealed at 80 for 5 min, and cDNA was then synthesized af €5or 1
h with ImProm-Il Reverse Transcription System (Pega) and Mg concentration of 6 mM.
To detect mousElipstr, 1 ug total RNA and 20 pmol of strand-specific Prim&r(Additional
file 1: Table 1) were annealed at 62G for 5 min, and cDNA was then synthesized af60
for 1 h with ImProm-1l Reverse Transcription Syst@Pnomega) and Mg concentration of 6
mM.  Strand-specific  primers #1 and #2 contained &g t sequence
(ATGGCGAGAATCAATGCG) at the 5end that has no complementarity to the human or
mouse genome. This tag sequence served as a fargatnealing of the reverse qPCR
primer, ensuring the strand specificity and elintimgnon-specific background amplification
(Lanfordet al., 1994) in the human or mouBgPSTR detection assays.

Transcripts expression levels were measured byguBower SYBR Green (Applied
Biosystems) on the 7500 Real Time PCR System (AdpBiosystems), with the default
reaction setup for 2@l reactions. Absolute expression levels of humaah mouseHIPSTR
were determined by comparison with an amplificatioh dilution curve points of a
corresponding PCR product of known concentratianmieasure humaHdIPSTR expression

levels, gPCR extension step was performed for 2@ 65 °C; to measure mouskipstr

expression, qPCR extension step was done for laimé® °C. For all other gPCR reactions
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GAPDH was used for normalizing the data, unless statbdreise. Normalized data are
represented as relative abundances determined ihg delta Ct method (Pfaffl, 2001).
Threshold cycle measurements were done by the 3g8@m software with the default setup.

3.7 Total RNA libraries

Human Total RNA Master Panel Il (20 tissues) andub&Total RNA Master Panel
(15 tissues) (both — Clontech) were used to sci@etissue-specific expression EIPSTR in
human and mouse tissue samples, correspondingly.

3.8 Derivation of human neural crest-like cells (nNCCs)n vitro

H9 human embryonic stem cells (hESCs, WiCell) celfuas described in (Rada-
Iglesiaset al., 2011) were subsequently differentiated into HLIY as described in (Bajpai
et al., 2010; Rada-lglesiast al., 2012). Briefly, H9 hESCs were grown in mTeSR-1
(STEMCELL Technologies) feeder- and serum-free mmediCells were passaged 1:7 every
5-6days by accutase detachment (Invitrogen) with syese replating of the resultant
clusters of 50-200 cells on tissue culture disteegad overnight with growth-factor-reduced
Matrigel (BD Biosciences). To derive H9 hNCCs, HBSCs were incubated with 2 mg/ml
collagenase (Gibco). Once detached, clusters of2000 cells were plated in hNCC
differentiation medium: 1:1 Neurobasal medium/D-MEML2 medium (Invitrogen), 0.5x B-
27 supplement with Vitamin A (50x stock, Invitroge®.5x N-2 supplement (100x stock,
Invitrogen), 20 ng/ml FGF2 (Peprotech), 20 ng/mIFEGBigma), 5ug/ml bovine insulin
(Sigma) and 1x Glutamax-I supplement (Invitrogev@dium was changed every other day.
After six-seven days of differentiation, resultarguroepithelial spheres attached and gave
rise to migratory hNCCs, as previously describedd@lIglesiast al., 2012). Four-five days

after the appearance of the first hANCCs, cells wellected for subsequent analyses.
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3.9H1gp cells culture and derivation of human trophoblastlike cells (hTBCs)in

vitro

Hlgp cells were derived from H1 hESCs (WiCell), culdirand differentiated into
hTBCs as described previously (Yagigl., 2015). Briefly, Hkp cells were maintained in the
hESC basal medium (Amét al., 2000; Ezashét al., 2005), which had been conditioned by a
monolayer ofy-irradiated mouse embryonic fibroblast (MEF) feedells for 24 h, and then
supplemented with 10 ng/ml FGF2. Medium was chargexty day. For passaging, gsl
cells were detached with Gentle Cell Dissociati@agent (STEMCELL Technologies) for 6-
7 min at 37 °C, dispersed into clusters of 5-10sceind plated on 0.1 % gelatin-coated
culture dishes of desired size.

For hTBCs derivation, 4xfMH1gp cells were passaged onto 5°aulture dishes and
cultured for the next 48 h as described abover aftech the medium was changed to one
lacking FGF2 but containing 0dM PD173074 (Sigma-Aldrich) in hESC basal medium not
conditioned with MEF feeder cells. Media of botlurtreated and PD173074-treated cells —
was changed every day. Cells were collected fosemirent analyses after 1, 2, 4, 6, and 8 d
of PD173074 treatment.

3.10 All-transretinoic acid (ATRA) treatment of NT2/D1 cells

For ATRA treatment, 1xTONT2/D1 cells were plated per 75 Eissue culture flask.
Four hours after plating, ATRA in DMSO was addedomplete growth medium to the final
concentration of 10 uM, essentially as describedAindrews, 2006). Medium containing
ATRA was replaced every 7 days of treatment. Irs@aaHOXB5 mMRNA expression levels
was used to control for successful ATRA treatmastin (Luscheet al., 1989).

3.11 Antisense oligonucleotide (ASO)-mediated silencing

For ASO-mediated silencing dlPSTR 4.5x10 HEK293 cells or 2.4x1I0LNCaP

cells were plated on 6-well plates 24 h beforedfeetion. Transfections were performed by
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using 0.025 pl of Lipofectamine RNAIMAX (Invitroggrper 1 pmol of transfected ASO.
Transfection mixes were prepared in OptiMEM | Reztu&erum Medium (Gibco).

To silenceHIPSTR expression in Hge cells, 4x10 cells were plated on 6-well plates
48 h before transfection, and cultured as descrddgove; 0.013 pl of GenMute siRNA
Transfection Reagent (SignaGen) per 1 pmol of ASPewused for transfection. Transfection
mixes were prepared in 1x GenMute Transfection &ufsignaGen).

A total of 300 pmol of ASO or mix of ASOs per welh 6-well plates was used for
transfection. In all silencing experiments cellsraveollected for subsequent RNA or protein
extraction 24 h after transfection with ASOs. Haomg-courseHIPSTR knockdown assay in
HEK293 cell line, cells were collected 6, 12, 28, 4nd 72 h after transfection with ASOs.

3.12 Oligonucleotide sequences

All oligonucleotide sequences (primers and ASO®) lested in Additional file 1:
Table 1.

3.13 TFAP2A protein and HIPSTR IncRNA transient ectopic overexpression

Full-lengthHIPSTR sequence was amplified from HEK293 genomic DNA wdfinl-
FL-HIPSTR-F and Hindlll-FL-HIPSTR-R primers (Addtal file 1: Table 1) and cloned
into pCEP4 vector (Invitrogen) betweKpnl andHindlll sites.

Approximately 5x10HEK293 cells were transfected withug of pCEP4-HIPSTR or
pCEP4 empty vector fddlPSTR overexpression assays, or pcDNA3-TFAP2A-1a, pcDNA3
TFAP2A-1b, pcDNA3-TFAP2A-1c, or pcDNA3 empty vectlmr TFAP2A overexpression
assays; pcDNA3-TFAP2A-1a, pcDNA3-TFAP2A-1b, and plE3-TFAP2A-1c expression
vectors used for TFAP2A isoforms overexpressionewkindly provided by Dr. Chiara
Berlato (Queen Mary University of London, LondorK)JCells were collected for RNA and

protein extraction 72 h after transfection.
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Transfections were carried out by using FUGENE Headent (Promega) at 3:1
transfection reagent:DNA ratio in the correspondingiplete growth media.

3.14 Promoter predictions and dual-luciferase assays

Genomic sequence containingAP2A isoform 1c (NM_001042425), and sequences
10 kb up- and downstream of it (chr6:10386916 —2¥@41 in human genome assembly
hg19) were used as an input for transcription stde (TSS) prediction with the TSSG
program (Solovyev and Salamov, 1997). By using HBK3 ChlP-seq peaks from ENCODE
Project around the predicted TSS as a guidehhBSTR candidate promoter sequences were
amplified from HEK293 genomic DNA and cloned int@&|33-Basic vector (Promega)
betweenKpnl and Nhel sites. Inserts were generated as follows: for @Il the insert was
generated with Kpnl-promoter-primer-A and Nhel-pager-primer-G, for pGL3-P2 — with
Kpnl-promoter-primer-A and Nhel-promoter-primerder pGL3-P3 — with Kpnl-promoter-
primer-F and Nhel-promoter-primer-G, for pGL3-P4with Kpnl-promoter-primer-H and
Nhel-promoter-primer-B, for pGL3-P5 — with Kpnl-pnoter-primer-F and Nhel-promoter-
primer-B, for pGL3-P6 — with Kpnl-promoter-primer-#ad Nhel-promoter-primer-B, and for
pGL3-P7 — with Nhel-promoter-primer-C and Kpnl-pratwer-primer-D (Additional file 1:
Table 1). For the assay, 1xl€ells per well were seeded on 24-well plates 24efore
transfection. Cells were co-transfected with 65®@hgmpty pGL3-Basic vector, pGL3-SV40
plasmid, or one of the above-described construats]l 150 ng of pRL-SV40 plasmid
(Promega). Transfections were carried out by usinGENE HD Reagent (Promega) at 3:1
transfection reagent:DNA ratio in corresponding ptete growth media. Cells were lysed
and assayed in accordance with Dual-Luciferase RapAssay System (Promega) protocol
48 h after transfection. Firefly luciferase sigmals normalized t&enilla luciferase activity

from the same lysate. Lysates of the cells tramsfewith pGL3-Basic and pGL3-Promoter
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plasmids served as a negative and a positive doofrahe Firefly luciferase activity,
respectively.

In the overexpression assays of TFAP2A isoform8,i8pof TFAP2A-overexpressing
plasmid were co-transfected with luciferase gerasytg constructs at transfection
reagent:DNA ratio 1.5:1. Firefly luciferase actyih the lysates of the cells transfected with
3xAP2-Bluc plasmid served as a positive control TdfFAP2A transactivation activity.
3xAP2-Bluc plasmid was a kind gift from Dr. Trev@Yilliams (University of Colorado
Denver, Aurora, USA).

3.15 Western blotting analysis

For western blot analysis, collected cells were hedstwice with ice-cold PBS,
resuspended in RIPA buffer (50 mM Tris-HCI pH 8180 mM NaCl, 0.1 % SDS, 0.5 %
sodium deoxycholate, 1 % Triton X-100, 1mM EDTA)dasonicated. Protein content of the
lysates was quantified with Micro BCA Protein Asd&y (Thermo Fisher Scientific). Equal
protein amounts (40 pug) were resolved on 12 % Sél$aprylamide gel and transferred onto
nitrocellulose membranes (Amersham Biosciences)miManes were blocked with Tris-
buffered saline containing 0.1 % Tween 20 and 2 &2 Serum Albumin (BSA) (TBST/2
% BSA), and incubated overnight in TBST/2 % BSAhwgrimary antibody. Membranes
were then washed five times with TBST and incubdtedl hour in TBST/2 % BSA with
goat anti-Mouse IgG secondary antibody, Alexa F&ud@80 conjugate (Thermo Fisher
Scientific) (1:10000). Membranes were next washegdira with TBST, and the signal
intensities were captured with Odyssey Infrared gmg System (LI-COR Biosciences).
Primary antibodies were anti-TFAP2A (Santa Cruz123@6) (1:100), and anti-Actin

(Millipore, MAB1501) (1:5000).
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3.16 Microarray experiments

200 ng of total RNA from HEK293 cells or 100 ng total RNA from Hp cells
transfected with ASOs targetingl PSTR were converted into Cy3- and Cy5-labeled cRNA
with the Agilent Low Input Quick Amp Labeling Two dlbr Kit. Dye-swap technical
replicates were created for each biological repdic@hree biological replicates of HEK293
cells transfected with each ASO were used for maicey experiments. In experiments with
H1gp cells, three biological replicates for control AS&hd two — for each of the targeting
ASOs were assayed. Obtained cRNA samples werehyiamdized to Agilent SurePrint G3
Gene Expression Microarrays (G4851B) 8x60K as penufacturer’s instructions. Data
intensities were extracted from the slide imageth Wieature Extraction Software (Agilent
Technologies) and normalized by using the Loweshaouk(Agilent Technologies).

All probes whose mean signal was lower than backgfmn at least one array were
filtered out. Signal intensities were normalized4y% trimmed mean. Significance Analysis
of Microarrays (SAM) with two-class comparison widen used to identify differentially
expressed genes (Tusheral., 2001). SAM g-value< 0.01 and fold change 2 were
considered as a threshold for identification offedéntially expressed genes. Hierarchical
clustering of differentially expressed genes wasedavith TIBCO Spotfire software by
applying Z-score transformation of the normalizedadintensities for each gene across all
samples.

3.17 Gene Ontology (GO) analysis

GO and tissue-specific expression analyses of atetbtifferentially expressed genes
were performed with DAVID (https://david.ncifcrf.gf) (Huang daet al., 2009) with
GOTERM_BP_ALL and UP_TISSUE tables, respectivelgnmini-Hochberg adjusted p-
value< 0.01 was used as a significance threshold. Gaea®ferred to as “annotated” if they

have a HGNC symbol in Agilent annotation.
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3.18 Motif search

To search for known TF recognition motifs aroundS$Sof genes differentially
expressed upoHIPSTR knockdown, thdindMotifs.pl module from Homer package v.4.7.2
(Heinz et al., 2010) was used with the following parametéxsnan -len 8,10,12 -p 12. We
searched for enrichment of TF motifs at differeisigons relative to TSSs, which are
indicated for each TF on the corresponding figures.

3.19 Public RNA-seq and ChiIP-seq analysis

ENCODE Project (Consortium, 2012) human long potyadated RNA-seq data for
the indicated cell lines were obtained from GEQe@SE30567, and mouse long RNA-seq
— from GEO entry GSE36025. Ribosome profiling ditan (Stumpfet al., 2013) were
downloaded from SRA entry SRA099816. K562 singlkR&A-seq data were downloaded
from SRA entry SRX495504 (Luet al., 2014). Early human and mouse embryo single-cell
RNA-seq data were retrieved from ENA entry PRIEBB@Bohoneret al., 2015), and from
GEO entries GSE44183 (Xwat al., 2013), GSE36552 (Yast al., 2013), and GSE57249
(Biaseet al., 2014). RNA-seq of DRB- (RNA Pol Il elongation ibtor) or vehicle-treated
HEK293 cells from (Werner and Ruthenburg, 2015) evebtained from GEO entry
GSE66478. H3K4me3 ChlIP-seq data for liver sampled(® mammalian species were
downloaded from Array Express website entry E-MT2&33 (Villar et al., 2015), for testis
samples of mouse and rooster — from GEO entry GS&E3I4Li, X. Z.et al., 2013b), for frog
blastula, gastrula, neurula and tailbud stage easbry from GEO entry GSE41161 (van
Heeringenet al., 2014), and for zebrafish 256 cell, oblong and d®tage embryos — from
GEO entry GSE44269 (Zhang, ¥ al., 2014). TFAP2A and H3K4me3 ChiIP-seq data for
chimpanzee NCCs and hNCCs were obtained from GBy &GSE70751 (Prescodt al.,

2015).
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Sequencing data were preprocessed with Trimmonvadi&0 (Bolgeret al., 2014)
with parametersphred33 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15. Trimmomatic
parameteMINLEN: was set al6 for ChlP-seq reads, 20 — for RNA-seq reads, except for
RNA-seq data from (Stumgt al., 2013), for which it was set &. Additional clipping of
adapter sequence CTGTAGGCACCATCAAT was done fopmeessed RNA-seq reads
from (Stumpf et al., 2013) with fastx_clipper from FASTX Toolkit v.01%
(http://hannonlab.cshl.edu/fastx_toolkit/). HumaNARseq reads were mapped with TopHat
v.2.0.12 (Kim, D.et al., 2013) and Bowtie v.2.2.3 (Langmead and Salzb20d2) and a
custom GTF file to guide transcriptome assemblyis Tustom GTF file was built by using
the human transcriptome annotation GTF file dowtéakfrom Ensembl Project web-site
(http://'www.ensembl.org/) and modified to includié lacRNAs reported in (Cabilet al.,
2011). Mouse RNA-seq reads were mapped as des@afimae by using a GTF file for mouse
genome assembly mm9. This GTF file was fetched frilra illumina support site
(https://support.illumina.com/). The following paraters for TopHat were used:no-
coverage-search --b2-sensitive; for paired-end strand-specific RNA-seq data (pkdeNCaP
RNA-seq), --library-type fr-firststrand parameter was used in addition to the mentioned
above; for LNCaP RNA-seq datdibrary-type fr-secondstrand parameter was added. ChlP-
seq reads were mapped by Bowtie v.2.2.3 with pamesensitive. Read densities were
retrieved with genomecov command from bedtools package v.2.20.1 (Quinlad Hall,
2010), and UCSC Genome Browser tracks were built wedGraphToBigWig v.4 (Keret
al., 2010). To count RNA-seq reads, TopHat pairedfeN&-seq data alignment output files
were first sorted by read names wgbrt command from SAMtools package v. 0.1.19-
44428cd (Li, H.et al.,, 2009). RNA-seq reads were counted with htseqiceauh6.1pl
(Anderset al., 2015), with parametes yes for single-end strand-specific data setseverse

— for paired-end strand-specific data sets, asndo for non-stranded data sets. Gene
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expression levels were calculated in FPKM, consgidegene length as a sum of all exonic
non-overlapping sequences of all isoforms of amigene. Unless stated otherwise, ChlP-seq
and RNA-seq data are presented as aggregates lofjibal replicates for each indicated
condition to increase resulting genome and trapsarie coverage, respectively.

To map RNA-seq and ChlP-seq data, the followingrezfce genome assemblies were
downloaded from UCSC Genome Browser (http://hgdoaudtsoe.ucsc.edu/downloads.html):
galGal4 (chicken), panTro4 (chimpanzee), bosTaww)ccanFam3 (dog), xenTro3 (frog),
hg19/GRCh37 (human), calJac3 (marmoset), mm9 (MousenDom5 (opossum), susScr3
(pig), oryCun2 (rabbit), rn5 (rat), rheMac3 (rhesuanRer7 (zebrafish).

For single-cell RNA-seq data analyses, genes wensidered as protein-coding if
they were assigned RefSeq accession prefix NM_ (AR XM_ (mRNA predicted).
Genes were considered as non-coding if they wesigreed RefSeq accession prefix NR_
(ncRNA) or XR_ (ncRNA predicted), or were annotatednovel INcRNAs (prefix XLOC )
in (Cabili et al., 2011). For comparisons of expression profilesaf-coding and protein-
coding genes in single cells, we considered onhegeayenerating transcripts with total length
of non-overlapping exonic sequences longer thann200

3.20 Expression heterogeneity comparisons

To evaluate heterogeneity of gene expression glesicells, we used single-cell RNA-
seq data sets for totipotent blastomeres from Bacel morula-stage human embryos, hESCs
(both — from (Yanret al., 2013)), or K562 cells (from (Luet al., 2014)). For each gene in
each data set, we calculated the number of &&ll;n which a given gene was expressed.
LncRNA genes are usually expressed at lower lebals protein-coding genes, and to make
them comparable we considered only IncRNAs andepratoding genes with expression
levels in the same range (Calwstial., 2011); therefore, we did not consider genes whose

expression was > 30 FPKM in at least one cell data set under analysis. Of the remaining
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genes, we only considered those with expressior-PKM in at least one cell of a data set.
We counted a cell ggositive for expression of a given gene if the expressexell of that
gene was > 3 FPKM in that cell.

We observed that, when assessed for all genesljstrdution of their corresponding
N values is a mixture distribution. We used ttoemalmixEM function from mixtools v.1.0.4
R package (Benagliet al., 2009) to fit a model mixture distribution with é&wpopulations of
genes — those with high or low heterogeneity of rezsgion. Parameters used were:
number_of components=2, lambda=0.5, sigma=0.5. We next applied the resultant model to
calculate the posterior probability of each gendanranalysis to belong to either the high or
the low heterogeneity of expression populatiora fiven gene could be associated with one
of the abovementioned populations with a postguiabability > 0.99, it was assigned the
“H” or “L” flag (for high or low heterogeneity of>gression, respectively; Additional file 1:
Tables 3 — 5), otherwise the “U” (uncertain) flagsaassigned.

3.21 RNA-pulldown of the chromatin-associated portion ofHIPSTR

To identify potential protein partners ®1IPSTR, we used essentially the same
approach as in (Klattenho#t al., 2013). First, wein vitro generated sense (target) and
antisense (control) biotinylated RNA probes of dmeomatin-associated candidate fragment
(the first 1000 nt) of thélIPSTR sequence. For this, we used T7 MEGAScript Kit (Aonlp
as per manufacturer’s protocol, with the followmgdifications: we used 7.5 mM ATP, GTP
and UTP, 6.75 mM CTP, and 0.1 mM biotin-14-CTP firmgen), andn vitro transcription
time was 2 h. Templates far vitro transcription were generated by TA-cloning of ginebe
sequences into pGEM T-Easy vector (Promega). Oddaitones were sequenced, and those
containing the inserts in the desired orientatioerevlinearized with 10 Wspel (NEB)
overnight, and subsequently transcrilbeditro as described above. The length and integrity

of the generated biotinylated probes was assess2d@0 Bioanalyzer (Agilent).
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To prepare nuclear fractions, 6 x'1fluripotent NT2/D1 cells per pulldown were
collected, washed once with ice-cold PBS, pelleteduspended in 2 ml nuclear isolation
buffer (1.28 M sucrose; 40 mM Tris-HCI pH 7.5; 20MnMgCly; 4 % Triton X-100), 2 ml
PBS, 6 ml of DEPC-treated water, and incubatedcerfar 20 min. Nuclei were pelleted by
centrifugation at 2500 g for 15 min at 4 °C. Nuclpallets were resuspended in 1 ml RIP
buffer (150 mM KCI, 25 mM Tris pH 7.5, 0.5 % NP-405 mM DTT, 1 mM PMSF, 1 X
protease inhibitor cocktail (Roche) and 40 U/ml R&QUT (Invitrogen)), and homogenized
by 30 strokes in a dounce homogenizer. Nuclearaetdrwere separated from nuclear
membrane debris by centrifugation at 13000 g formid at 4 °C. The supernatants
(containing nuclear proteins) were pre-cleared rmulbation with equilibrated Streptavidin
Magnetic Beads (6@l per pulldown; NEB) for 30 min at 4 °C with end¢omd mixing.
Unbound proteins were next mixed with pre-blockad aquilibrated Streptavidin Magnetic
Beads (6Qul per pulldown; NEB), and biotinylated RNA probek (pmol per pulldown), and
pulldowns were performed for 1 h at room tempegatuith end-to-end mixing. Pre-blocking
of magnetic beads was done with g of yeast tRNA per pulldown, and 1@ of salmon
sperm DNA per pulldown for 30 min at room temperatio allow for the proper secondary
structure formation, prior to pulldown step, bigteted RNA probes were incubated at 90 °C
for 2 min, transferred on ice for 2 min, mixed wytre-chilled RNA structure buffer (10 mM
Tris pH 7, 0.1 M KCI, 10 mM MgG), and incubated at room temperature for 20 mirnerAf
pulldown, beads were washed 5 times with wash b(enM Tris pH 7.5, 50@M EDTA, 1
M NaCl), and proteins were eluted into gDof water by incubation at 65 °C for 5 min.
Pulldown experiments were performed in duplicates.

Eluted proteins were subjected to digestion witfipgm (Sigma Aldrich), in
accordance with the protocol adapted from (Wisnkevesal., 2009), also known as Filter-

Aided Sample Preparation (FASP). Briefly, proteamgles were mixed with 20d of 8 M
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urea in 0.1 M Tris-HCI, pH 8.5 (solution UA), added equilibrated Microcon YM-10
columns (Millipore), gently mixed, and centrifugetl 14000 g for 15 min. Subsequently,
another 20Qul of solution UA were added to the columns, andirciigation repeated. Next,
100ul of 0.02 M DTT in solution UA were added to thdwans, followed by centrifugation
at 14000 g for 10 min, after which the columns wareibated for 30 min in the dark at room
temperature with 10@l of 0.05 M iodoacetamide (IAA) in solution UA. At incubation
with 1AA, columns were centrifuged at 14000 g f@rrhin, washed three times with 100of
0.05 M NHHCO; (solution ABC), and centrifugation repeated. Tigedtion of the column-
bound proteins by trypsin was done for 18 h at G7irf 60 ul of solution ABC. After the
incubation, columns were centrifuged at 14000 dlfbmin with subsequent addition of B0
of solution ABC and centrifugation at 14000 g forother 10 min. Obtained peptides were
acidified with trifluoroacetic acid to pH 3, desalinized with StageTip C18 in accordance
with the protocol from (Rappsilbest al., 2007), and submitted to liquid chromatography-
tandem mass spectrometry (LC-MS/MS) on a LTQ-Cabitvelos (Thermo Scientific) mass
spectrometer coupled with a nanoflow liquid chroogaaphy system Easy-nLCIl (Thermo
Scientific). LC-MS/MS experimental runs and anat/seere done by Eduardo Shigueo
Kitano at the laboratory of Dr. Solange Serrantnatituto Butantan. Each pulldown sample
was analyzed twice.

3.22 Accession numbers

The microarray data reported in this work were dé@pd in Gene Expression
Omnibus (GEO) under accessiGSE77937. RNA-seq data from LNCaP prostate careler ¢
line were deposited in GEO under accession GSE733IMHSTR sequence is deposited in

GenBank with accession number KU904338.



37
RESULTS

4. Results

4.1HIPSTR is abona fide antisense INcCRNA

We have previously shown that expression of andisdncRNAs correlates with the
degree of tumor differentiation in prostate car(€aiset al., 2004). Moreover, such antisense
IncRNAs are frequently expressed from the opposttand of genes encoding proteins
involved in the regulation of transcription (Nakastaal., 2007). Aiming at the identification
of novel antisense INncCRNAs possibly associated \pitbstate cancer, we obtained strand-
specific RNA-seq data from LNCaP prostate cancdr Icee and searched for antisense
transcription events in loci encoding TH$AP2A encodes a TF known to be involved in
various cancers (reviewed in (Pellikainen and Kqsa087)), including prostate cancer (Ruiz
et al., 2004; Makhowt al., 2011). We focused on a putative monoexonic amséncRNA
gene located between exons 2 and $FAP2A on the opposite genomic strand (Figure 1), a
locus where no IncRNAs had been annotated so farn#ned this IncRNA gendlPSTR

(Heterogeneously expressed from the Intronic Ptten8 of the TFAP2A-locus RNA).
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Figure 1.HIPSTR is a novel antisens INcCRNA. UCSC Genome Browser snapshot showing
genomic position of humaRIPSIR relative to TFAP2A isoformsand TFAP2A-ASL gene,
positions of CpG islands, repetitive sequencesnddfiby RepeatMasker, and regions of
vertebrate conservation withifFAP2A locus. The predictetil PSTR polyadenylation signal

is marked with a red “X” sign; genomic coordinatet the region shown are hgl9
chr6:10396400 — 10420700.
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Figure 2. Analysis of both — our and public data edences thatHIPSTR is transcribed

by RNA Pol Il and is not associated with ribosomegA) UCSC Genome Browser snapshot
showing RACE and RNA-seq contigs, genomic positiohprimers used for'5(black) and
3'-(red) RACE, as well as positions of mapped strspekific RNA-seq reads from K562 and
HelLa-S3 (both — from (Consortium, 2012)), and froNCaP cells (this work). (B) Genomic
positions in theTFAP2A locus of RNA Pol Il ChIP-seq peaks (data from (Goham,
2012)). (C) Analysis of ribosome profiling data fro(Stumpf et al., 2013) shows no
significant continuous association of ribosome$h\itPSTR sequence in Hela cells.

To validate theHIPSTR sequence contig that was obtained after mappind.h@aP
RNA-seq reads (Figure 2 A), we performed &d 3-RACE PCR using a normal prostate
poly(A) RACE cDNA library (Figure 2 A). We extendétl PSTR contig by 1 nt before we
reached the poly(A) tail in this cDNA library. Igeement with RNA-seq and-RACE PCR
data, two potential polyadenylation signals weredmted to be located 13 nt and 9 nt
upstream of the'and of theHIPSTR gene (Figure 1). The most BACE clone obtained did
not extend the LNCaP RNA-seq contig (Figure 2 AQwhver, analyses of the STRT-seq

data, which preferentially sequences theedd of transcripts (Islaret al., 2011), for early
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human embryos (Tohonet al., 2015) allowed us to further exteRHPSTR gene sequence
by only 4 nt in the Bdirection (Figure 2 A and Figure 16). In agreemaith these data, the
nucleotide at position chr6:10404790, had the lgA&S prediction score by TSSG tool
(Solovyev and Salamov, 1997) across the efii&P2A genomic locus. This predicted TSS
is located only 50 bp downstream from theebd of theHIPSTR contig from LNCaP RNA-
seq data. Notably, analysis of data from anothétipation (Consortium, 2012) showed that
HIPSTR has an alternative TS8 HelLa-S3 cells located more than 600 bp upstreathe
HIPSTR TSS in K562 or LNCaP cells (Figure 2 A). It remato be investigated whether this
alternativeHIPSTR isoform is functionally different from thellPSTR isoform described in
this study (chr6:10404735 — 10408161 in human genassembly hgl9, 3427 nt). It is also

evident from RNA-seq data thEt PSTR transcripts are unspliced (Figure 1, and Figurg.2 A
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Figure 3. HIPETR is transcribed by RNA, PaJ, 1T, is capped *edeerickad in the nuclenss.
(A) RNA Pol Il inhibition bya-amanitin in HeLa cells results in dramatic decesasiIPSTR
levels, as measured by RT-gPCR; known RNA Poladhscribed RNASACTB, MYC) and
RNA Pol lll-transcribed RNAs (pre-tRNA, 7SK) served as controls. (B)-Bap structure
removal by co-treatment of HelLa cells total RNAwikerminator 5phosphate-dependent
exonuclease (Ter) and tobacco acid pyrophosphdiase) reduces levels ofllPSTR, as
measured by RT-qPCR; capp@WBALC and uncapped@NORDI15A transcripts served as
controls. (C)HelLa cells fractionation into nuclear and cytoplasmxtracts shows nuclear
enrichment ofHIPSTR, as measured by RT-qPCR; nuclear enrichmenTFAP2A and
TFAP2A-ASL is comparable with that oACTB; we usedTFAP2A pre-mRNA, MALAT1
INcRNA, and 45S rRNA as nuclear fraction controls, and rRSA — as cytoplasmic fraction
control. The same RNA samples were used as in (BefDo-Pereirat al., 2014), and data
shown on (A — C) for control transcripts, except T6AP2A locus genes, are the same as
presented on Fig. 3A, 3B, and 3D in (DeOcesanoHReet al., 2014). Experiments were
performed in triplicate, error bars represent SD.



40
RESULTS

HIPSTR TSS is located within an 818-bp-long CpG island awmerlaps RNA Pol I
ChIP-seq peaks from ENCODE Project data (Consortk0t2) (Figure 2 B). We confirmed
that HIPSTR is transcribed by RNA Pol Il (Figure 3 A), and re8-cap structure (Figure 3
B), a typical feature of RNA Pol Il transcripts.

We next examine#ilPSTR coding potential. Both CPC (Korggal., 2007) and CPAT
(Wang, L.et al., 2013) coding potential evaluation tools classifitiPSTR as non-coding.
None of the potential ORFs withikIPSTR sequence showed any similarity to known
proteins in a blastx search (not shown). Recelympfet al. used synchronized Hela cells
to perform ribosome profiling of G1, S and M phasésell cycle (Stumpgt al., 2013). In
these RNA-seq data, we did not find any evidencsigriificant ribosome association with
either the entiréIPSTR sequence, or with the longest potential ORF (335nnthe HIPSTR
sequencéFigure 2 C). Moreoveltin silico analysis (see Methods) demonstrated that such 345
nt-long ORF can be expected to occur by chance 32¥ nt-long transcript (Figure 4).
Finally, we observed a strong nuclear enrichmerI6fSTR transcript (~33.5-fold, Figure 3
C), similar to some previously described regulatimgRNAs (see Table 1 in (Fatica and

Bozzoni, 2014)). Altogether, these data argue HhBSTR is abona fide IncCRNA.
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0.04 OREF length = 345nt

0.03

0.02

0.01

Proportion of randomized sequences

0.00
0 01 0.2 0.3 0.4

Maximum OREF length / HIPSTR length

Figure 4. The appearance of the longest ORF withif | PSTR sequence can be expected
to occur by chance.Plotted is the distribution of the longest ORFsiarated by random
shuffling of HIPSTR sequence.
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Considering the proposed roles for antisense RNWAsancer (Tahirat al., 2011;
Fachelet al., 2013), we hypothesized thdtPSTR may be differentially expressed in tumor
and non-tumor cell lines. We found théitPSTR expression was not associated with tumor or
non-tumor phenotype in prostate, kidney, breagtrlior endometrial cell lines (Figure 5 A).
Moreover,HIPSTR expression did not correlate with its overlappireng TFAP2A) across
the cell lines tested (Figure 5 B). The latter obagon was further supported by analysis of
HIPSTR and TFAP2A expression in ENCODE Project RNA-seq data setsigGaium, 2012)
(Figure 5 C) and in a panel of human tissue RNA@am(Figure 5 D). Consistent with
previous reports for INcCRNAs (Ravagtial., 2006; Cabiliet al., 2011),HIPSTR population-
level expression was low and exceeded the valug BPKM only in two (HeLa-S3 and
K562) out of eleven ENCODE cell lines (Consortilt12) (Figure 5 C).

Finally, we note here thatllPSTR has a tissue-specific expression pattern, also
reported previously for some IncRNAs (Ravesal., 2006; Cabiliet al., 2011), and that it is
predominantly expressed in human testis and placéRigure 6 A). Strikingly, this
expression pattern is evolutionarily conserved,easlent from Mouse ENCODE Project
RNA-seq data (Consortium, 2012) (Figure 6 B). Addially, we successfully detected

HIPSTR transcription with RT-gPCR in a panel of mouseutsRNA samples (Figure 6 C).
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Figure 5. HIPSTR expression is not different in tumor cell lines ands not correlated
with the expression of its antisense counterpart ge TFAP2A. (A) HIPSTR expression
cannot be associated with tumor or non-tumor phgregtas measured by RT-gPCR in human
tumor (solid bars) and non-tumor (hatched bard)liceds. HIPSTR expression in non-tumor
human embryonic kidney HEK293 cell line (hatcheéegr bar) is shown for comparison.
Experiments were done in triplicate, error bargespnt SD. (BHIPSTR expression does not
correlate withTFAP2A levels in the human cell lines shown in (A), as sugad with RT-
gPCR. HEK293 cells (green dot) express high legelsIPSTR andTFAP2A, and were used
for subsequentI PSTR silencing experiments. (&JIPSTR expression does not correlate with
TFAP2A levels in human cell lines from the ENCODE Projg&$%49, GM12878, H1 hESCs,
HelLa-S3, HepG2, HMEC, HSMM, HUVEC, K562, MCF7, NHEKConsortium, 2012).
HIPSTR expression in HeLa-S3 (orange dot) and K562 (dht¢ cell lines is > 1 FPKM. (D)
HIPSTR expression does not correlate WikRAP2A levels in the human tissues shown on
Figure 6 A, as measured by RT-gPCR.
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Figure 6. HIPSTR expression patterns in human and mouse tissue sameg (A) HIPSTR
expression across a panel of human tissue RNA ssmaé assessed with RT-qgPCR; N/D —
not detected. (B) MousHipstr (chr13:40818458 — 40821725) ortholog expressionsaca
panel of mouse tissue RNA samples from ENCODE BrdpiNA-seq data (Consortium,
2012). (C) Mousdipstr ortholog expression across a panel of mouse tRdU& samples, as
measured with RT-gPCR; error bars represent Sbreetindependent measurements.

4.2HIPSTR promoter demarcation is conserved between human anchicken

The highest level of turnover among all classe$uattional elements identified by

the ENCODE Project (Rands al., 2014) and the lack of known orthologs in othezcsgs

are common features of INCRNAs (reviewed in (Kapustd Feschotte, 2014) and (Ulitsky

and Bartel, 2013)). For example, only 19 % of InéRfidmilies expressed in at least three out
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of eleven tetrapod species studied by Necsetleh (Necsuleaet al., 2014) have originated
more than 90 million years ago (Ma), and only 21o#4ncRNA loci that are present in
human, chimpanzee and macaque have an orthologeR8IA outside of primates (Necsulea
et al., 2014). Interestingly, human IncRNAs transcribemirf canonical RNA Pol Il promoters
emit strong and consistent signal of purifying eete, as opposed to INncCRNAs transcribed
from enhancers (Marquetal., 2013). Of all ENCODE cell lines (Consortium, 2018elLa-
S3 and K562 cells have the highé#tPSTR expression (Figure 5 C). In agreement with
HIPSTR transcription by RNA Pol Il, K562 cells exhibit &aracteristic promoter-associated
H3K4me3 mark (Schneidest al., 2004; Barskiet al., 2007) surroundingdIPSTR TSS
(Figure 7 A). Notably, H3K4me3 does not mark justivee, but also silent promoters
(Schneideet al., 2004; Barsket al., 2007).

SinceHIPSTR expression patterns are conserved between humamaunsk (Figure 6
A and B), we asked whether other mammalian spetseshave théllPSTR gene.Due to the
absence of publicly available deep strand-spe&ifiA-seq data sets for placenta and testis
for organisms other than human and mouse, we hgpiatbd that the presence of a H3K4me3
mark may help to indirectly estimate the degre&lldi?STR promoter conservation and hence
— of HIPSTR transcription unit itself.

To this end, we first questioned the ability of DN¢s&quences surroundidj PSTR
TSS and occupied by H3K4me3 mark in HelLa-S3 and2K@&Bonsortium, 2012) to drive
reporter gene transcription in four human cell dirjfeleLa, HEK293, HepG2 and NT2/D1).
We cloned sequences surroundiidPSTR TSS upstream of the firefly luciferase gene, and
compared the luminescence signal produced by telisfected with different constructs
(Figure 7 A). We tested seven sequences, and #tleoh produced a stronger luminescence

signal than negative control plasmid (pGL3-Basncali four cell lines (Figure 7 B — E).
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Figure 7. HIPSTR promoter-reporter assays (A) Genomic positions of H3K4me3 ChlIP-

seq peaks aroundIPSTR TSS (data from (Consortium, 2012)) and of the Ds&guences
used forHIPSTR promoter-reporter assays (pGL3-P1 to -P7). (B -HEB)STR promoter-

reporter assays in HEK293 (B), HelLa (C), HepG2 @) NT2/D1 (E) cells. Experiments

were performed in triplicate, error bars repre<ibt
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We next analyzed public ChiP-seq data for H3K4meBkmdistribution in: (i) liver
samples of 10 mammals (Villat al., 2015), (ii)) mouse and rooster testis samplesXLiZ.
et al., 2013b), as well as in (iii) frog (van Heeringeral., 2014) and (iv) zebrafish (Zhang,
Y. et al.,, 2014) embryos. We found H3K4me3 ChIP-seq peakainar HIPSTR TSS
orthologous region in the liver samples of all 1@mmals tested, in testis samples of mouse
and, surprisingly, rooster, but not in any of thegfor zebrafish embryos (Figure 8). These
results suggest that functiortdl PSTR promoter demarcation existed approximately 325 Ma
in a common ancestor of human and chicken (Kapasth Feschotte, 2014), and that
therefore other amniotes likely have tHE°STR gene.

4.3HIPSTR silencing in HEK293 cells upregulates developmeritgenes

HIPSTR levels show no distinctive pattern between tumat aon-tumor cell lines
(Figure 5 A) and do not correlate wifFAP2A gene expression (Figure 5 B — D). We
reasoned thatlPSTR might regulate other genes in tREAP2A locus, or elsewhere in the
genome irtrans. We used HEK293 human embryonic kidney cells éxaress high levels of
TFAP2A mRNA andHIPSTR (Figure 5 B). HEK293 cells were also successfulbgdi to
characterizetrans-acting IncRNAs (Oromet al., 2010; Laiet al., 2013). Thus, we used
microarrays to simultaneously monitor changes imegexpression in theFAP2A locus and
genome-wide afteHIPSTR depletion with two ASOs (ASO #1 and ASO #2) in HER
cells. Consistent with a relatively short half-ldé€HIPSTR in HEK293 cells (38 min) (Figure
9 A), efficientHIPSTR knockdown with a pool of targeting ASOs was achikas early as 6
h after ASOs transfection (~71 %, Figure 9 B). Thghest knockdown efficiency was
reached 24 h after transfection (89 %, Figure 9n&) a decrease in efficiency over time to

49 % at 72 h (Figure 9 B).
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Figure 8. HIPSTR promoter demarcation is conservedn Amniota. Analysis of H3K4me3
ChiP-seq data from (Li, X. Zet al., 2013b; van Heeringed al., 2014; Zhang, Yet al.,
2014; Villar et al., 2015) reveals conservedlPSTR promoter demarcation across the
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Figure 9. Titration of HIPSTR knockdown experiment in HEK293 cells (A) HEK293
cells were treated with actinomycin D, and decagsaf different transcripts were measured
with RT-gPCR. Half-life ofHIPSTR (38 min) is shorter than afFAP2A-ASL IncRNA (102
min), comparable with half-life oFFAP2A mMRNA (43 min), and longer than thatMfyC (15
min) or TFAP2A pre-mRNA (19 min). (B) Changes in tH&AP2A locus genes over time
after HIPSTR knockdown. ForHIPSTR knockdown experiments HEK293 cells were
transfected with a combination &fIPSTR-targeting ASO #1 and ASO #2 or with non-
targeting ASO CTL. Expression of tiH&AP2A locus genes on (A, B) was determined with
RT-gPCR. Experiments were performed in triplicateor bars represent SD.

HIPSTR knockdown with either of the two ASOs (Figure 10rA3¥ulted in a moderate
(~4.0 to 5.5-fold) upregulation ofFAP2A-AS1, another IncRNA in thelFAP2A locus
(Figure 10 A). OveralTFAP2A mRNA (Figure 10 A) and pre-mRNA (Figure 10 B) rensl
unchanged, and TFAP2A protein levels remained wotible (Figure 10 C). Although we

observed a weak (~1.5 to 1.9-fold) upregulatiorthef TFAP2A isoform 1b (Figure 10 B),

expression of the predominafEAP2A isoform 1a was not affected BYIPSTR knockdown
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(Figure 10 B). More importantly, silencing fIPSTR resulted in a significant differential
expression of 381 (437 probes) annotated genetetbcaitside of th@FAP2A locus (Figure
11 A; Additional file 1. Table 2). Of these, 37898:2 %) were upregulated, suggesting a
repressive function fadIPSTRin HEK293 cells (Figure 11 A). Gene ontology analys the
protein-coding genes differentially expressed ugélPSTR knockdown revealed their
enrichment in “Developmental Process” and “Cellf@®iéntiation” categories (Figure 11 B).
Similar to HEK293 cellsHIPSTR knockdown in LNCaP prostate carcinoma cells redutte
upregulation of developmentally regulated TFs, sasBNAI1, ZSCAN10 and several others
(Figure 11 C). Moreover, genomic regions surrougdiisSs of the differentially expressed
genes were enriched in recognition motifs of NFPQU5F1 and KLF4 (Figure 11 D), TFs
important for pluripotency maintenance (Takahashial., 2007; Oldfieldet al., 2014).
Although the endogenousIPSTR gene is not expressed in NT2/D1 embryonal carcinoma
cells, in this pluripotent cell line, twhIPSTR promoter-luciferase constructs (pGL3-P1 and
pGL3-P3) produced ~35 — 50-times stronger lumineseesignal than did positive control
construct (pGL3-SV40) (Figure 7 E). This signal va¢éso ~600 — 900-times stronger than the
signal from NT2/D1 cells transfected with negatigentrol plasmid (Figure 7 E). We
observed a similar trend for these two construgét, to a much lower extent, in non-

pluripotent HeLa, HEK293 and HepG2 cells (Figui £ D).
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Figure 10. Knockdown ofHIPSTR significantly upregulatesTFAP2A-ASL levels, but not
overall TFAP2A mRNA, pre-mRNA or TFAP2A protein levels. (A) Effect of HIPSTR
knockdown on the expression BFAP2A locus genes in HEK293 cells, as measured by RT-
gPCR. (B) HIPSTR knockdown upregulateIFAP2A isoform 1b, but not predominant
TFAP2A isoform la, orTFAP2A pre-mRNA (primers to intron 6 — exon 7 junctiols
measured with RT-qPCR. Experiments shown on (AwBje performed in triplicate, error
bars represent SD; the asterisks indicate statistignificance of the expression differences
calculated with two-tailed t-test, equal varianpev@lue < 0.01 on A, p-value < 0.05 on B).
(C) HIPSTR knockdown does not affect TFAP2A protein levels. Wsed total protein
extracts from HEK293 cells transfected with a camakbibn of ASO #1 and ASO #2a(e 1)

or with ASO CTL (ane 2) to perform western blot with anti-TFAP2A and aAttin
antibodies; total protein extract from HEK293 cetlgerexpressing TFAP2A isoform la
served as positive control for TFAP2A antibothng C); detection of Actin served as loading
control; PageRuler Plus Prestained Protein Ladder wged to estimate approximate MW of
the proteinsl@nel).
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Figure 11. Developmental genes are affected byl PSTR knockdown in HEK293 cells.
(A) HIPSTR knockdown in HEK293 cells leads to a significantagulation of 381 annotated
genes (380 of them outside TFAP2A locus) (1 % FDR, fold-change > 2; Additional file 1
Table 2). (B) GO categories significantly enrichedh genes upregulated updtiPSTR
knockdown in HEK293 cells. (G){IPSTR knockdown in LNCaP results in upregulation of
developmental genes, as measured with RT-gPCR.riixg@&s were performed in triplicate,
error bars represent SD; the asterisks indicatestital significance of the observed changes
calculated with two-tailed t-test, equal varianpevélue < 0.05). (D) Motif analysis reveals
significant enrichment of NF-Y, POU5SF1, and KLF4agnition motifs around TSSs of
genes differentially expressed upgdPSTR knockdown in HEK293 cells.
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4.4HIPSTR is not consistently co-activated withTFAP2A in developmental
modelsin vitro

HIPSTR overlapsTFAP2A, the gene encoding a TF that is essential for vertebrate
neural crest development, as exemplified by mousekout studies (Schorlg al., 1996;
Zhang, Jet al., 1996), and by epigenetic profiling of chimp andrtan neural crest-like cells
(NCCs) derived from pluripotent celis vitro (Rada-lglesiaset al., 2012; Prescotét al.,
2015).TFAP2A gene is also induced in mouse (Guogl., 2010) and human (Cherpal .,
2004; Aghajanovat al., 2012) trophectoderm. This induction can be repcedin vitro by
human trophoblast-like cells (hTBCs) derivationnfrgpluripotent cells (Xuet al., 2002;
Marchandet al., 2011). Finally,TFAP2A expression can be transiently induced in human

embryonal carcinoma NT2/D1 cells grown in the pneseof ATRA (Luscheet al., 1989).
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Figure 12. Conserved TFAP2A binding toHIPSTR promoter region. UCSC Genome
Browser snapshot showing positionsHiPSTR, threeTFAP2A isoforms andlFAP2A-ASL,

as well as H3K4me3 and TFAP2A ChiIP-seq reads mgppfrom (Consortium, 2012)
(HeLa-S3 cells) and (Prescattal., 2015) (three hNCCs and two chimp NCCs lines), and
positions of the DNA sequences used FHBPSTR promoter-reporter assays (pGL3-P1 to -
P7).
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Figure 13. TFAP2A isoform la overexpression increas HIPSTR promoter activity in
luciferase reporters. Luciferase reporter assays in HEK293 (A) or HegB2 cells. DNA
sequences surrounditj PSTR TSS cloned upstream of the firefly luciferase gemse co-
transfected with the plasmid expressimgnilla luciferase and TFAP2A isoform la
overexpressing plasmid or empty vector; pGL3-Basiwved as negative control (no promoter
upstream of the firefly luciferase); pGL3-SV40 smivas positive control (SV40 promoter
upstream of the firefly luciferase); 3xAP2bluc sshas positive control for transactivation by
TFAP2A isoform 1a.

Interestingly, we found that TFAP2A ChlIP-seq peakere mapped to sequences
upstream and downstreamtfPSTR TSS in HeLa-S3 cells (Consortium, 2012), hNCCs and
an orthologous region in chimp NCCs (Rada-Iglesasl., 2012; Prescottet al., 2015)
(Figure 12). We therefore asked whether TFAP2A @¢aegulateHIPSTR expression. For
this, we overexpressed TFAP2A isoform la (predontina HEK293), and observed a
significant increase in the luminescence signainfidlPSTR promoter-luciferase constructs

in HEK293 (Figure 13 A), but not in HepG2 hepattdal carcinoma cells (Figure 13 B).
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Overexpression of the three TFAP2A isoforms desdito date (Berlatet al., 2011) also
upregulated endogenot8PSTR levels in HEK293 (Figure 14 A and C), but was ifisignt

to startHIPSTR expression in HepG2 cells that lack endogentdldSTR expression (Figure

14 B and C).
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Figure 14. TFAP2A is capable of upregulating endogmwus HIPSTR expression, but is
not sufficient for starting HIPSTR transcription. HEK293 (A) and HepG2 (B) cells were
transfected with plasmids overexpressing TFAP2Aoisos la (dark red), 1b (red), or 1c
(pink). Shown are expression levels fPSTR, TFAP2A-ASL, TFAP2A isoforms and pre-
MRNA, relative to cells transfected with empty ptéd, as measured by RT-qPCR.
Experiments were performed in triplicate, and ebars represent SD; the asterisks indicate
statistical significance of the observed changedsutated with two-tailed t-test, equal
variance (p-value < 0.01); N/D — not detected. @pstern blot showing efficient
overexpression of TFAP2A isoforms larfe 1), 1b (ane 2), and 1cl@ne 3) in the indicated
cell lines in three independent experiments, aspewed to cells transfected with empty
vector (ane 4); detection of Actin served as loading controlgéfuler Plus Prestained
Protein Ladder was used to estimate approximatedfithle proteinsléneL).
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We showed above thailPSTR knockdown in HEK293 cells unexpectedly led to
upregulation of development-related genes in tletls. SinceHIPSTR gene is completely
overlapped by th@FAP2A gene and can be regulated by the protein produitteofatter, we
next reasoned that both genes could be simultaheimglsiced during development. Thus, we
induced TFAP2A expressionn vitro by differentiating hESCs into hNCCs and hTBCs, as
well as by treating NT2/D1 cells with ATRA. Stroimgluction of TFAP2A transcription inn
vitro derived hNCCs (> 200-fold, Figure 15 A) and hTBGs40-fold, Figure 15 B) was
accompanied by only a moderate (~9.4-fold, FiguseA)l and a weak (~1.8-fold after 1 day
of differentiation, Figure 15 B) upregulation &fIPSTR, respectively. In turn, ATRA
treatment of NT2/D1 cells led to upregulationTéfAP2A gene, but not dfllPSTR (Figure 15
C). Notably, the upregulation GFAP2A-ASL IncRNA divergently transcribed fromFAP2A
isoform 1b promoter was comparable to thafTBAP2A in hNCCs (Figure 15 A), hTBCs
(Figure 15 B), and ATRA-treated NT2/D1 cells (Figurs C).

Together, upregulation of developmental genes inKREE cells uponHIPSTR
knockdown and lack of consistent co-activation GfPSTR and TFAP2A in three
developmental models (differentiation of hESCs ihtdCCs or hTBCs and treatment of
human embryonal carcinoma with ATRA), raised thesgiwn whetheHIPSTR is expressed

and functions in early embryonic development inaejeatly of TFAP2A gene.
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Figure 15. HIPSTR and TFAP2A are not consistently co-induced inin vitro
developmental models.HIPSTR is moderately co-upregulated witfFAP2A in in vitro
derived hNCC (A), weakly co-upregulated WitRAP2A in in vitro derived hTBCs (B), and
not co-upregulated witiFAP2A in NT2/D1 cells treated with ATRA (C), as measutsd
RT-gPCR. Upregulation ofFAP2A gene itself (hNCCs marker), GGB (hTBCs marker), or
HOXB5 gene (induced by ATRA treatment in NT2/D1 cellsigtheret al., 1989)) served as
positive controls. Experiments were performed iplitate, error bars represent SD.
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4. 5HIPSTR expression in the early human embryo is restrictedo a subset of
cells

If HIPSTR acts independently fromFAP2A gene, activation of the former may occur
prior to activation of the entir@FAP2A locus during human development. To address this
possibility, we sought evidence @®iIPSTR transcription during early stages of human
embryonic development in public data. In the pasw fyears, several studies reported
successful transcriptome sequencing of individdaktomeres of early human and mouse
embryos (Xueet al., 2013; Yanet al., 2013; Biasest al., 2014; Tohoneret al., 2015). We
first screened foHIPSTR expressing cells in the strand-specific single-tadiged reverse-
transcription (STRT) RNA-seq libraries from (Toharet al., 2015). Surprisingly, we found
that HIPSTR and notTFAP2A or TFAP2A-ASL was present in 2-3 days old human embryos
(in one cell from a 4-cell stage embryo, and inheigells from five separate 8-cell stage
embryos) (Figure 16). To visualize and estimal®STR and TFAP2A expression during
early human embryonic development, we mapped (Eida) and quantified (Figure 18 A
and B) RNA-seq reads from two other data sets @, 2013; Yaret al., 2013). As these
RNA-seq data sets are not strand-specific, we pteddlPSTR expression as
“underestimated” and “overestimated” FPKM valueg,aocordingly excluding or including
the reads mapping to exons BFAP2A that overlapHIPSTR. We found thatHIPSTR is
specifically upregulated in 8-cell and morula stagenan embryos (Figure 17, Figure 18 A
and B). MoreoverHIPSTR expression is restricted to only a subset of aeitkin 8-cell and
morula stage embryos (Figure 19 A and B). We atsiccad thatHIPSTR was expressed by
only few K562 cells within a population (23 out@8 cells), when analyzed at the single-cell
level (Figure 19 C). A similar pattern of expresswas reported earlier for several mouse
IncRNAs with low population-level expression in emarrow-derived dendritic cells

(Shaleket al., 2013).Importantly, TFAP2A-ASL, TFAP2A mRNA and pre-mRNA levels do
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not change significantly throughout the human embiy development time course analyzed
(Figure 18 A — D). Hencé&{IPSTR gene is activated independently from and priofRAP2A

during the course of development shortly after gomaave of human EGA (Yaset al.,

2013).
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Figure 16. HIPSTR is expressed ir2-3 days olc human embrycs. Mapping of the 5ends

of transcripts with strand-specific STRT-seq datanf (Tohoneret al., 2015) shows specific
expression oHIPSTR in one cell (4b2) from a 4-cell human embryo, aneight cells (8c6
through 8i6) originating from five different 8-celluman embryos; cell names are as in
(Tohoneret al., 2015).
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Figure 17.HIPSTR expression in -cell and morula stage embryo: Mapping of RNA-seq
reads from (Yaret al., 2013) illustrates specific expressionHifPSTR, and notTFAP2A or
TFAP2A-AS], in 8-cell and morula-stage human embryos.
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Figure 18. Quantification of HIPSTR expression in human oocytes and early embryos.
AverageHIPSTR expression through early human embryonic developnanestimated by
analyzing RNA-seq data from (Yaat al., 2013) in (A) or from (Xueet al., 2013) in (B).
Plotted are under- and overestimated FPKM valueBlFBSTR and TFAP2A expression (see
text). TFAP2A pre-mRNA is not detectable at significant level$he corresponding data sets;
data in (C) are from (Yae al., 2013), and in (D) — from (Xuet al., 2013).

Intriguingly, multiple single-cell RNA-seq read®in a public data set from (Biase
al., 2014) mapped withirll PSTR orthologous region in the mouse genome specifi¢althe
2-cell embryos, the stage at which mouse EGA isaieid (Biaseet al., 2014) (Figure 20 A —
C). These observations are in conflict with mousgls-cell RNA-seq data from (Xuet al.,
2013), where no evidence of expression inHIhESTR orthologous region was detected at all
stages, including 2-cell stage (not shown). Theegfthese results suggest tFAPSTR likely

functions after a major wave of EGA in human embrymut whether it is the case for mouse

embryonic development remains an open question.
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Figure 19. HIPSTR expression is restricted to a subset of cells withiearly human
embryos and within a population of K562 cellsQuantification of RNA-seq data for 8-cell-
and morula-stage embryos from (Yenal., 2013) in (A) or RNA-seq data for 8-cell-stage
embryos from (Xuest al., 2013) in (B); plotted are overestimated FPKM ealdiorHIPSTR
expression (see main text for Figure 18). KTIPSTR is expressed by a subset of cells within
a population of K562 cells. Only cells whaf#¢PSTR expression is detected are shown (23
cells, FPKM > 0); 73 cells out of 96 do not expreiBSTR and are not shown. Data are from
(Luo et al., 2014).
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Figure 20. Expression of mousHipstr ortholog in early mouse embryc (A) MouseHipstr
ortholog is induced during the major wave of mouse EGA (R-stage); analyses of
aggregate data for each stage from (Betst., 2014) is shown; these data are in conflict with
the data from (Xueet al., 2013) where we did not detect moudipstr at any stage; (B)
TFAP2A pre-mRNA is not detectable in 2-cell stage mousbrgos; data from (Biaset al.,
2014). (C) MouseHipstr ortholog expression is induced in nine out of teceR embryos
from (Biaseet al., 2014). Plotted on (A, C) are under- and overestizth FPKM values for
Hipstr andTfap2a expression (see main text for Figure 18).
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4.6 Cell-to-cell variability in expression of INcCRNAs & higher than that of mMRNAs

In a recent work, Cabiliet al. used single-molecule RNA-FISH approach and
concluded that no difference exists in cell-to-oatiability in expression of mMRNAs and
INcRNAs (Cabiliet al., 2015). This argues against a hypothesis that NWeRwith low
population-level abundance are instead expressédatievels by a subset of cells within
that population (Dingeet al., 2009). In agreement with the latter hypothesigression
pattern ofHIPSTR in the early human embryos (Figure 19 A and B), emB562 cell line
(Figure 19 C) is restricted to a subpopulationedfsc Similarly, Yanet al have demonstrated
that expression of IncCRNAs is heterogeneous amadgidual human cells (Yamrt al.,
2013).

To resolve this discrepancy between single-molecBA-FISH results and
observations from single-cell RNA-seq data, we rsystematically explored patterns of cell-
to-cell expression variability of IncRNAs and mRN#&shuman cells. For this, we used three
single-cell RNA-seq data sets — from human totipbtdastomeres (8-cell and morula-stage
embryos) and hESCs (both from ref. (Yetral., 2013)), and from K562 cell line (from ref.
(Luo et al., 2014)). As IncRNAs are generally less abundaah tmRNAs (Cabiliet al.,
2011), we considered only genes expressed in tingerd@ — 30 FPKM. We noted that the
distribution of the numbers of cells in which thengs were expressed (> 3 FPKM, see
Methods) was a mixture distribution. We fitted tmsxture distribution with a finite mixture
model with two populations, having high or low hetgeneity of expression and used this
model to compare the expression heterogeneityoiNAs and mRNAs.

Of the IncRNAs expressed in the range 3 — 30 FPKM a tiny fraction showed low
heterogeneity of expression — 1.5 %, 2.1 %, and%.@& human totipotent blastomeres
(Figure 21 A), hESCs (Figure 21 B), and K562 c@fgure 21 C), respectively. For example,

known pluripotency regulatorslNC-ROR (Loewer et al., 2010) andTUNAR (Lin et al.,
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2014) were associated with high heterogeneity pfession in hESCs in our model and with
the transcriptome annotation used in the presemk WAdditional file 1. Table 3), and
HIPSTR showed high heterogeneity of expressioB-cell and morula-stage human embryos,
and in K562 cells (Additional file 1: Tables 4 abd Additionally, 129 IncRNAs were highly
heterogeneous, being strongly expressed with FPKliev> 5 in a single totipotent
blastomere of a single embryo, while expressed WRKM value < 1 in all other cells of all
other sampled totipotent (8-cell- or morula-stage)bryos (Additional file 1: Table 4).
Interestingly, blastomeres from the same 8-cellrgmiare more similar to each other than to
blastomeres from a separate 8-cell embryo (¢ueal., 2013). In this context, strong
expression of several IncRNAs detected at highl$eimeonly one totipotent blastomere across
several embryos likely illustrates an extremelyc#je spatiotemporal expression pattern of
IncRNAs. The remarkably high heterogeneity of egpi@n of INncCRNAs was in a stark
contrast to the much lower heterogeneity of expoes®f MRNAs with comparable
expression levels (3 — 30 FPKM), of which 23.9 %.32%, and 8.8 % were associated with
low heterogeneity in human totipotent blastomerdsSCs, and K562 cells, respectively
(Figure 21 A - C).

Based on these data, we conclude that in addibopreéviously reported tissue and
developmental stage expression specificity (Rastaadl, 2006; Cabiliet al., 2011; Yaret al.,
2013), heterogeneous expression in a populatioseeimingly identical cells is another
common feature of human IncRNAs. This observat®mfi special importance for human
totipotent embryos (e.g. 8-cell or morula stagdjere the number of cells is finite, and where
heterogeneity of expression of INCRNAs is stronglgnounced (Figure 21 A) and therefore

might have important physiological implications.
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Figure 21. LncRNAs show higher heterogeneity ¢ expression than mRNAs (A — C)
LncRNAs are more heterogeneously expressed than AsREs evidenced by single-cell
RNA-seq analyses. Plotted are density distributiminsumbers of expressing cells calculated
for INncRNAs (black dashed line), mRNAs (red dashed), IncRNAs and mRNAs together
(grey bars), and for modeled populations of gen#b tigh (solid light blue line) or low
(solid dark blue line) heterogeneity of expressiBie charts demonstrate that a much lower
fraction of INCRNAs was associated with the popataibf genes with low heterogeneity of
expression, as compared to mRNAs. Genes usedifoatialysis had expression > 3 FPKM
in at least one cell, and < 30 FPKM in all celldlté corresponding data set: totipotent human
embryos (8-cell and morula stage) (A), hESCs (Bf{s- data from (Yamt al., 2013)), and
K562 cells (C) (data from (Luet al., 2014)). Genes that contributed to the plots aied p
charts on (A — C) were associated with one of theva-mentioned modeled populations of
genes with a posterior probability > 0.99. Numbkindividual cells used for each analysis is
given in parentheses.
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4. 7THIPSTR is capable of activating and repressing genes inglpluripotent cells

Single-cell transcriptome analyses revealed HH&STR is expressed only by a subset
of cells within human embryos and within a popwatof K562 cells. It is also evident that
such expression pattern is typical for IncRNAs emegral (Figure 21 A — C). Thus, we wanted
to explore the functional importance of a IncRNAwsuch restricted pattern in a biologically
relevant system. Functional studiedHPSTR in early human embryos would be complicated
by the relatively large amounts of material requif@er such experiments. Conveniently,gd1
cells have a normal karyotype, they express higénzls of HIPSTR than the H1 hESCs
(Figure 22) from which they were derived by transi€24-36 h) exposure to bone
morphogenetic protein 4 (BMP4) plus inhibitors o€RAVIN signaling (A83-01) and of
FGF2 (PD173074). Most importantly, bkLcells have been proposed to have a totipotent

potential, analogous to the outer cells of the éb+oorula (Yanget al., 2015).
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Figure 22. HIPSTR is expressed at higher levels in H} cells, compared to H1 hESCs.
Quantification ofHIPSTR levels with RT-gPCR. Experiments were performedriplicates,
error bars represent SD.

We silenceIPSTR expression in Hgp cells with three ASOs — ASO #1 and ASO #2
used for knockdown dfllPSTR in HEK293 cells along with an additional ASO #0die 23
A), and analyzed global expression changes withraarcays. Surprisingly, 53 probes for 49

annotated genes differentially expressed upt®PSTR knockdown in both — Hk and

HEK?293 cells, were downregulated in gdland upregulated in HEK293 cells (Figure 23 B
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and C; Additional file 1: Table 6). We validatedchuopposite differential expression for a
group of these genes afteltPSTR knockdown in Hip and HEK293 cells with RT-gPCR

(Figure 23 C).
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Figure 23. Silencing oHIPSTR in H1gp and in HEK293 cells demonstrates different
modes ofHIPSTR action. (A) Efficiency of HIPSTR knockdown in Hgp cells, as measured

by RT-gPCR; N/D — not detected. (B) Overlap betwgenes differentially expressed upon
HIPSTR silencing in HEK293 and Ht cells (also see Additional file 1: Table 6). (C)R
gPCR validation of a group of genes, whose exprassisignificantly up- and

downregulated b¥dIPSTR knockdown in HEK293 and H cells, correspondingly.
Experiments on (A, C) were performed in triplicaeor bars represent SD, and the asterisks
indicate statistical significance of the expressidferences calculated with two-tailed t-test,
equal variance (p-value < 0.05).
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In addition, transient overexpressionHiPSTR in HEK293 cells (Figure 24 A) led to
downregulation by at least 25% of eight out of teelgenes otherwise upregulated by
HIPSTR knockdown in these cells (Figure 24 B).
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Figure 24. HIPSTR overexpression in HEK293 cells downregulates gendbat are
upregulated by HIPSTR knockdown in these cells(A). HIPSTR overexpression efficiency
in HEK293 cells, as measured with RT-qPCR. (B)PSTR ectopic overexpression
downregulates developmental genes that are upteguteHIPSTR knockdown in HEK293
cells, as measured with RT-gPCR. Experiments stmw{f, B) were performed in triplicate,
error bars represent SD. For experiments on (Bpa#terisks indicate statistical significance
of the observed changes (reduction by at least p&di6ulated with two-tailed t-test, equal
variance (p-value < 0.05). (MIIPSTR overexpression does not affect TFAP2A protein
levels. We used total protein extracts from HEK2@8s transfected with pCEP4-HIPSTR
(lane 1) or with empty pCEP4 vector as a negative cor(tasle 2) to perform western blot
with anti-TFAP2A and anti-Actin antibodies; totaropein extract from HEK293 cells
transfected with pcDNA3 served as an additionalatieg control (ane 3); total protein
extracts from HEK293 cells overexpressing TFAP2é8fasms 1c fane 4), 1b (ane 5), 1a
(lane 6) served as positive controls for TFAP2A antibodigtection of Actin served as
loading control; PageRuler Plus Prestained Prdtaegder was used to estimate approximate
MW of the proteinsl@neL).
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Similar reversal of knockdown effect by transieneexpression was observed for
developmentally regulatettans-acting PAUPAR IncRNA (Vanceet al., 2014). Notably,
HIPSTR overexpression did not affect TFAP2A protein le&ligure 24 C).

We next considered the overall effectttiPSTR silencing in Hp cells, and detected
1349 significantly differentially expressed annethigenes (Figure 25 A; Additional file 1:
Table 7). The majority of the transcripts (985 m®b~62.2 %) was downregulated,
corresponding to 777 annotated genes (Figure 29g.remaining differentially expressed
transcripts (598 probes; ~37.8 %) corresponding 4@ annotated genes were upregulated
(Figure 25 A). Importantly, genes downregulatedHif?STR knockdown in Hgp cells are
enriched in "Regulation of macromolecule biosyntheprocess” and “Developmental
process” GO categories (Figure 25 B). At the same,tgenes downregulated bYyPSTR in
pluripotent Hp cells, have skin-, placenta-, lung-, and brain-gmeexpression (Figure 25
C). As in HEK293 cells, we found that TSS-surroumgdiregions of genes differentially
expressed aftadlPSTR knockdown were significantly enriched in NF-Y readgn motifs
(Figure 25 D).

These results suggest that in the context of apaitent cell (Hp cells), and likely in
the early, totipotent human embrydlPSTR is capable of both activating and repressing its
target genes, whereas in a cell lacking pluripotenetwork associated factors (HEK293
cells) HIPSTR acts solely as a repressor. Analysis of genesrdiffaally expressed upon
depletion ofHIPSTR in a biologically relevant system, such asgHltells, further highlights

the likely functional importance of IncRNAs withwopopulation-level expression.
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Figure 25. HIPSTR is capable of repressing and activating genes in Ilgp cells (A)
HIPSTR knockdown in Hgp cells leads to significant upregulation of 572 and
downregulation of 777 genes (1 % FDR, fold-chandg® Additional file 1: Table 7). (B) GO
categories significantly enriched with genes dowuotated uponHIPSTR knockdown in
Hlgp cells. (C) Significantly enriched "Uniprot tissu@UP_TISSUE) database entries for
genes upregulated aftétlPSTR silencing in H}p cells. (D) NF-Y recognition motif is
significantly enriched in regions surrounding TS8sgenes differentially expressed upon
HIPSTR knockdown in Hgg cells.
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4.8Work on identification of potential protein partner s of HIPSTR

Analyses of public data from (Werner and Ruthenp@@l5) showed that the first
1000 nt of theHIPSTR sequence are stably associated with chromatinEK293 cells, and
that treatment with RNA Pol 1l elongation inhibitBRB does not affect the association of
this portion ofHIPSTR with chromatin (Figure 26 A, red). We next queséd whether such
association is mediated by a protein, other thatARR®®I I, which in conjunction with
HIPSTR could possibly regulate target genes of the lafer. this, we prepared nuclear
protein extracts from pluripotent (and therefori&elly containing pluripotent cell-specific
HIPSTR-interacting proteins) NT2/D1 cells, mixed them witiotinylated RNA probes (for
the first 1000 nt of thélIPSTR sequence), and subjected proteins captured bpgrtiees to
LC-MS/MS analysis. The sense (target) and antis¢osetrol) probes were used for these
pulldown experiments, and a pulldown without RNAolpes was used as an additional
control. Together, we were able to identify 8 pagsi corresponding to potential protein
partners oHIPSTR (Additional file 1: Table 8) that were not presa@mtthe control samples
from pulldown experiments without RNA probes. Obsk 8 peptides, 1 was excluded as a
potential contaminant. Notably, none of the ideadif peptides was specific to the sense
probe. Among peptides that appeared in both pulldogwith sense and antisense probes),
and not in the control pulldowns without probespeptide corresponding to TARDBP
captured our attention for two reasons: (i) TARDBR known RNA-binding (Sephtaat al .,
2011) and DNA-binding protein (Fieset al., 2010), and (ii) the list of genes differentially
expressed upon TARDBP knockdown in (Fiestedl., 2010) significantly overlaps with the
list of genes that were upregulated upti®STR knockdown in Hgp cells (Figure 26 B), as
identified with Enrichr on-line tool (Chen, E. ¥ al., 2013).

Although it is tempting to speculate tHaitPSTR might act through an interaction with

TARDBP, which, in turn, is known to interact wittolgjcomb Repressive Complex 1 or 2
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(Caoet al., 2014) and therefore may recruit the Polycomb Bsprve Complex téiIPSTR
targets, further work, such as RNA-IP with anti-TBRP antibody is required to validate
suchHIPSTR-TARDBP interaction. Additionally, in our pulldowassays we did not detect
any known nuclear RNA-binding protein that could @as an activating partner Bl PSTR in
pluripotent cells.
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Figure 26. First 1000 nt of HIPSTR are associated with chromatir. (A) Mapping of
strand-specific RNA-seq reads from chromatin-asgedi fraction of total RNA from
HEK293 cells; data from (Werner and Ruthenburg, 320Treatment with RNA Pol Il
elongation inhibitor DRB does not affect the asatien of the first 1000 nt (red) &flPSTR
IncRNA with chromatin. (B) The list of genes, upuégged uporHIPSTR knockdown in Hgp
cells significantly overlaps with genes upregulatgdn TARDBP knockdown in HEK293E
cells (Fiesekt al., 2010). LOF — loss-of-function study, GOF — gafrftonction study.



12
DISCUSSION

5. Discussion

In the present work, we searched for novel antsénsRNAs in the loci encoding
TFs and identifiedHIPSTR (Heterogeneously expressed from the Intronic Ptuan8 of the
TFAP2A-locus RNA) gene that is located on the ofipastrand ofTFAP2A gene HIPSTR is
transcribed by RNA Pol Il into a capped, monoexpmigclear-enriched antisense INCRNA
(Figures 1 and 3HIPSTR does not possess ORFs that could potentially enangeknown
polypeptide, moreover the longest potential ORMwiHIPSTR sequence can be expected to
occur by chance in a 3427-nt-long transcript (Fégdy. Publicly available ribosome profiling
analysis did not show binding of ribosomes alorgsbquence dfilPSTR IncRNA (Figure 2
C).

Unexpectedly, HIPSTR expression did not correlate with the expressionitsf
overlappingTFAP2A gene in cell lines and tissues (Figure 5 B — D)agreement with these
data,HIPSTR expression perturbations in HEK293 andsHidells did not affect overall levels
of TFAP2A mRNA (Figure 10 A, and Figure 23 A), pre-mRNA (FigulO B) or TFAP2A
protein levels (Figure 10 C). On the contrary, antike other antisense transcripts shown to
regulate their overlapping or divergently transedbgenes (reviewed in (Pelechano and
Steinmetz, 2013)HIPSTR promoter and endogenotd PSTR expression can be positively
regulated by the protein product of its overlappgege (Figure 13 A, and Figure 14 A). Such
regulation was only observed in HEK293 cells, amd im HepG2 cells, suggesting that
TFAP2A alone is not sufficient to regulate thePSTR promoter (Figure 13 B, and Figure 14
B). Finally, we did not find any evidence BIPSTR differential expression in human tumor
and non-tumor cell lines (Figure 5 A).

TFAP2A was first isolated from HelLa cells as a DNihding protein activating
transcription from SV40 and metallothionein IIA proters (Mitchellet al., 1987). During

embryonic development, TFAP2A gene is expressed in extraembryonic tissues
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(trophectoderm) and in the embryo proper (premigyaneural crest and its derivatives)
(reviewed in (Hilger-Eversheimat al., 2000)). We evaluateHIPSTR gene activation inn
vitro derived hNCCs and hTBCs, and ATRA-treated NT2/@llsc and did not observe
consistent strong co-induction OFAP2A andHIPSTR (Figure 15 A, B).

Tfap2a-null mice have been generated by two independenipgr In each case, the
affected animals died perinatally with severe cotgé defects (Schorlet al., 1996; Zhang,
J.et al., 1996). Most interestinglylfap2a-null mice were generated by targeting exons 5 and
6 of theTfap2a gene, which are located upstream ofkhpstr gene and its promoter region.
HumanHIPSTR expression is induced independentlyT6fAP2A during the major wave of
human EGA (8-cell stage) (Figures 16 — 18, andrieigi® A, B). At the same timélIPSTR
expression pattern with predominant expressiorestis and placenta is conserved between
human and mouse (Figure 6 A, B), and promoter demtian of theHIPSTR transcription
unit is conserved between human and chicken (Fiur&hether conservation &flPSTR
expression pattern extends to the major wave ofsexdGA (2-cell stage) remains to be
established, since existing RNA-seq data for eadyise embryos is inconsistent with respect
to Hipstr expression (Figure 20). The variability of generesgion patterns among different
studies may be related to the known stochastidadlyed lack of synchrony in cell cycle
progression between the two cells in twin blast@sdrom 2-cell stage mouse embryos
(Robertset al., 2011). Should mougsipstr be induced in 2-cell embryos (and thus — prior to
Tfap2a induction in trophectoderm or neural crest), genkhockout studies would provide
the ultimate evidence for the functional importaradfeHIPSTR during early embryonic
development. Knockout studies would also be udefuphenotypic comparisons @fap2a’
andHipstr” mice.

We used microarray and gPCR analyses to showHIRETR knockdown in HEK293

and LNCaP cells that do not express TFs assoacmtadluripotency leads to upregulation of



74
DISCUSSION

development- and differentiation-related genesufegll B, C, and Figure 23 C). In turn,
HIPSTR silencing in Hp cells that express pluripotency TFs results in mi@gulation of
development- and metabolism-related genes (Fig8i€,2and Figure 25 B), and upregulation
of genes whose expression is associated with diffeted tissues (Figure 25 C).
Nonetheless, a mechanismfPSTR action in pluripotent and totipotent cells, andnion-
pluripotent cells (e.g., HEK293) remains to be stigated. It is tempting to speculate that in
the context of a pluripotent cell (and probablytive totipotent cells of an early human
embryo)HIPSTR is capable of both activating and repressingatgédt genes, whereas in a
cell lacking pluripotency TFBIIPSTR acts solely as a repressor. This would be posHibie
undifferentiated cells nuclear, chromatin-assodi&tHPSTR INcCRNA (Figure 26 A) is directly
or indirectly connected to one of the componentsplofipotency network (absent from
differentiated cells) to positively regulate itsget genes. Previously, several IncRNAs with
activating (e.g.HOTTIP (Rinn et al., 2007)), repressing (e.ddOTAIR (Wang, K. C.et al.,
2011)), and both — activating and repressing (EBNDRR (Groteet al., 2013)) functions
have been described. These and other IncRNAs wepoged to function as modular
scaffolds for chromatin modifying enzymes and THsaf et al., 2010). Ubiquitously
expressed, pioneer TF NF-Y is an essential compasfethe core pluripotency maintenance
network (Oldfieldet al., 2014) and was also shown to act as activatorgmessor (Ceribelli
et al.,, 2008). Significant enrichment of NF-Y recognitionotif around TSSs of genes
differentially expressed aftadlPSTR silencing in HEK293 (Figure 2 D) and EHl.cells
(Figure 4 G) suggests that this TF is a promisengdadate partner dfiIPSTR.

We attempted to identifidlPSTR-associated proteins with RNA-pulldown technique.
Considering that the first 1000 nt of thHPSTR sequence are associated with chromatin,
even after RNA Pol Il inhibition (Werner and Rutbeng, 2015) (Figure 26 A, red), we

hypothesized that|PSTR interaction with chromatin, and probably with targenes, could
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be mediated through this 1000 nt-long sequence. Ugdrl nuclear extracts of NT2/D1
pluripotent cells to identify proteins that couldtaas mediators of the activating and
repressing activities dfllPSTR in pluripotent (and possibly — totipotent) cel&urprisingly,
RNA-pulldown with sense (target) and antisense tfobnbiotinylated probes for the first
1000 nt of theHIPSTR sequence followed by LC-MS/MS identified a sebafy 8 peptides
corresponding to several proteins (Additional fiteTable 8), of which to our knowledge only
TARDBP is a known and well-studied RNA-binding piot (Sephtoret al., 2011). However,
none of the identified peptides was specific to sbase probe, although all 8 peptides were
not present in the control pulldown performed ie #Hbsence of biotin-labeled RNA. These
results suggest thatlPSTR likely interacts with its partner proteins throuiggh 3’-regions, or
the full-lengthHIPSTR probe is required for the proper secondary strecfarmation and
protein pulldown. Whether this is the case, habdaletermined by future studies. We note
here that in our experience the vitro transcription of the last 2000 nt of théiPSTR
sequence is challenging, probably due to stable Rid4ctures that are formed during the
vitro transcription reaction. This latter phenomenon tieethindependent of whether T7 or
SP6 RNA Polymerase was used. We believe that aodunttion of new methods, allowing
for enrichment oHIPSTR-expressing cells (see below), in combination V@tiRP-MS (Chu

et al., 2011) or similar techniques would be an optinedlison for the future high-throughput
search oHIPSTR-interacting proteins.

Our work shows that IncRNAs with low population4#\expression frequently have
high expression in individual cells in totipotenirhan embryos and stable human cell lines
(Figure 21 A — C). For examplelIPSTR expression was absent from 73 out of 96 individual
K562 cells, but was as high as 24.5 FPKM in one ajutwenty-threeHIPSTR-expressing
cells (Figure 19 C). In agreement with ENCODE dfmta K562 cells (Figure 5 C), the

population-average expressionHifPSTR in these 96 individual K562 cells was 0.91 FPKM.
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Single-cell analysis has revealed that transcmptis dynamic and stochastic, with
transcription occurring as individual bursts ofnseriptional activity inside a cell (Larsa
al., 2013), and this might be the dominant sourceetériogeneity in RNA abundance from
cell-to-cell. In fact, the complete absence ofvaegilncRNA in multiple cells in a population
complicates statistical analyses, and the high-toetell variability in INncCRNAs levels
suggests that analyses of hundreds or even thasisdimddividual cells might be required to
reveal meaningful expression correlations betwesterbgeneously expressed IncRNAs and
other genes. Low population-level and tissue spyifof INCRNAs expression (Ravastial .,
2006; Cabiliet al., 2011) might also be a serious obstacle for ifieation of partner proteins
in RNA-Immunoprecipitation and endogenous RNA-poNith assays (such as ChIRP (Giu
al., 2011)), possibly resulting in false-negative tessuFor this, development of reliable and
easy-to-use techniques facilitating enrichmentdolbpopulations of live cells expressing a
INcRNA of interest will be required to uncover thexact mechanism of action of

heterogeneously expressed INCRNASs, sudHI&STR.
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6. Conclusion

In the present study, we identified a novel anssemcRNA gene that we named
HIPSTR, we characterized conservation and expressiorerpattof its transcript, and we
showed thatHIPSTR IncRNA exemplifies the functional relevance of IM¢Rs with
heterogeneous and developmental stage-specifiegsipn patterns.

HIPSTR is a monoexonic INcRNA, it is transcribed by RNAI H, and possesses 5'-
cap structure and poly(A) tail. Based on the coraten of HIPSTR promoter demarcation,
we estimated thatllPSTR gene appeared approximately 325 Ma, and its exprepatterns
are conserved at least between human and mousagreement with recent studies
demonstrating the involvement of other nuclear AR in gene expression regulation, we
demonstrated that the silencing HfPSTR in HEK293 and Hgr cells leads to up- and
downregulation of important developmental genespeetively. These observations were
supported by overexpression experiments in HEK28&.cWe demonstrated thetl PSTR
expression can be stimulated by TFAP2A protein, dugh stimulation is not essential for
HIPSTR expression, which is expressed independently ffoRAP2A gene in human
embryos, specifically at the 8-cell and morula sgagSimilar toHIPSTR, in the individual
cells of totipotent human embryos, the expressioimaRNAS is more highly heterogeneous
than the expression of mMRNAs. We further exploretlip data and presented evidence that
high cell-to-cell expression variability is onetbe characteristic features of InCRNAs.

Overall, heterogeneity in gene expression may lsergml during early stages of
embryonic development and may create distinct esgowa “footprints” for individual yet
undifferentiated blastomeres. We conclude thatdéneelopment of new techniques that will
allow for enrichment of cells expressing a specgane or a set of genes is required to

facilitate mechanistic studies of IncRNA with lowopulation level expression.
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8. Supplementary information

Additional file 1: Supplementary Tables are congdirn the CD that is present at the
inside back cover of the Thesis.

Table 1, Sequences of the oligonucleotides usetisnstudy; Table 2, List of genes
differentially expressed in HEK293 cells aftdtPSTR knockdown (g-value < 0.01, fold-
change > 2); Tables 3, 4 and 5, Lists of genes &8Cs passages (P) 0 and 10, from 8-cell
(8C) and morula (M) stage human embryos (E), anthfK562 cells, respectively, with
expression levels 3 — 30 FPKM used for heteroggnaitexpression analysis, and their
corresponding heterogeneity flags; Table 6, Lispehes differentially expressed — both in
H1gp cells and HEK293 aftdil PSTR knockdown (g-value < 0.01, fold-change > 2); Tahle
List of genes differentially expressed inddZXells aftertHIPSTR knockdown (g-value < 0.01,
fold-change > 2); Table 8 (on CD and see below$t bif proteins identified byHIPSTR
RNA-pulldown followed by mass spectroscopy.

pulldown
no orobes sense antisense| Potential Protein IDs, corresponding to detected
P probe probe contaminant peptide

tr|B4DDC8|B4DDC8_HUMAN:;tr|B3KXL8|
B3KXL8_HUMAN:;tr|Q6IAU5|Q6IAUS_HU
absent detected detected MAN;tr|B2R665|B2R665_HUMAN;sp|O153
55|PP1G_HUMAN:;tr|Q96IN7|Q96IN7_HUM
AN;tr|Q59GB2|Q59GB2 _HUMAN
absent detected absent sp|O60613|SEP15_HUMAN

tr]JJ3KN47[J3KN47_HUMAN;tr|B4DI57|B4D
I57_HUMAN;tr|B4E1B2|B4E1B2_HUMAN,;
tr|Q53H26|Q53H26_HUMAN:;tr|QO6AH7|Q0
6AH7_HUMAN;sp|P02787|TRFE_HUMAN
tr|C9JVGO|C9IVGO_HUMAN:;tr|[H7C5E8|HT
C5E8_HUMAN;tr|AOPJAB|AOPJA6_HUMA
N;tr[B4DHZ6|B4DHZ6_HUMAN;CON__ Q2
HJFO;CON__Q29443;CON__QOIIK2

absent absent detected +

tr|Q59FC6|Q59FC6_HUMAN;tr|Q5CAQ5|Q
5CAQ5_HUMAN:;tr[VOHWP2|VOHWP2_HU
absent absent detected MAN:;sp|P14625|ENPL_HUMAN;tr|B4DHT
9|B4DHT9_HUMAN;tr|B4DU71|B4DU71_H
UMAN
tr|Q2F838|Q2F838_HUMAN;tr[BADSR4|B4
DSR4 _HUMAN;tr|B4DUK7|B4DUK7_HUM
AN:tr|Q53YD7|Q53YD7_HUMAN;sp|P2664
1|EF1G_HUMAN

absent detected detected

tr|B4DJ45|B4DJ45_HUMAN:;tr[BADRW3|BZ
DRW3_HUMAN;sp|Q13148|TADBP_HUM
absent detected detected AN;tr|K7EIM5|K7EIM5_HUMAN;tr[K7EN9
4|K7EN94_HUMAN:;tr|[BLAKP7|B1AKP7_H
UMAN:tr|G3V162|G3V162_ HUMAN

[®XN

absent detected detecte sp|Q9HO09|NACA2_HUMAN
tr|[E7FL39|E7FL39_RUBV;tr|C7GOC9|C7G0

C9_RUBV;tr|BSBNX3|B5BNX3_RUBV

absent detected detected




