ON THE COMPOSITION OF HYPER-CONSERVATION SCORE (HCS)

We defined the sequence conservation measure, which we call Hyper Conservation
Score (HCS), by first selecting one of the two conservation measures defined for the 44-
way alignments available at the UCSC genome browser (33). We choose as Sequence
Conservation Score (SCS) the phastCons-derived metric (34) instead of the phyloP one
(105), as the former considers neighboring bases in determining a base score, being
thus sensible to stretches of conserved bases: this fact makes it more suitable for
identifying conserved elements than phyloP, which instead computes conservation
independently at each position. phastCons takes into account the phylogenetic tree to
estimate the probabilities for bases to be conserved or not in the HMM models it is
based upon. Nevertheless, being our aim to identify exceptionally conserved sequence
stretches because of their potential functional meaning as cis components of core
posttranscriptional networks, we estimated as essential the requirement for sharing of
the sequences among the different vertebrate species considered. To put more weight
on the phylogenetic distance, we included in our metric the Branch Length Score (BLS)
as introduced in a comparison between close Drosophila species (35). This measure is
the proportion of the distance covered by the branches of the phylogenetic tree by the
alignment of a particular sequence, thus giving more importance to elements conserved
across a wide range of species than to the ones restricted to a group of closely related
species. We argued that, while phylogenetic information are already included in SCS,
BLS would have been not redundant. To verify this we computed the Pearson
correlation coefficient between SCS and BLS, obtaining a value of 0.48, which indicates
only a moderate correlation of the two components of our HCS. This result confirms that
the BLS usefully complements the SCS.

We further had to find a convenient measure of relative weight of SCS and BLS in HCS.
We performed several runs of our pipeline, varying the SCS-BLS score composition
from SCS only (100%-0%) to BLS only (0%-100%), through five intermediate
proportions (80%-20%; 60%-40%; 50%-50%; 40%-60%; 20%-80%). What we obtain as
result is a progressive increase in HCE sizes in parallel with a marked reduction of their
total number. While more than 120000 HCEs are produced in the first two runs (100%-



0%, 80%-20%), only 3149 are retained in the half-half proportion (50%-50%), and this
number goes down to just 232 HCEs for the BLS-only run. Median and average HCE
lengths increase respectively from 62 and 17 bases to 114 and 249 bases: the 50%-
50% case has a median length of 23 bases and an average length of 100 bases. We
selected the 50% SCS and 50% BLS composition as our final conservation measure,
because of the number of selected HCEs identified a small percentage of the total UTR
space (0.47%) and a corresponding small percentage of mMRNAs (1.8%). With this
choice we believed to have greatly reduced the number of false positives HCEs in our

final dataset.
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Gene name Uniprot description RRM-only

architecture

CPEB1 Cytoplasmic polyadenylation Sequence-specific RNA- \
element-binding protein 1 binding protein that
regulates mRNA
cytoplasmic

polyadenylation and
translation initiation during
oocyte maturation, early
development and at
postsynapse sites of
neurons. Binds to the
cytoplasmic
polyadenylation element
(CPE), an uridine-rich
sequence element
(consensus sequence 5'-
UUUUUAU-3") within the
mMRNA 3'-UTR. In absence
of phosphorylation and in
association with TACC3 is
also involved as a
repressor of translation of
CPE-containing mRNA; a
repression that is relieved
by phosphorylation or

degradation
CUGBP1 CUGBP Elav-like family RNA-binding protein Y
member 1 implicated in the regulation

of several post-
transcriptional events.
Involved in pre-mRNA
alternative splicing, mRNA
translation and stability.
Mediates exon inclusion
and/or exclusion in pre-
MRNA that are subject to
tissue-specific and
developmentally regulated
alternative splicing.

EIF4B Eukaryotic translation Required for the binding of v

initiation factor 4B MRNA to ribosomes.

Functions in close
association with EIF4-F




ELAVL4 ELAV-like protein 4
EWSR1 RNA-binding protein EWS
FUS RNA-binding protein FUS

HNRNPA1 Heterogeneous nuclear
ribonucleoprotein Al

and EIF4-A. Binds near
the 5'-terminal cap of
MRNA in presence of EIF-
4F and ATP. Promotes the
ATPase activity and the
ATP-dependent RNA
unwinding activity of both
EIF4-A and EIF4-F.

May play a role in neuron-
specific RNA processing.
Protects CDKN1A mRNA
from decay by binding to
its 3'-UTR. Binds to AU-
rich sequences (ARES) of
target mRNAs, including
VEGF and FOS mRNA.
Might normally function as
a repressor. EWS-fusion-
proteins (EFPS) may play
a role in the tumorigenic
process. They may disturb
gene expression by
mimicking, or interfering
with the normal function of
CTD-POLII within the
transcription initiation
complex. They may also
contribute to an aberrant
activation of the fusion
protein target genes.
Binds both single-stranded
and double-stranded DNA
and promotes ATP-
independent annealing of
complementary single-
stranded DNAs and D-
loop formation in
superhelical double-
stranded DNA. May play a
role in maintenance of
genomic integrity.
Involved in the packaging
of pre-mRNA into hnRNP
particles, transport of



HNRNPA3

HNRNPD

Heterogeneous nuclear
ribonucleoprotein A3

Heterogeneous nuclear
ribonucleoprotein DO

poly(A) mRNA from the
nucleus to the cytoplasm
and may modulate splice
site selection. May play a
role in HCV RNA
replication.

Plays a role in cytoplasmic
trafficking of RNA. Binds
to the cis-acting response
element, A2RE. May be
involved in pre-mRNA
splicing.

Binds with high affinity to
RNA molecules that
contain AU-rich elements
(ARESs) found within the 3'-
UTR of many proto-
oncogenes and cytokine
MRNASs. Also binds to
double- and single-
stranded DNA sequences
in a specific manner and
functions a transcription
factor. Each of the RNA-
binding domains
specifically can bind solely
to a single-stranded non-
monotonous 5'-UUAG-3'
sequence and also weaker
to the single-stranded 5'-
TTAGGG-3' telomeric
DNA repeat. Binds RNA
oligonucleotides with 5'-
UUAGGG-3' repeats more
tightly than the telomeric
single-stranded DNA 5'-
TTAGGG-3' repeats.
Binding of RRM1 to DNA
inhibits the formation of
DNA quadruplex structure
which may play a role in
telomere elongation. May
be involved in
translationally coupled



HNRNPM Heterogeneous nuclear
ribonucleoprotein M

MSI2 RNA-binding protein
Musashi homolog 2

PABPC1 Polyadenylate-binding
protein 1

MRNA turnover.
Implicated with other RNA-
binding proteins in the
cytoplasmic
deadenylation/translational
and decay interplay of the
FOS mRNA mediated by
the major coding-region
determinant of instability
(mCRD) domain.
Pre-mRNA binding protein
in vivo, binds avidly to
poly(G) and poly(U) RNA
homopolymers in vitro.
Involved in splicing. Acts
as a receptor for
carcinoembryonic antigen
in Kupffer cells, may
initiate a series of
signaling events leading to
tyrosine phosphorylation
of proteins and induction
of IL-1 alpha, IL-6, IL-10
and tumor necrosis factor
alpha cytokines.

RNA binding protein that
regulates the expression
of target MRNAs at the
translation level. May play
a role in the proliferation
and maintenance of stem
cells in the central nervous
system

Binds the poly(A) tail of
mRNA. May be involved in
cytoplasmic regulatory
processes of mMRNA
metabolism such as pre-
mMRNA splicing. Its
function in translational
initiation regulation can
either be enhanced by
PAIP1 or repressed by
PAIP2. Can probably bind



PPARGC1B Peroxisome proliferator-

PTBLP

activated receptor gamma
coactivator 1-beta

Polypyrimidine tract-binding
protein 2

to cytoplasmic RNA
sequences other than
poly(A) in vivo. May be
involved in translationally
coupled mRNA turnover.
Implicated with other RNA-
binding proteins in the
cytoplasmic
deadenylation/translational
and decay interplay of the
FOS mRNA mediated by
the major coding-region
determinant of instability
(mCRD) domain.

Plays a role of stimulator
of transcription factors and
nuclear receptors
activities. Activates
transcritional activity of
estrogen receptor alpha,
nuclear respiratory factor 1
(NRF1) and glucocorticoid
receptor in the presence of
glucocorticoids. May play
a role in constitutive non-
adrenergic-mediated
mitochondrial biogenesis
as suggested by increased
basal oxygen consumption
and mitochondrial number
when overexpressed. May
be involved in fat oxidation
and non-oxidative glucose
metabolism and in the
regulation of energy
expenditure.

RNA-binding protein which
binds to intronic
polypyrimidine tracts and
mediates negative
regulation of exons
splicing. May antagonize
in a tissue-specific manner
the ability of NOVAL to



RBM15

RBM16

RBM26
RBMS1

RBMS3

SFRS11

SFRS15

SYNCRIP

THOC4

Putative RNA-binding
protein 15

Putative RNA-binding
protein 16

RNA-binding protein 26
RNA-binding motif, single-
stranded-interacting protein
1

RNA-binding motif, single-
stranded-interacting protein
3

Splicing factor,
arginine/serine-rich 11
Splicing factor,
arginine/serine-rich 15

synaptotagmin binding,
cytoplasmic RNA interacting
protein, hnRNPQ

THO complex subunit 4

activate exon selection.
Beside its function in pre-
mMRNA splicing, plays also
a role in the regulation of
translation. Isoform 5 has
a reduced affinity for RNA.
May be implicated in HOX
gene regulation.

May play a role in mRNA
processing.

Single-stranded DNA
binding protein that
interacts with the region
upstream of the MYC
gene. Binds specifically to
the DNA sequence motif
5'-[AT]CT[AT][AT]T-3'.
Probably has a role in
DNA replication.

Binds poly(A) and poly(U)
oligoribonucleotides.

May function in pre-mRNA
splicing.
May act to physically and
functionally link
transcription and pre-
MRNA processing
Heterogenous nuclear
ribonucleoprotein (hnRNP)
implicated in mMRNA
processing
mechanisms.Component
of the CRD-mediated
complex that promotes
MYC mRNA stability.
CRD-mediated complex
that promotes MYC mRNA
stability.



Supplementary Table 1: List of the 23 HCE-containing RRM-type RBP identified by our
pipeline. Listed are gene symbol, name, Uniprot gene function description and whether

the protein contains only RRM or also other domains.



functional category

nucleosome

1.36E-16

chromatin assembly

5.46E-13

DNA packaging

8.53E-11

RRM

1.09E-05

negative regulation of transcription

5.48E-05

transcription

9.45E-04

p-value

GO_CC, IPR, PFAM

GO _BP, GO_CC

GO_BP

IPR, PFAM, SMART

GO_BP

GO_BP

ontologies

Figure S1. HCEs cluster in genes belonging to three different biological functions.

78 genes

23 genes

137 genes

ARID1A ARID4A,CHD1,CHD2,EPC1,EZH2,FBXL10 HAT1,HDAC9
HIST1H1AHIST1H1B,HIST1H1C HIST1H1D,HIST1H1E,HIST1H1T
HIST1H2AB,HIST1H2AC,HIST1H2AD, HIST1H2AH,HIST1H2AJ
HIST1H2AK,HIST1H2AL HIST1H2AM,HIST1H2BB,HIST1H2BC
HIST1H2BD,HIST1H2BE,HIST1H2BF ,HIST1H2BG,HIST1H2BH
HIST1H2BI,HIST1H2BJ HIST1H2BL, HIST1H2BM,HIST1H2BN
HIST1H3B,HIST1H3C,HIST1H3D,HIST1H3E,HIST1H3F HIST1H3G
HIST1H3H,HIST1H3IL,HIST1H4A HIST1H4B,HIST1H4C,HIST1H4D
HIST1H4E, HIST1H4F ,HIST1H4G,HIST1H4H,HIST1H4I,HIST1H4J
HIST1H4K,HIST1H4L, HIST2H2AB,HIST2H2AC,HIST3H2A
HIST3H2BB, HIST4H4, HLTF,HNRNPD,ING2,MYCN,PAM,PBX1
RAD51,RGS12,SATB1,SMARCA5,SMARCB1,SUGT1,TAF1, TBPL1
TCF7L2,TOP1,TOP2B,ZNF238

CPEB1,CUGBP1,EIF4B,ELAVL4,EWSR1,FUS,HNRNPA1
HNRNPA3,HNRNPD,HNRNPM,MSI2,PABPC1,PPARGC1B
PTBP2,RBM15RBM16,RBM26,RBMS1,RBMS3,SFRS11
SFRS15,SYNCRIP,THOC4

ACID1,ADORAZA ALX1,ARID1A,ARID4A ARNT ATF2,ATPIF1
BAZ2B,BCL11A,BLZF1,BNC2,CAMK2A,CCNL1,CHD1,CHD2
CNOT2,CRX,CTCF,DKFZp434D2111,DKFZp686H10114
DKFZp686K08123,DMRTA1,EBF3,EDF1,EED,ELP4,EPCA
ESRRA,ETV1,EU036692,EWSR1,EZH2,FBXL10,FIST3,FOXP2
FRY,FST,FUBP1,GLI2,HDAC9,HES1,HIF1A,HIPK3,HIVEP1
HLTF,HNRNPD,HOXAS5,HOXD1,HOXDS8,IKZF5,ING2,IRX3,IRX5
KCNHS5,KCNH7,KHDRBS1,KHDRBS2,KHDRBS3,KIAA0569
KIAA0916,KIAA0968,KLF10,KLF4,LHX2,LMO4,MCM5,MED25
MEIS1,MEIS2 MITF,MLL and 65 more

Ontology enrichment analysis of HCEs-containing genes highlights three groups of genes corresponding to three different biological functions. Multiple ontologies were used to infer possible functional

groupings: the top results are a most significant group composed of genes involved in chromosomes assembly, a significant set consisting of 23 genes coding for RRM-containing genes for RBPs and

a third, less significant group of genes playing a role in transcription. Here the ontology terms clusters giving rise to these groups are shown, along with their enrichment p-value and the final list of

involved genes.
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2172556546172556568+uc002uhi.1/1-23-TTTTC TG TACAATGTGCIGIGARA — - - ——-——— - == == —————
145790849157908501+uc001lxde,1/1-11 - - - - - === - -— -~ GCTGCCATGGA - - --=-=-=-==-=========-=
32561447925614801-uc010hff.1/1-323 GATGTTCGG TTAGTCTGTCATGCACTG TAAAGTTACTCATTTT
6134349884134349957+uc010kgg.1/1-7T4AGCACCTTTTAAACCTGCIGCACATTGGACTCARARAGGARAAC

6134349970134349976+uc010kgg.1/1-7 — - - == —— === = = — = — = — — — — — — — — TAGACTC — ———————— ——
145790992457909949+uc001xdo.1/1-26 - - = - - - - - CTAGA --TGCICTAGACTEGTATATCAGG ——--—----—
1457905%40157909416+uc001lxdo.1/1-16 - - — - - - = = = AAATTCTAGG T -AATT ——-=—=-—-——-— -0~
21600387216004580+uc002rci.1/1-709 GTAAATGCAAAGTTCTGTGTTTAATTTCTTCAAAATGTATATA
145790858557908591+uc001xdo.1/1-7 - —-=—-=—= === == - = - — — AGGCIEGG ———=————= - — - - —
1148125643148125670-uc00lete.1/1-28 - - — - — — — ACCACCGAGAATTTICTICGGEAAACCCCA ————————
62623167426231705-uc003ngl.1/1-32 - -—--—-- ACCCACCGAGAATTITTCTCGGAAACCCCAATC - =--—--
62613979726139829-uc003nfs.1/1-33 - ---TCACCCACCGAGACTTTITCICGGAAACCCAAAA ——----
62630499126305017-uc003ngv.1/1-27 - -—-—-- ACCAACCGAGACTTITITTCTCGGAAACCC - --=-=-=-—---~-
62794254927942581-uc003njx.1/1-33 - -—---- ACCCACCGAGACTTITICICGGAAACCCCGAAAC —-—-—
62796845627968479-uc003nkb.1/1-24 - - - -~ ACCCACCGAGACTTETCTCGGAAA — - ——-————————— —
62615143426151462-uc003nfu.1/1-29 - -—--—-- ATCCACCGAGACTTITCTCGGAAACCCARA

6262156192621564%-uc003ngj.1/1-31 - ----~- ACCCACCGAGAATTTTCTICGGAAACCCAAGA - -----
62612523926125269-uc003nfo.1/1-31 - ----- ATCCACCGAGAATTETTCTCGGCAACCCAATG - ----~-
62720807627208097-uc003niv.1/1-22 - =-—-=-—=-—-- CCACCGAGAAMTEICTCGGEGC CAA ————=——=—=—= ==

62637912526379148-uc003nhi.1/1-24 - -—-- -~ ATCCGCCGAGAATTETCTCGGAAA — - ———————————
1226711688226711711-uc00lhsy.1/1-24 - - — - — - ATCCACCGAGACETETCTCGBAARA —————————————
62614129926141329-uc003nft.1/1-31 - - - - — CATCCACCGAGACTITTICTICGGAAACGACAA ——-———-
62630699126307018-uc003ngw.1/1-28 - - — - — - ACCCACCGAGACTTITICTCGGAAACAAT —-—---—-——-
62788323627883265-uc003nj1.1/1-30 - -—---- ACTCACCGAGACETEICTCGGRAAACCCAAC - - --—-—-
62794760227947626-uc003njy.1/1-25 - ----~ ACTCCCCGAGACTETEICTCGGAAARA — - ——————————
62632443126324443-uc003ngz.1/1-13 - --—-—---—-—--—-——-—- - —— CETETICTCGGBAAA ——————-——-———-——
62789006027890085-uc003nin.1/1-26 - ----- CTTCACCGAGACTTIEICTICGGAAACA ——-—-—-----—~-
62616394726163378-uc003nfw.1/1-32 - —-=-—--- ACCACCGAGACTTTTCTCGGAAAACCCAAAAT ----
62635834926358379-uc003nhg.1/1-31 - ------- CCACCGAGACTTETICTCGGAAA --CCAAATTCA —-
62791363727913668-uc003njs.1/1-32 - - ——— - ATCCACCGAGACTTTITICTTGGAARARACCAAAC ————-—
62613510326135129-uc003nfr.1/1-27 - -—--—-- ACCCGCCGGGACTTTITCCCGGTAACCT ——--=—=-—-—-—-—~-
62639333326393361-uc003nhm.2/1-29 ------ ACCCGCCGGGACTTTTCCCGGAAACCAAC - - - —-—-—-—-~-
€2794890527948928-uc003njz.1/1-24 - ---- - ACCCACCGGGACTCETCCCGEGEBAARD ————————————~-
121481493114814942-uc001lref,2/1-12 - - - - - = === —-— - - - - — - CEBTETCCCGERA ——————————————
62629691726296944-uc003ngu.1/1-28 - - ——— - ATCCACCGGGACTTITTICCCGGCAACCAA ————————~—
62635481826354840-uc003nhf.1/1-23 - ----- ATGCGCCGGGACETETCCCGBTA ——————————————
627906%3127906954-uc003njr.1/1-24 - ----- - ACCCCCGGGATTTTTCCCGGAARARA

62634241926342448-uc003nhd.1/1-30 - ---—-- ACCCACCGAGACTTITCTCGGCAAATTITA - ---—-—~-
145790989057909901+uc001lxdo.1/1-12 - - == - - = CTTTTCTGETGTT — === === == m e e e e e e e e e e = =
145791008257910141+uc001xde.1/1-60 AAATGCACTTTITICTGTCTITITCTITGCAAAGCAGAAGTAT - - -
145730852357908564+uc001xdo.1/1-42 - ---TTACAACCACAGAAAGCACTCAACTGGTITIGACATTGCT
145790876057908776+uc001lxdo.1/1-17 - - —--—-- === -- -~ AATAAAGCTITTICAGGTG —~———-=—==—=== ===
62635487926354887-uc003nhf.1/1-9 - - - === === —-—-~— CCGETHEEGE - - - - - --—-—-——=——-———-—=

Consensus*

TTAATTAACCACAAAGACTITICTCAGAAAC+CCAARATITGTT

Figure S2. HCEs in 3’UTR of chromosome assembly genes identify SLBP binding
sites.

A significant fraction of HCEs found in the 3’'UTR of genes belonging to the chromosome
assembly functional group was noticed to harbor a sequence corresponding to the binding
motif of the stem-loop binding protein (SLBP), which is known to bind to the 3’'UTR of
histone genes and to stabilize the mRNA in order to compensate for the absence of a
poly(A) tail. This stabilization mechanism is known to be heavily conserved and can thus
be considered as a benchmark for our HCE identification method. Here the ClustalWw2
alignment of these HCEs with the SLBP binding motif (the first sequence in the alignment)
is displayed.
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Figure S3. *H-NMR spectrum of SL (top) and NF (bottom). Only the downfield portion of
the spectra are displayed for better visualization of the imino/amino-proton region. Spectra

were acquired at 5 °C on 0.1 mM samples in 10 mM phosphate buffer, pH 7, and 10 mM

NacCl. Imino proton peaks are labeled by numbers.
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Figure S4. Temperature dependence of the *H-NMR spectrum of SL. Only the imino-

proton region is displayed. Spectra were acquired with the same acquisition parameters on
0.1 mM samples in 10 mM phosphate buffer, pH 7, and 10 mM NacCl.
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Figure S5. Concentration dependence of the 'H-NMR spectrum of SL. Only the
downfield portion of the spectra are displayed for better visualization of the imino/amino-
proton region. Spectra were acquired at 5 °C on 0.1 mM (top) and 1.0 mM (bottom)

samples in 10 mM phosphate buffer, pH 7, and 10 mM NacCl.
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