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ABSTRACT

Single-strand selective uracil-DNA glycosylase 1
(SMUGH1) initiates base excision repair (BER) of
uracil and oxidized pyrimidines. SMUG1 status has
been associated with cancer risk and therapeutic
response in breast carcinomas and other cancer
types. However, SMUG1 is a multifunctional protein
involved, not only, in BER but also in RNA qual-
ity control, and its function in cancer cells is un-
clear. Here we identify several novel SMUG1 interac-
tion partners that functions in many biological pro-
cesses relevant for cancer development and treat-
ment response. Based on this, we hypothesized that
the dominating function of SMUG1 in cancer might
be ascribed to functions other than BER. We define
a bad prognosis signature for SMUG1 by mapping
out the SMUG1 interaction network and found that
high expression of genes in the bad prognosis net-
work correlated with lower survival probability in ER*
breast cancer. Interestingly, we identified hsa-let-7b-
5p microRNA as an upstream regulator of the SMUG1
interactome. Expression of SMUG1 and hsa-let-7b-

5p were negatively correlated in breast cancer and
we found an inhibitory auto-regulatory loop between
SMUG1 and hsa-let-7b-5p in the MCF7 breast cancer
cells. We conclude that SMUG1 functions in a gene
regulatory network that influence the survival and
treatment response in several cancers.

INTRODUCTION

Single-strand selective uracil-DNA glycosylase 1 (SMUG1)
forms the Family 3 of uracil-DNA glycosylases and is
present in vertebrates, insects and some eubacteria (1,2). Al-
though structurally related to two other uracil-DNA gly-
cosylases, uracil-DNA glycosylase (UNG) and thymine—
DNA glycosylase (TDG), the SMUGI1 amino acid se-
quence diverges substantially,. SMUGT initiates repair of
DNA base damage via the base excision repair (BER) path-
way, removing uracil, both from single-stranded DNA as
well as U:G mismatches and U:A pairs (3), and several
pyrimidine oxidation products (e.g. S5-formyluracil (4,5),
5-carboxyuracil (6) and 5-hydroxymethyl uracil (5-hmU)
(5,7,8)). SMUGT has pan-nuclear localization with some
enrichment in subnuclear structures, like nucleoli and Cajal
bodies (9). We recently showed that UNG and SMUGT act
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synergistically with respect to uracil repair in mouse (10),
which shows that SMUGT is important for uracil repair in
vivo.

Depending on their origin, SMUGI1 substrates may
have high mutagenic potential: uracil arising from cytosine
deamination gives mutagenic U:G pairs which give rise to
C-to-T transitions upon replication. A small, but additive
mutagenic effect was found upon suppressing SMUGT1 ex-
pression in Ung~/~ mouse embryonic fibroblasts (MEFs)
(10). Whole genome sequencing of thymic lymphomas aris-
ing in Ung/Smug]-deficient mice showed that loss of uracil
BER led to both an expected accumulation of C-to-T
transition mutations and a noticeable increase in transver-
sion mutations at A:T base pairs likely contributed by
mismatch repair (10). This suggests that SMUGI has a
role in protecting the genome from spontaneous muta-
tions, but the impact on mutation accumulation is rather
modest.

When present in U:A pairs, uracil is read by replica-
tive polymerases as a cognate T:A pair. Similarly, when 5-
hmU is present in a 5-hmU:A base pair after direct oxi-
dation of thymine it will likely not be mutagenic (11), but
it might affect the binding of proteins such as transcrip-
tion factors (12,13). The observation that C-to-T mutations
in Ung/Smugl-deficient mice was found primarily in CpG
dinucleotides suggests that SMUG]1 might, indirectly, af-
fect gene regulation. Similarly, the SMUGT substrate 5-
hmU, which might form as an intermediate of oxidative
demethylation of 5-methylcytosine (5-mC) (14), might influ-
ence gene expression through epigenetic regulation. Thus,
SMUGTI1 might influence cancer risk directly through an
anti-mutagenic function and indirectly through gene regu-
lation.

Interestingly, several studies indicate that SMUGT status
is associated with modified cancer risk and response to ther-
apy (15-17). Although SMUGT appears to be constitutively
regulated during the cell cycle (15), it is up-regulated in
breast cancer and in breast cancer cell lines (overexpressed
in 167 of 210 analyzed cancer cell lines, EMBL-EBI Gene
expression Atlas, http://www.ebi.ac.uk/gxa/). Previous an-
tibody based staining of breast cancer tissue arrays, sug-
gested that low SMUGT expression was correlated with ag-
gressive breast cancer (16) and served, both, as an inde-
pendent prognostic biomarker in ER* breast cancers and
as predictive marker for response to adjuvant chemother-
apy (17). Potentially regulatory single-nucleotide polymor-
phisms within the SMUGT gene were identified as indepen-
dent prognostic factors that predicted poor survival in colon
cancer (18,19) and as risk modifiers in bladder (20) and cer-
vical carcinoma (21). Recently, analyses of tumor sequenc-
ing data indicated that mutations in the SMUGT! promoter
correlate with an increase in C-to-T mutations in breast and
colorectal cancer as well as melanoma (22). Hence, there
are indications that SMUG1 expression might affect risk of
cancer development and response to adjuvant therapy. The
mechanisms behind these observations remains unknown,
as current evidence suggests that the impact of SMUGI on
spontaneous mutagenesis is modest. Evidence from our lab-
oratory indicates that SMUGTI might have a general func-
tion in RNA metabolism (9,23). Thus, SMUGT appears as
a multifunctional protein, potentially affecting many cellu-

lar functions including carcinogenesis, cancer pathogenesis
and evolution.

The present work aimed at exploring the association of
SMUGTI expression with tumor progression and chemore-
sistance. We define a bad prognosis signature in different
cancer types by mapping out a SMUGTI interaction net-
work and identify the existence of an auto-regulatory loop
between SMUGT and let-7b-5p in breast cancer. As let-7-5p
is an established risk modulator in breast cancer, it is likely
that SMUGT also modulates cancer risk and response to
therapy through the regulation of gene expression.

MATERIALS AND METHODS
Cell lines

MCF7, MDA-MB-231, BT-474 and Hela cell lines were
grown in Dulbecco’s modified Eagle’s medium, Gluta-
MAX (DMEM, Life Technologies) supplemented with
10% (vol/vol) fetal bovine serum (FBS, Lonza) and 1x
penicillin—streptomycin (Life Technologies) whereas ZR-
751 cells were cultured in Roswell Park Memorial Institute
1640 medium (RPMI1640, Life Technologies) containing
10% (vol/vol) FBS and 1x penicillin/streptomycin. Cells
were grown at 37°C with 5% CO,.

CRISPR-Cas9-mediated generation of stable SMUGI
knockout (KO) cells

The stable SMUGT1 knockout (KO) cell lines (MCF7 and
MDA-MB-231) were generated using CRISPR-Cas9 tech-
nology. Alt-R® CRISPR-Cas9 system (Integrated DNA
Technologies) was used according to the manufacturers’
instructions. Briefly, the gRNA targeting the exon 3 of
SMUGT1 was created by annealing a tracrRNA (Integrated
DNA Technologies) with SMUGT1 specific crRNA (Inte-
grated DNA Technologies). The gRNA was then incubated
with HiFidelity Cas9 protein (Integrated DNA Technolo-
gies) to form individual ribonucleotide protein complexes
(RNPs). The cell lines were electroporated with RNPs and
seeded for colony formation. Electroporation was carried
out as per manufacturers’ instructions (Neon®) Transfec-
tion system, Thermo Fisher Scientific). After 10-15 days,
colonies were picked and plated into 96-well plates. Clones
emerging were collected and validated by sequencing (Eu-
rofins Genomics) and by western blotting. The sequence of
crRNA used for generating SMUGT1 KO cells is provided
below:-SMUG!1 crRNA: 5-GGGCATCATCTACAATC
CCGGTTTTAGAGCTATGCT-3

DNA, miRNA and siRNA transfections

For overexpression and siRNA experiments, cells were
seeded onto 6-well plates and transfected 24 h later. The
construct used for SMUG]I overexpression was pcDNA3.1-
SMUGI-Flag (Genscript) or pPEYFP-N1-SMUGT (Clon-
tech); an empty vector was used in control transfections.
For the rescue experiments, cells were electroporated with
the Neon Transfection system (Life Technologies) following
the manufacturers’ instructions; the constructs used were
pHH25-SMUGT1, pHH25-SMUGT1 E29/31R or pHH25-
SMUGI1 H239L (23). For siRNA experiments, either a
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scrambled control or SMUGI specific siRNAs were used
(Ambion). For miRNA transfections, hsa-let-7b-5p mimic
or inhibitor and negative control miRNAs were used (Life
Technologies). FuGENE®) 6 (Roche), Lipofectamine™
3000 and Lipofectamine™ RNAIMAX (Invitrogen) trans-
fection reagents were used as per manufacturer’s indica-
tions. Transfected cells were harvested 24 or 72 h after trans-
fection (siRNA treated).

Yeast-two hybrid (Y2H) screen

ULTImate Y2H screening was performed at Hybrigenics
Services per their standard protocols. Briefly, the coding se-
quence for full-length human SMUG1 (NM_001243787.1;
aa 1-270) was PCR-amplified and cloned into pB29 plas-
mid (N-bait-LexA-C fusion) as a carboxy (C)-terminal fu-
sion to LexA (LexA-SMUGT). The pB29-LexA-SMUGI
construct was used to screen a random primed human
breast tumor epithelial cell cDNA library (RP1) cloned into
the pB43 plasmid (N-bait-GAL4-C fusion). Each screen
was performed to ensure a minimum of 50 million interac-
tions tested.

Co-immunoprecipitation

Co-immuprecipitation experiments were carried out as pre-
viously described (9). Briefly, 2 x 107 cells were harvested
and washed twice with ice-cold PBS. Cells were suspended
in 500 wl lysis buffer (20 mM Tris—HCI pH 7.5, 400 mM
KCl, 20% glycerol, 1 mM DTT, 1x Complete EDTA-free
protease inhibitor cocktail) and incubated on ice for 10 min
before three freeze-thaw cycles in liquid N, and ice. Cellu-
lar debris were discarded by centrifugation at 15 000 x g
for 15 min at 4°C and the whole cell extract was dialysed
overnight at 4°C against 1 1 dialysis buffer (25 mM Tris—HCI
pH 7.5, 5 mM MgCl,, 100 mM KCI, 10% glycerol, 1 mM
DTT, 0.5 mM PMSF). Approximately 1 mg cell lysate was
used per immunoprecipitation. The cell lysates were prelim-
inary treated with 160 U DNase [-R Nase free for 30 min at
30°C. The cell lysates were then incubated with 50 wl anti-
GFP antibody (Roche) overnight at 4°C. The following day,
40 pl Protein G Sepharose™ 4 Fast Flow (GE Healthcare)
pre-equilibrated with IP buffer (25 mM Tris—HCI pH 7.9,
5 mM MgCl,, 10% glycerol, 0.1% NP-40, 1 mM DTT, 1x
Complete EDTA-free protease inhibitor cocktail) contain-
ing 100 mM KCl was added and gently mixed for 2 h at 4°C.
Immune complexes were washed three times with IP buffer
containing 150 mM KCI and two times with IP buffer con-
taining 100 mM KCI, each for 5 min at 4°C. Immunopre-
cipitates were boiled in SDS-sample buffer (25 mM Tris—
HCI pH 6.8, 2% SDS, 10% glycerol, 0.05% bromophenol
blue, 5% 2-mercaptoethanol) for 5 min, separated by SDS-
polyacrylamide gel electrophoresis (PAGE), stained in col-
loidal Coomassie blue and subject to mass spectrometry.

Liquid chromatography—mass spectrometry (LC-MS) and
protein identification

Immunopurified proteins from total cell extracts from
HeLa cell clones expressing the ectopic SMUG1-eGFP-
tagged protein or transfected with the empty vector
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were processed in parallel. After staining with colloidal
Coomassie blue, Coomassie G-250 stained gel pieces were
in-gel digested with 0.2 g trypsin (Promega) for 16 h at
37°C. The digestion was stopped by adding 5 .1 50% formic
acid and the generated peptides were purified using a Zip-
Tip C18 (Millipore), and dried using a Speed Vac concen-
trator (Concentrator Plus, Eppendorf). The tryptic peptides
were dissolved in 10 pl 0.1% formic acid/2% acetonitrile
and 5 pl analyzed using an Ultimate 3000 nano-HPLC sys-
tem connected to a LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific) equipped with a nanoelectro-
spray ion source. For liquid chromatography separation, an
Acclaim PepMap 100 column (C18, 3 wm beads, 100 A, 75
pm inner diameter, 15 cm length) (Dionex) was used. A flow
rate of 300 nL/min was employed with a solvent gradient of
4-35% B in 47 min, to 50% B in 20 min and then to 80% B
in 2 min. Solvent A was 0.1% formic acid and solvent B was
0.1% formic acid/90% acetonitrile. The mass spectrometers
were operated in the data-dependent mode to automatically
switch between MS1 and MS2 acquisition. Survey full scan
MS spectra (from m/z 300 to 2000) were acquired with the
resolution R = 60 000 at m/z 400 (LTQ-Orbitrap XL), af-
ter accumulation to a target of 1e6. The maximum allowed
ion accumulation times were 60 msec. The method used al-
lowed sequential isolation of up to six most intense ions, de-
pending on signal intensity (intensity threshold: 1.7e4), for
fragmentation using collision induced dissociation (CID) at
a target value of 10 000 charges in the linear ion trap of
the LTQ-Orbitrap XL. Target ions already selected for MS2
were dynamically excluded for 60 s. For accurate mass mea-
surements, the lock mass option was enabled in MS mode.

Data were acquired using Xcalibur v2.5.5 and raw files
were processed to generate peak list in Mascot generic for-
mat (*.mgf) using ProteoWizard. Database searches were
performed using Mascot in-house version 2.2.0 to search
the SwissProt database (Human, 20 411 proteins) assum-
ing the digestion enzyme trypsin, at maximum one missed
cleavage site, fragment ion mass tolerance of 0.6 Da, parent
ion tolerance of 10 ppm, oxidation of methionines, acety-
lation of the protein N-terminus, pyroglutamate formation
of N-terminal peptides with glutamine, and propionamide
formation of cysteines as variable modifications.

Proximity ligation assay (PLA)

After fixation with PFA 4% for 20 min at RT, Flag-tagged
SMUGT cells were permeabilized for 5 min in PBS 0.25%
(vol/vol) Triton X-100. Cells were incubated in blocking so-
lution (FBS 10% in TBS 0.1% [vol/vol] Tween-20) for 1 h at
RT. Incubation with primary antibodies (anti-Flag (Sigma-
Aldrich) and anti-SFPQ (Abcam), anti-MATR3 (Abcam),
anti-RPLPO (Abcam), anti-NPM1 (Abcam) or anti-DNA
Ligase I (Abcam) diluted 1:200 in blocking solution) was
carried out overnight at 4°C. After three washes in PLA
Washing buffer A, PLA was performed following the manu-
facturer’s protocol. Briefly, PLUS and MINUS PLA probes
were diluted 1:5 in Duolink® Antibody diluent and added
to the coverslips for 1 h at 37°C. Cells were washed twice
in PLA Washing buffer A and the ligation step (ligase di-
luted 1:40 in Ligation buffer 1x) was carried out for 30 min
at 37°C followed by amplification (Polymerase diluted 1:80
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in Amplification buffer 1x) for 100 min at 37°C. Cover-
slips were washed twice in PLA Washing buffer B for 10
min each, in PLA Washing buffer A for 1 min and coun-
terstained for SFPQ, MATR3, RPLPO or DNA Ligase I,
incubating the cells with Alexa Fluor 488 conjugated anti-
rabbit (Life Technologies) for 2 hr at RT. Cells were washed
twice in PLA Washing buffer A for 2 min, rinsed with PLA
Washing buffer B 0.01x and mounted with Prolong Dia-
mond Antifade mounting medium. Technical control, rep-
resented by the omission of the anti-Flag antibody, resulted
in loss of PLA signal.

Antibodies for immunofluorescence and immunoblotting

Primary antibodies used for immunofluorescence were
SFPQ (1:200, Abcam), MATR3 (1:200, Abcam), RPLPO
(1:500, Abcam), DNA Ligase I (1:200, Abcam), NPM1
(1:500, Abcam) and Flag (1:200, Sigma-Aldrich). Sec-
ondary antibody for immunofluorescence (Alexa Fluor 488
conjugated goat-anti-rabbit) was purchased from Life Tech-
nologies. Immunoblotting was carried out using the follow-
ing antibodies: SMUGT1 (1:2000, Abcam) and «-Tubulin
(1:3000, Sigma-Aldrich) or GAPDH (1:2000, Cell Signal-
ing Technology) as loading controls.

Western blot

Whole-cell lysates were prepared in RIPA buffer [10 mM
Tris—HCI (pH 8.0), 140 mM NaCl, 1 mM EDTA (pH 8.0),
0.5 mM EGTA, 0.1% SDS (wt/vol), 0.1% sodium deoxy-
cholate (wt/vol) and 1% Triton X-100 (vol/vol)] contain-
ing protease inhibitors (Sigma-Aldrich). Protein extracts
were run on any kD Mini-PROTEAN TGX precast gel
(Bio-Rad) and blotted on nitrocellulose membrane. Blots
were blocked in 5% non-fat milk dissolved in 1x PBS, 0.1%
Tween-20 (blocking solution). After the incubation with the
specific primary antibody, secondary antibody incubation
was carried out for 1 h (1:3000 in blocking solution) at RT.
Blots were developed with SuperSignal West Pico Chemi-
luminescent substrate (Thermo Scientific). The chemilumi-
nescent signals were detected with a ChemiDoc Imaging
system (BioRad).

RNA isolation and gPCR

Total RNA was isolated with miRNeasy mini kit (Qiagen)
following the manufacturer’s instructions. Reverse tran-
scription was performed using High-Capacity cDNA Re-
verse Transcription kit (Applied Biosystems). Quantitative
PCR was carried out on a QuantStudio 7 Flex detection
system (Applied Biosystems) with the Power SYBR green
PCR master mix (Applied Biosystems). Each sample was
analysed in triplicate. Primer sequences are provided in Sup-
plementary Table S1.

microRNA specific qPCR assay (miQPCR)

microRNA specific qPCR assay was performed as de-
scribed previously (24) with minor modifications. Briefly,
following treatment of MCF7 with siRNAs or miRNAs,
cells were rinsed in PBS, scraped from the wells and lysed

in 700 wl of Qiazol. Cellular RNAs were isolated using the
miR Neasy mini kit (Qiagen) by following manufacturer’s
instructions. For elongating miRNAs, 1 g of total RNA
was diluted in 4 wl of nuclease free water, mixed with 4 .l
of Elongation mix (1x T4 Rnl2 Buffer (New England Bio-
labs), 5 puM MgCl,, 15% PEG 8000, 1.5 pM miLINKER
(Integrated DNA Technologies), 4U RNase inhibitor (Life
Technologies) and 40U Rnl2tr K227Q (New England Bio-
labs)) and incubated for 2 h at 25°C. At the end of the in-
cubation, 12 pl of cDNA Synthesis mix (1x RT buffer, 2 wl
mQ-RT primer (Life technologies), 1x dNTPs, 1 pnl Mul-
tiScribe™ Reverse Transcriptase and 6 pl of nuclease free
water) were added to each sample and reverse transcription
was carried out as per manufacturer’s instructions. cDNAs
were then diluted 200 times and qPCR /ddPCR assays were
performed. Primer sequences are provided in Supplemen-
tary Table S2.

Metabolic labeling

MCEF7 cells silenced for SMUGI or treated with con-
trol siRNAs (72 h) were pulsed for three hours with 4-
thiouridine (4sU, Sigma) at a final concentration of 150
wM. After 3 h, media was changed in normal DMEM High
Glucose and cell pellets collected at different time points (up
to 12 h).

microRNA half-life measurement

Total RNA was isolated using the miR Neasy kit (Qiagen)
following the manufacturer’s procedure. The protocol fol-
lowed for the half-life measurement was performed as de-
scribed previously (25) with few modifications. Briefly, 100
g 4sU-labeled RNA were used for the biotinylation reac-
tion. Biotinylation reactions were carried in labeling buffer
(10 mM Tris pH 7.4, 1 mM EDTA pH 8.0) and 0.2 mg/ml
EZ-Link Biotin-HPDP (Pierce) for 2 h at 25°C. Unbound
Biotin-HPDP was removed by chloroform/isoamylalcohol
(24:1) extraction using MaXtract (high density) tubes (Qi-
agen), following the kit procedure. RNA was precipitated
adding an equal volume of isopropanol and 1:10 volume of
SM NacCl; samples were then centrifuged 17 000 x g for
20 min. The pellet was washed with an equal volume of
75% ethanol and precipitated again at 17 000 x g for 10
min. The pellet was resuspended in 100 nl R Nase-free wa-
ter. Biotinylated RNA was captured using Dynabeads My-
One Streptavidin T1 beads (Invitrogen). Biotinylated RNA
was incubated with 100 pwl Dynabeads with rotation for 15
min at 25°C. Beads were magnetically fixed and washed
with 1 x Dynabeads washing buffer (5 mM Tris pH 7.5,
0.5 mM EDTA pH 8.0 and 1M NaCl). cDNA synthesis of
the captured RNA-4sU was performed on beads using the
SuperScript VILO cDNA synthesis kit (Life technologies),
adding in the mastermix the RT probe for TagMan(@®) Assay
for hsa-let-7b-5p (Life Technologies).

digital droplet PCR (ddPCR)

The cDNA was assayed via ddPCR using Droplet Digital
PCR QX system (Bio-Rad). Briefly, the cDNA was added
to a 20 wl PCR mixture containing 10 wl 2x QX200 ddPCR



Supermix for Probes (No dUTP) (Bio-Rad) and 1 wl of
TagMan® Assay for hsa-let-7b-5p (Life Technologies). 20
pl of PCR mixture and 70 pl Droplet generation oil for
Probe (Bio-Rad) were mixed. Droplets were generated us-
ing a QX100 Droplet Generator (Bio-Rad). The following
PCR conditions were used: after enzyme activation at 95°C
for 10 min, 40 cycles at 94°C for 30 s and 60°C for 1 min
were followed by 1 step at 98°C for 10 min. Reactions were
read in the QX200 Droplet Reader (Bio-Rad).

RNA co-immunoprecipitation assay

RNA immunoprecipitation assay was performed as de-
scribed previously (9) with minor modifications. Briefly,
cells were washed twice in PBS and cross-linked in 1%
formaldehyde—1x PBS for 10 min at room temperature.
Glycine (pH 2.5) was added to 0.2 M in order to quench
the reaction before washing the cells twice with ice-cold
PBS. Cells were lysed in lysis buffer A [S0 mM HEPES (pH
7.8), 1 mM EDTA (pH 8.0), 1% Triton X-100 (vol/vol),
EDTA-free protease inhibitor complex] and sonicated for
10 cycles with 30 s ON and 30 s OFF per cycle using a
Bioruptor (Diagenode). The sonicated lysate was diluted
in 1 volume of lysis buffer B [SO mM HEPES (pH 7.8), 1
mM EDTA (pH 8.0), 50 mM MgCl,, 10 mM CacCl,, 0.4
U/l RNaseOUT recombinant ribonuclease inhibitor (In-
vitrogen)]. DNA was digested with DNAse I RNAse free
(Life Technologies) at 37°C for 15 min and digestion was
stopped adding 20 mM EDTA (pH 8.0). The lysate was cen-
trifuged at 4°C for 5 min at 20 000 x g. The supernatant
was incubated with SMUGI1 and normal rabbit IgG co-
valently coupled to Protein G dynabeads (Invitrogen). The
RIP was performed at 4°C overnight. Beads were washed
once with Binding buffer [50 mM HEPES (pH 7.8), 20
mM EDTA (pH 8.0), 0.5% Triton X-100 (vol/vol), 25 mM
MgCl,, 5 mM CacCl,], FA500 buffer [S0 mM HEPES (pH
7.8), 1 mM EDTA (pH 8.0), 1% Triton X-100 (vol/vol), 500
mM NaCl, 0.1% Na-deoxycholate (wt/vol)], LiCl buffer
[10 mM Tris—HCI (pH 7.5), 1% Triton X-100 (vol/vol), 1
mM EDTA (pH 8.0), 250 mM LiCl, 0.5% Na-deoxycholate
(wt/vol)] and TES buffer [10 mM Tris-HCI (pH 7.5), | mM
EDTA (pH 8.0), 10 mM NaCl]. RNA-protein complexes
were eluted twice with 2.5 bead volumes of Elution buffer
[100 mM Tris—HCI (pH 7.8), 10 mM EDTA (pH 8.0), 1%
SDS (wt/vol)] for 10 min at 37°C. RNA-protein complexes
and input samples were reverse-crosslinked with 200 mM
NacCl for 1 h at 65°C and incubated at 42°C for 1 h after
adding 20 pg proteinase K. The RNA was extracted with
Trizol solution (Invitrogen) and analyzed by qPCR as per-
centage of input.

Colony formation assay

MCF7 cells silenced for SMUGI, treated with hsa-let-7b-
S5p mimic miRNA (24 hr), or SMUG1 KO cell lines (MCF7
and MDA-MB-231) were harvested and seeded as single-
cell suspension in six multi-well plates (1000 cells/well for
MCF7 and 400 cells/well for MDA-MB-231). Cells were in-
cubated at 37°C with 5% CO,; for twelve days. Cells were
then fixed and stained with 0.3% crystal violet (Sigma-
Aldrich) in 70% ethanol for 30 min at RT. The number of
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colonies were counted. Six wells were set up per each con-
dition.

Wound healing assay

MCEF7 cells silenced for SMUGI, treated with hsa-let-7b-
5p mimic miRNA (48 h), or MCF7 SMUGT1 KO cell lines
were serum starved for 16 h. A scratched area was created
using a sterile 200 wl pipette tip and cells were incubated in
complete medium for 48 h. The migration capacity of the
cells into the wound area was monitored by acquiring im-
ages with an inverted microscope at different time points
(0, 6, 24, 36 and 48 h). Wound closure was quantified by
measuring the wound area at the different time points using
Image] software and presented as the percentage relative to
the initial scratched area.

Cell cycle analysis

0.5 x 10 SMUGT knock-down cells (MCF7) or SMUG1
KO cell lines (MCF7 and MDA-MB-231) were collected,
washed once in cold PBS and fixed in ice-cold 70% ethanol.
Cells were stored overnight at —20°C. The cells were cen-
trifuged, washed twice in cold PBS and stained with a solu-
tion containing 0.04 mg/ml propidium iodide (PI, Sigma-
Aldrich), 0.1 mg/ml ribonuclease A (Sigma-Aldrich) in
PBS. Samples were incubated at 25°C for 30 min in the dark.
Cell cycle distribution was determined by flow cytometry
analysis (FACSCanto™ II, BD Biosciences). Cells were ana-
lyzed using FlowJO™ v10.8 software (BD Biosciences). For-
ward scatter (FSC-A) and side scatter (SSC-A) were used
to identify cell population while PI fluorescence pulse area
(PI-A) and PI fluorescence pulse width (PI-W) were used
to identify single cells. Cell cycle distribution were analyzed
in PI histogram plots. Data is available in FlowRepository
under the following accession codes: FR-FCM-Z5F8 (Cell
cycle analyses on MCF7 siSMUGT1), FR-FCM-Z5FA (Cell
cycle analyses on MCF7 overexpressing hsa-let-7b-5p), FR-
FCM-Z5FC (Cell cycle analyses on MCF7 SMUGT1 KO),
and FR-FCM-Z5FD (Cell cycle analyses on MDA-MB-
231 SMUGI1 KO).

Transwell migration assay

WT and SMUGI KO MDA-MB-231 cells were serum
starved for 16 h, trypsinized and resuspended in serum-free
medium. Cells were seeded 5 x 10* cells/well in the upper
chamber of a 24-well insert with 8-um membrane (Corn-
ing). Growth medium supplemented with 15% FBS was
used as an attractant in the lower chamber. After 24-h incu-
bation, cell migrated through the membrane were fixed and
stained with 0.3% crystal violet (Sigma) in 70% ethanol for
30 min at RT. Images were captured by microscope using a
10x magnification and six random fields were counted.

Analysis of cell displacement

MCF7 cells (WT and SMUGT1 KO clones) were seeded at
sub-confluent density (2 x 10* cells/well) in collagen IV-
coated 96-well glass bottom plates (Merck). Coating was
carried out by treatment of each well with 20 pg/ml of col-
lagen IV (Merck) in PBS at 4°C for 20 h. After seeding,
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the plates were placed in a CO, incubator for 6 h to allow
cells to attach to the collagen-coated glass surface. Subse-
quently, cells were placed in an ImageXpress Micro Confo-
cal high-content microscope controlled by the MetaXpress
6 software and equipped with an environmental chamber
maintaining 5% CO; and 37°C (Molecular Devices). Time
lapse series of phase contrast images were acquired using a
20 x 0.45 NA Phl air objective, camera binning = 2, a frame
rate of 3 min between frames and a total imaging period of
12 h. Time lapse series were analyzed by particle tracking
using the TrackMate plugin in Fiji ImagelJ (26,27) in combi-
nation with an in-house Python-based script (Python 3.7.6).
Average displacement speed was calculated as the average of
all tracked cell displacements within a 12 h period of imag-
ing.

SMUGI1-PPI network construction

The list of SMUG 1 -interacting partners was used to con-
struct the corresponding PPI network by defining the in-
teractions between the partners using the InWeb_InBioMap
tool, applying the suggested parameters (28). The SMUG1-
PPI network was represented as an undirected graph (i.e.
nodes and edges symbolize proteins and interactions be-
tween them, respectively), and it was visualized via Cy-
toscape (v3.6.1) (29). The network enrichment analysis was
performed using the ClueGO tool, using standard parame-
ters (30). The hubs of the network were obtained by using
the Cytohubba tool based on the global metric, between-
ness centrality (31).

Tumor datasets and differential gene expression analysis

The differential gene expression results from TCGA and
normal datasets (GTEX data) for the genes encoding the
proteins in the SMUGI-PPI network were obtained via the
GDC data portal hub (https://portal.gdc.cancer.gov/, last
accessed July 2018). In order to better estimate the differ-
entially expressed genes between the tumor and the corre-
sponding normal datasets, we obtained ‘in-silico empirical’
negative controls, i.e. the least significantly DE genes based
on a first-pass DE analysis performed prior to RUVg nor-
malization (32). Pearson correlations were calculated be-
tween the gene expression profiles of SMUG1 and SMUGI1 -
PPI in cancer patients or in the control groups using the
stats package inside the R /Bioconductor environment.

Pathway enrichment analysis for SMUG]1 correlated genes
in TCGA-BRCA

The list of genes positively and negatively correlated
with SMUGTI in breast cancer RNA-seq data (TCGA-
BRCA, n = 1034; SCAN-B/GSE96058, n = 3273; SCAN-
B/GSE81538, n =405, for a total patients n = 4712) was ob-
tained using the online correlation module of Breast Can-
cer Gene Expression Miner dataset v4.3 (http://bcgenex.
ico.unicancer.fr/BC-GEM/GEM-Requete.php) (33). Path-
way enrichment analysis was done using g:Profiler (34) and
visualized with the Cytoscape Enrichment Map application
(35) as described in (36). Clusters of nodes were labelled us-
ing the AutoAnnotate Cytoscape application (37).

SMUG1 mRNA-hsa-let-7b-5p/hsa-let-7c-5p correlations in
TCGA

Normalized mRNA and miRNA expression data, together
with clinical data (PAMS50 subtypes and estrogen receptor
(ER) status) for the TCGA cohort, were downloaded from
the Xena browser (https://xenabrowser.net/datapages/). Al-
together, 747 tumor samples had matching mRNA and
miRNA data. Spearman’s rank correlation was used to
compute the correlation between SMUGI mRNA and
miRNA expression. Spearman’s rank correlations between
SMUGT1 and hsa-let-7b-5p/hsa-let-7c-5p expression were
computed in R and visualized as dot plots (https://www.R-
project.org/).

Survival analysis

For the TCGA-BRCA dataset, differentially expressed
genes (multiple correction adjustment using the Benjamini—
Hochberg method, P,gj < 0.05; absolute log fold change dif-
ference > 1) corresponding to SMUGTI interacting part-
ners and SMUGI1 median expression were used to per-
form survival analyses. Kaplan—Meier plots were drawn us-
ing the RTCGA Bioconductor package, which uses max-
imally selected rank statistics (maxstat) to determine the
optimal cutpoint for continuous variables. Samples strat-
ification was done within the 30-70% percentile range
of gene expression by the optimal cutpoint value. The
Benjamini-Hochberg method was used for p-value correc-
tion of Kaplan—Meier plots.

miRNA regulators analysis

miRNAs targeting the gene sets for selected cancer-specific
PPI sub-modules were retrieved by miRWalk (38). Only ex-
perimentally validated miRNAs (from Mirtarbase) having
miRWalk score higher than 0.95 were selected. The func-
tional enrichment analysis of miRNAs was achieved by us-
ing mirPath v3.0 from the DIANA Tools (39).

Breast cancer cohort for SMUGI1 and hsa-let-7b-5p expres-
sion

Formalin-fixed, paraffin-embedded breast tumor samples
from 66 breast cancer patients were collected at Akershus
University Hospital, Norway. Individual data and informa-
tion on primary and advanced disease were collected from
electronic health records and treated anonymously accord-
ing to strict privacy standards. Ethical permission for this
study was approved by the regional ethical committee of
south-east Norway (No. 2014-895).

Chromogenic in situ Hybridization (CISH)

Chromogenic in situ Hybridization (CISH) for hsa-let-7b-
5p was carried out using miRNAscope™ HD Assay Red
(ACD). Briefly, 4 pm-thick FFPE tissue sections were
baked in dry oven for 1 h at 60°C. Sections were deparaf-
finized in xylene, and post-fixed in 10% neutral buffered for-
malin overnight, followed by RNAscope®) hydrogen per-
oxide incubation for 10 min. Heated target retrieval was
perfomed in RNAscope®) 1x Target Retrieval Reagent
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for 15 min. Sections were then transferred into ACD EZ-
Batch™ slide holder and incubated with RNAscope®) Pro-
tease Plus at 40°C for 30 min within HybEZ™ Humidify-
ing system. Hsa-let-7b-5p probe (ACD) were then added
for 2 h at 40°C. miRNAscope™ Positive Control Probe-SR-
RNU6-S1 and miRNAscope™ Negative Control Probe-SR-
Scramble-S1 were added on separate FFPE control slides
for 2 h at 40°C. Signal amplification Amp1-6 were applied
sequentially and incubated 15 or 30 min according to the
manufacturer’s instruction. Fast red working solution was
added for 10 min to detect the red signal. The samples were
then counterstained with hematoxylin and mounted with
EcoMount. Whole slide images were scanned at 40x using
Aperio ScanScope AT. Tissue sections were examined un-
der a standard bright field microscope at 40 x magnification
and scored by semi-quantitative scoring guideline utilizing
the estimated number of punctate dots present within each
cell boundary (score 0, no staining or less than 1 dot/cell;
score 1, 2-10 dots/cell; score 2, 11-20 dots/cell and score 3,
>20 dots/cell).

Immunohistochemistry (IHC) for SMUG1

Briefly, antigen retrieval was performed with EnVision™
FLEX Target Retrieval Solution, low pH (Dako) for 20 min
at 97°C in PT-Link station (Dako); endogenous peroxidase
activity was quenched by incubating the slides in EnVision™
FLEX peroxidase blocking reagent (Dako) for 10 min; miR-
NAscope™ Negative Control Probe-SR-Scramble-S1 was
added for 2 h at 40°C; Protein block (Histolab) was incu-
bated for 10 min; then SMUGT1 (Origene) was diluted 1:200
in 5% bovine serum albumin (BSA, Merk) and slides were
incubated for 1 h at 40°C; donkey anti-goat IgG-HRP sec-
ondary antibody (Santa Cruz) was diluted 1:1000 in 5%
BSA and added on slides for 1 h at RT; at last, sections
were reacted with 3,30-diamino-benzidine tetrahydrochlo-
ride (DAB) solution (Dako) for 10 min and counterstained
with hematoxylin (Dako) for 10 min. The total scores of
SMUGT1 were calculated by multiplying the staining in-
tensity for the individual scores of the positive cells (40).
Scores of positive cells were defined as: 0 (<5%); 1 (5-24%));
2 (25-49%); 3 (50-74%) and 4 (>75%). Staining intensity
scores were defined as follows: weak (1 point); medium (2
points); and strong (3 points). The total score is divided
into the following levels: —, 0 points; +, 1-4 points, ++, 5—
8 points; +++, >9 points where ‘—’ and ‘+’ are considered
low expressions, and ‘++’ and ‘+++” high expressions. The
IHC results were evaluated by two independent pathologists
blinded of clinical information.

Quantification and statistical analysis

All quantified data are presented as mean + s.e.m.,
mean =+ s.d. and fold change unless stated otherwise (re-
fer to figure legends for detailed information). Student t-
test or one-way ANOVA were used to assess the statistical
significance in GraphPad Prism 7 (GraphPad software). A
P <0.05 was considered as statistical significant. P values
were indicated with asterisks. Replicates, statistical tests car-
ried out and statistical significances are reported in the cor-
responding figure legends.
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The Kaplan—Meier estimator and log-rank tests were per-
formed using the functions Surv, survfit, and survdiff (R
package survival v2.42-3). In the box-and-whisker plots,
the line within each box represents the median. Upper and
lower edges of each box represent 75th and 25th percentile,
respectively. The whiskers represent the lowest datum still
within [1.5 x (75th — 25th percentile)] of the lower quartile
and the highest datum still within [1.5 x (75th — 25th per-
centile)] of the upper quartile.

RESULTS
SMUGTI expression is increased in ER positive breast cancer

Reduced levels of SMUGI mRNA and protein were pre-
viously correlated with increased aggressiveness and poor
prognosis in primary breast cancers, pointing at SMUGT as
a possible negative prognostic marker for adjuvant therapy
in breast tumors (16). However, previous studies showed
a very modest increase in spontaneous mutagenesis when
SMUGTI expression was suppressed in MEFs (41). This sug-
gested to us that the negative correlation between SMUGI1
and poor prognosis, if causal, might be ascribed to func-
tions of SMUGT other than its anti-mutagenesis properties.
To further explore the possible underlying mechanisms, we
first analyzed SMUGI expression levels in breast tumor vs
adjacent normal tissues in the TCGA-BRCA cohort (Fig-
ure 1). When considering all breast tumor samples as one
group we found increased SM UGI mRNA levels compared
to normal breast tissue (Figure 1A). As estrogen receptor
(ER) positive breast tumors have a very different biology
than ER negative tumors, we further stratified SMUG]I ex-
pression according to ER status and found that ER* tu-
mors showed significant increase of SMUGI mRNA levels
when compared to both ER™ and normal adjacent tissue
(Figure 1B and Supplementary Figure S1). Breast cancer-
specific mortality stratified by high or low SMUGI expres-
sion levels was assessed using Kaplan—Meier plots (Fig-
ure 1C and Supplementary Figure S2). Surprisingly, for the
breast cancer cohorts we analyzed (with at least 100 patients
included), low SMUGI mRNA expression levels were asso-
ciated with better survival compared to patients with high
levels of SMUGI. Although not always significant, the same
trend was observed in all 7 cohorts analyzed (Figure 1C and
Supplementary Figure S2). Interestingly, improved survival
with low SMUGI expression was more pronounced for ER*
samples (Figure 1C and Supplementary Figure S2). While
it is clear that patients with better prognosis tended to have
a lower SMUGI expression, it also appeared that SMUG!
expression alone cannot be used as an independent predic-
tor of survival for breast cancer as, in contrast to previously
reported (16), the multivariate cox regression analyses were
not significant. If SMUGT has an indirect role in cancer de-
velopment, we would expect its expression to be correlated
with gene expression programs associated with oncogene-
sis. Genes positively and negatively correlated with SMUG!
in breast cancer RNA-seq data were identified using the
online correlation module of Breast Cancer Gene Expres-
sion Miner dataset v4.3 (http://bcgenex.ico.unicancer.fr/
BC-GEM/GEM-Requete.php) (Supplementary Table SI,
worksheet ‘Gene_correlation_table’) (33). Gene ontology
(GO) analyses of these genes did not show any enrichment
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Figure 1. High SMUGT expression levels associate with poor overall survival in breast cancer cohort. (A, B) Boxplot representation of SM UGI expression
in TCGA-BRCA cohort in normal adjacent versus tumor samples (A); in ER*, ER ~versus normal adjacent samples (B). Kruskal Wallis p-value is denoted.
(C) Kaplan—Meier curves showing overall survival rates in TCGA-BRCA cohort with low (red) or high (blue) SMUG! expression in all, ER™ and ER*
patients. SMUGI median expression was used for patients stratification. Log rank test P-value is denoted.

for classical pathways associated with oncogenesis, point-
ing instead to mitochondrial electron transport and respi-
ratory processes as main pathways associated with genes
co-expressed with SM UG in breast cancer (Supplementary
Figure S3). In addition, also regulation of T cells, immune
response and fatty acid transport were enriched (Supple-
mentary Table SI, worksheet ‘GO _enrichment_table’).

Proteomic analysis of SMUGT1 interactors using mass spec-
trometry and yeast two-hybrid data

SMUGTI is a multifunctional protein involved in RNA qual-
ity control as well as in DNA repair (9,23,42). We therefore
investigated whether the functional impact of SMUGT! in
breast cancer might be defined, not only through SMUG1
expression, but also through the expression and activity
of the complex network of SMUGTI involving its inter-
acting partners. Although a few protein and RNA part-
ners of SMUGI are known (9,23), the SMUGT interac-
tome is still poorly defined, in particular with respect to
protein-protein interactions. Thus, to gain a deeper under-
standing of the possible role of SMUGI in breast can-

cer, we identified novel SMUGI interactors using yeast
two-hybrid (Y2H) and co-immunoprecipitation followed
by mass spectrometry approaches (Figure 2A). First, we
identified binary in vivo protein-protein interactions (PPI)
taking advantage of a high throughput Y2H screen us-
ing a breast cancer library as bait. To expand the dataset
of SMUGTI PPIs, the list of positive hits from the Y2H
screen (ELAVLI1, EXOC6 and GPN3) was complemented
with SMUGT-associated proteins identified through mass
spectrometric analyses following co-immunoprecipitation
of eGFP-SMUGTI in HeLa cells. In sum, a list of 534 po-
tential SMUGT interactors were identified (Supplementary
Table SII, worksheet ‘SMUG1_PPI_HeLa’). Direct protein-
protein interaction with SMUGT1 was confirmed via Prox-
imity Ligation assay (PLA) for selected interactors involved
in RNA metabolism (MATR3, RPLPO, NPM1 and SFPQ)
and DNA repair (DNA Ligase I) (Figure 2B and Supple-
mentary Figure S4).

The list of interactors was, next, used to establish a
SMUGI1-PPI network (Supplementary Table SII, work-
sheet ‘SMUGI1_PPI total’). Direct and/or indirect inter-
actions between these molecules were retrieved by the In-
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Web_InBioMap web tool, giving rise to undirected PPI net-
work with 525 nodes and 5685 edges (data not shown).
Gene ontology analyses for functional gene enrichment
based on biological process (BP) identify 389 unique IDs.
The enriched BP are consistent with functions of SMUG1
in DNA and RNA metabolism, but also, suggested a role
for SMUGTI in protein metabolism/stability (Figure 2C and
Supplementary Table SIII). This complex PPI-network was
then further analyzed focusing on its most critical elements,
by performing a hub analysis based on the betweenness cen-
trality metric, a measure of how often a node occurs on all
shortest paths among pairs of nodes in a network, mean-
ing the importance of each node/protein for the connec-
tivity of the network (43). The resulting top 30 hub nodes
were extracted from the main SMUG1-PPI network as hub-
subnetworks (Figure 2D and Supplementary Table SIV).
This hub module was then analyzed with ClueGO to cate-
gorize these genes/IDs in the GO biological processes (Sup-
plementary Table SIV). As shown in Figure 2C, ribonucle-
oprotein complex biogenesis, RNA processing/splicing and
regulation of cellular protein metabolism were the most en-
riched processes, for the global network. Taken together,
this analysis revealed a prominent representation of RNA
and protein metabolism within the SMUG1-PPI network,
suggesting that SMUGTI may act as a central hub connect-
ing the different subnetworks with diverse functions.

Definition of a prognostic SMUGI1 signature in cancers

In order to evaluate whether the association with
poor/good prognosis improved when considering
SMUG I -interactome in breast and other cancer types, we
interrogated TCGA cancer cohorts. The genes that were
significantly differentially expressed (Pag; < 0.05, absolute
log fold change > 1) and significantly correlated (P < 0.05,
absolute Pearson correlation > 0.6) with the expression
profile of SMUGT1 were calculated through the analysis of
33 TCGA datasets (Supplementary Table SV and Table
S3). To assess whether the SMUGT interactome correlated
more consistently with clinical outcomes than SMUGI
expression alone (Figure 1C), Kaplan—Meier plots were
obtained for each gene in each dataset, allowing us to define
good and bad prognosis gene signatures on a per cancer
basis. The distribution of the differentially expressed genes
with respect to good or bad prognosis (P < 0.05) signature
per cancer datasets are summarized in Supplementary
Table SVI. Six datasets, having different ratios in the
number of bad-good prognosis genes (higher number of
bad prognosis genes: hepatocellular carcinoma [LIHC] and
human skin cutaneous melanoma [SKCM]; similar number
of genes between bad and good prognosis: acute myeloid
leukemia [LAML] and lower grade glioma [LGG]; lower
number of bad prognosis genes: breast cancer [BRCA] and
glioblastoma [GBM]) were analyzed further. In general, the
SMUGT interactome did not show any defined prognostic
signature in the majority of the datasets analyzed: although
a few datasets (i.e. LIHC and SKCM) showed a clear
bad prognosis signature (Supplementary Figure SSA and
Supplementary Tables SV and VI). This suggests that
additional regulators might affect the prognosis. In fact,
although the number of genes for good and bad prognosis

are similar in the TCGA-BRCA dataset, Kaplan—Meier
analysis using the survival outcomes of patients having
high/low expression of the bad prognosis genes (n = 895)
showed that high expression of the bad prognosis genes
was significantly associated with lower survival probability
(P < 0.0001) (Supplementary Figure S5B and Table SV,
worksheets ‘BRCA’; ‘Report’).

To assess the possibility these gene sets have common
upstream regulators, we used the miRWalk tool to iden-
tify common miRNA regulators. We found that 36 miR-
NAs target the highest number of genes in each bad prog-
nostic network (Figure 3A and Supplementary Table SV,
worksheet ‘Heatmap’). Among the top 10 miRNAs of
all datasets, miR-92a-3p, hsa-let-7b-5p, miR-149-5p, miR-
193b-3p, miR-615-3p and miR-320a target the highest num-
ber of genes in these networks (Figure 3A). Gene Ontol-
ogy analyses indicate the involvement of these miRNAs
in several biological processes relevant for cancer biology,
such as epigenetic regulation of gene expression and main-
tenance of differentiation (Figure 3B and Supplementary
Table SVII).

SMUGI and hsa-let-7b-5p correlation in the TCGA-BRCA
dataset

A clear role for the let-7 miRNA family as tumor sup-
pressors has been demonstrated (44) and patients with
breast cancer showed dysregulated levels of hsa-let-7b-5p
and hsa-let-7c-5p (44-47). For this reason, we interrogated
the TCGA breast cancer dataset with respect to a possible
correlation existing between SMUGI levels and these two
members of the let-7 family, hsa-let-7b-5p and hsa-let-7c-
5p, hereafter named let-7b-5p and let-7c-5p. Interestingly,
only let-7b-5p had a weak but significant negative correla-
tion with SM UG levels (Spearman’s rho = —0.18, correla-
tion P-value = 7.2¢~7; Figure 3C), in particular in Luminal
A and B datasets (Supplementary Figure S6) that also have
the highest SMUG]I expression level (Supplementary Fig-
ure S1). This suggests a potential co-regulatory mechanism
between SMUGI and let-7b-5p.

SMUGT affects let-7b-5p levels in breast cancer cells

Prompted by the negative association existing between
SMUGI! and let-7b-5p, as observed in the TCGA breast
cancer data, we studied the possible co-regulation of
SMUGT and let-7b-5p in MCF7 cells, a well-established
breast adenocarcinoma cell line expressing both estro-
gens and progesterone receptors. As SMUGI binds RNA
molecules (9,23), we asked if SMUGT physically interacts
with let-7b-5p. In RNA-immunoprecipitation experiments
(RNA-IP), we detected statistically significant enrichment
of let-7b-5p using an anti-SMUGT antibody compared to
the immunoglobulin G (IgG) control (Figure 4A). Inter-
estingly, SMUGT] also binds miR-92a-3p in vivo, the only
common upstream miRNA in all the TCGA datasets con-
sidered (Figure 3A), as expected due to its overexpression
in malignant tumors (48), and other members of the let-7
microRNA family (Supplementary Figure S7A). We then
checked the expression levels of let-7b-5p and of the other
miRNAs bound by SMUGT1 in MCF7 cells transiently si-
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Figure 3. Identification of upstream miRNA regulators of SMUGTH interacting proteins in TCGA datasets. (A) Heatmap of the miRNAs (n = 36) regulating
the highest number of SMUGT interacting proteins in BRCA, GBM, LAML, LGG, LIHC and SKCM datasets. Heatmap is ordered, from highest to lowest,
according to the total number of proteins in each dataset which is regulated by corresponding miRNAs on y-axis. Color scale is showing the number of
genes targeted by those miRNAs in each dataset, lightest as lowest and darkest as highest number of genes. (B) Functional annotation of top 10 miRNAs of
all datasets (n = 36) presented in (A) based on Gene Ontology—Biological Process terms (P < 0.05). (C) Scatterplot showing SMUGI mRNA expression
(x-axis) versus hsa-let-7b-5p expression (y-axis) for breast tumor samples of the TCGA-BRCA cohort (n = 747). Tumors are color-coded according to
the PAMS50 molecular subtype; dark blue = luminal A (LumA; n = 267), light blue = luminal B (LumB; n = 49), red = basal-like (basal; n = 115),
pink = Her2-enriched (HER2; n = 62), green = normal-like (n = 49), gray = subtype not available (n = 106). Spearman’s rho and the associated P-value

are indicated.

lenced for SMUGI1 (Figure 4B and C and Supplemen-
tary Figure S7B and C). As seen in Figure 4C, the let-
7b-5p expression increased in SMUGTI knock-down cells.
Increased expression of let-7b-5p in SMUG1 knock-down
cells, was also confirmed in three other breast cancer cell
lines (MDA-MB-231, BT-474 and ZR-751), confirming a
role for SMUGT in let-7b-5p regulation (Supplementary
Figure S8). Interestingly, the same behavior was also ob-

served for the other miRNAs bound by SMUGT (Supple-
mentary Figure S7C), suggesting that SMUGT may have a
role in miRNA processing or degradation. Considering the
function of SMUGTI in regulating 2#TERC maturation and
processing (23), we followed the let-7b-5p maturation pro-
cess from pri-/pre-let-7b to the mature form (Figure 4D).
‘We measured the levels of mature let-7b-5p and the two im-
mature forms, pri-let-7b and pre-let-7b (Figure 4D). Tran-
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sient silencing of SMUGT1 did not affect the ratio between
mature and pri-let-7b (Figure 4D, left), but a significant re-
duction in mature vs pre-let-7b ratio was observed in sev-
eral cell lines (Figure 4D, right, and Supplementary Fig-
ure S8G-I). Taken together, these data suggest that the
precursor transcripts, in the form of pre-let-7b, accumulate
in SMUGT1-depleted cells, pointing to a role for SMUGI
during miRNA processing from pre-miRNA to the mature
form. In vivo metabolic labeling experiments showed an in-
creased stability of let-7b-5p in SMUGT1 knock-down cells
further confirming not only an increase of let-7b-5p ex-
pression but also activity (Figure 4E), and indicating that
post-transcriptional processing might be responsible for the
expression levels and stability of let-7b-5p in the absence
of SMUGTI. To test whether SMUGT substrates might be
present in let-7b-5p molecules, we used a previously de-
scribed assay based on reduced amplification of transcripts
containing modified bases after SMUG1 digestion (23). No
reduction in amplification for let-7b-5p was observed be-
tween siCTRL and siSMUGT cells, indicating the absence
of SMUGT substrates in let-7b-5p (data not shown).

In order to test the functional impact on the let-7b-5p-
mRNA regulatory axis, we selected some known let-7b-5p
target mRNAs associated with pluripotency and prolifera-
tion (LIN28A4, CCNB2, PLKI and CCNA2) (49) and ana-
lyzed their expression profile via qRT-PCR in siCTRL and
siSMUGT cells. As expected, increased let-7b-5p miRNA
levels corresponded to significantly decreased mRNA lev-
els in siSMUGT cells, indicating that let-7b-5p negatively
regulated the expression of LIN28A, CCNB2, PLKI and
CCNA?2 (Figure 4F). Considering the negative correlation
between SMUGI and let-7b-5p and the increased levels
of SMUGI in breast cancer samples, the mRNA of genes
regulated by let-7b-5p should be upregulated. We there-
fore investigated the mRNA expression levels of these genes
(LIN28A, CCNB2, PLKI and CCNA2) in normal and
BRCA cancer specimens by GEPIA (Figure 4G). All the
genes showed a higher expression in BRCA samples than
controls (Figure 4G). Interestingly, correlation analyses of
SMUGI mRNA expression and the mRNAs of these down-
stream targets of let-7b-5p showed significant positive (al-
though weak) correlations in ER* tumors (Supplementary
Figure S9). Hence, SMUGT affects let-7b-5p levels and their
expression is negatively correlated in breast cancer (Figures
3C and 4C).

Let-7b-5p negatively regulates SMUGI expression in breast
cancer cells

Prompted by our previous results, we suspected that
SMUGI mRNA itself might be a let-7b-5p target. Indeed,
TargetScan predicted the presence of a let-7b-5p target se-
quence 1.75 kb into the SMUG1 3’UTR (Figure 4H). Vali-
dation of SMUGTI as a let-7b-5p target was also confirmed
in other tissues as kidney, bone marrow, mammary gland
and cervix using the online DIANA-TarBase v8 tool (50).
Partial inhibition of let-7b-5p did not affect SMUGI! ex-
pression, probably due to the amount of endogenous let-
7b-5p left (Figure 41, J and Supplementary Figure S10A).
However, overexpression of let-7b-5p mimic in MCF7 cells
led to significant reduction of SMUG1 mRNA and pro-
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tein levels (Figure 41, J and Supplementary Figure S10B).
Together, these data support a negative regulation loop be-
tween let-7b-5p and SMUG] in breast cancer samples.

Increased let-7b-5p levels reduces cell proliferation and mi-
gration in breast cancer cells

Previous studies suggested a role for let-7b-5p as tumor sup-
pressor in breast cancer development and progression (51—
53). Thus, we tested the impact on SMUG]1 knockdown,
and its consequent increased level of let-7b-5p, on cell pro-
liferation and migration (Figure 5). We first looked at cell
proliferation in MCF7 transiently silenced for SMUGT and
overexpressing let-7b-5p. Increased levels of the microRNA
caused a reduced number of colonies in both conditions
(Figure 5A and Supplementary Figure S11A). Cell cycle
analyses indicated a mild, but significant, accumulation of
cells in the G1 phase (Figure 5B and Supplementary Fig-
ure S11B), in concordance with the cell proliferation data.
Tumor suppressors can control tumorigenesis not only via
their anti-proliferative activities, but also through modula-
tion of cell migration, a property critical for tumor inva-
sion and metastasis. The cell spreading capacity of MCF7
cells silenced for SMUGT or overexpressing let-7b-5p was
tested using the wound healing assay. As shown in Figure
5C and Supplementary Figure S11C, cells with elevated let-
7b-5p levels presented a reduced migration capacity com-
pared to the controls. Thus, in combination these results
confirmed the role of let-7b-5p as tumor suppressor affect-
ing both cell proliferation and migration in breast cancer.
This suppressor activity of let-7b-5p might explain the ob-
served association of low SMUGI levels with increased sur-
vival in ER* breast cancers (Figure 1 and Supplementary
Figure S2), suggesting an indirect effect of SMUGT in can-
cer development.

SMUGT1 knock-out alters let-7b-5p maturation, ultimately
reducing cell proliferation and migration

In order to confirm the data obtained in MCF7 transiently
silenced for SMUGI1, we generated SMUGI1 knock-out
(KO) clones using CRISPR /Cas9 technology in two breast
cancer cell lines, MCF7 and MDA-MB-231. As expected
SMUG]I transcription was not affected (data not shown),
but no protein was detected using an antibody directed to-
wards the N-terminal domain of SMUGTI (Figure 6A and
Supplementary Figure S12A). Real-time PCR for let-7b-5p
levels revealed a ~ 2-fold increase of this microRNA in two
independent clones of each cell line (Figure 6B and Supple-
mentary Figure S12B). We observed a reduced mature-to-
pre-let-7b ratio in both SMUG1 KO MCF7 and MDA-MB-
231 cells (Figure 6C and Supplementary Figure S12C), sup-
porting a possible role for SMUGT in the microRNA mat-
uration process. Next, we tested the presence of SMUGI1
substrates on pre-let-7b and we saw a reduced number of
possible substrates in both the clones (Figure 6D and Sup-
plementary Figure S12D), suggesting that the accumula-
tion of pre-let-7b in SMUGT1 KO and the increased levels of
the mature form might be the consequence of an inefficient
RNA processing. As in the knock-down system, both cell
proliferation and cell migration were negatively affected by
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Figure 5. Increased levels of let-7b-5p in SMUGTI knock-down cells negatively affect cell proliferation and migration. (A) Colony formation assay in
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the elevated levels of let-7b-5p observed in the SMUG1 KO
clones (Figure 6E-H, Supplementary Figures SI2E-G and
S13). The observed accumulation of cells in G1 phase (Fig-
ure 6E and Supplementary Figure S12E) was again accom-
panied by reduced cellular proliferation, as measured by
the colony formation assay (Figure 6F, Supplementary Fig-
ure S12F and Figure S13A), as well as cellular migration,
measured by wound healing and by high content imaging
for MCF7 cells (Figure 6G, H and Supplementary Figure
S13B) and by the transwell migration assay for the MDA-
MB-231 clones (Supplementary Figure S12G).

Finally, to better characterize what SMUGT function is
required for let-7b-5p regulation, we performed comple-
mentation assays (Supplementary Figure S14). Let-7b-5p
levels were reduced when the expression of SMUGI1-WT
and of DKC1-binding mutant (SMUGT1 E29/31R) was re-
stored in SMUGI1 KO cells. Interestingly, the expression
of a SMUGTI mutant with significantly hampered damage-
excision activity due to inefficient binding to the substrate
(SMUGT1 H239L) failed to complement the microRNA lev-
els, pointing at SMUGT substrate affinity and RNA binding
as critical features for let-7b-5p regulation in breast cancer

cells possibly through facilitating the recruitment of critical
processing factors.

SMUGT and let-7b-5p show anti-correlative expression levels
in breast cancer tissues

To assess whether the negative correlation between SMUG1
and let-7b-5p expression found in RNA-seq datasets (Fig-
ure 3C) was confirmed in tumor tissue, we checked SMUG1
and let-7b-5p expression and subcellular localization in
serial sections (Supplementary Figure SS15) from tis-
sues from a cohort of 66 breast cancer samples compris-
ing Luminal A (LumA, 21 samples), Luminal B (LumB,
12 samples), Triple negative (TNBC, 17 samples), and
HER2-positive (HER2, 16 samples) subtypes. The clinico-
pathological characteristics are summarized in Supplemen-
tary Table SVIII. Expression levels and subcellular local-
ization were analyzed for both SMUGT and let-7b-5p, us-
ing IHC and CISH, respectively (Figure 7). SMUGT pre-
sented a general nuclear staining with positive nucleoli in
all tissue types (Figure 7A), consistent with its known di-
rect protein interaction with DKC1 and function in riboso-
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mal RNA biogenesis (9,23). Interestingly, a positive corre-
lation between SMUGT1 and its interacting protein expres-
sion could be observed as well in breast cancer tissues, con-
firming the bioinformatic analyses (Supplementary Figure
SS16). An increased percentage of SMUGTI -positive cells
was observed in tumor samples, where 41% of the sam-
ples presented high SMUGT1 expression level versus 25% of
the normal ones (Figure 7B), in accordance with SMUG!
mRNA data (Figure 1A). We then focused on let-7b-5p lev-
els. As shown in Figure 7C-J, let-7b-5p displayed a general
cytoplasmic localization in both tissues (Figure 7C-J). In-
terestingly, decreased let-7b-5p levels were seen in the tumor
when compared to the adjacent normal tissue (Figure 7K).
In conclusion, the negative correlation between SMUG!
and let-7b-5p was confirmed in tumor tissue.

DISCUSSION

In the present study, we identified a regulatory loop be-
tween SMUGT and let-7b-5p miRNA in breast cancer cells.
Functional relevance of this regulatory loop is supported by
a negative correlation between the expression of SMUG!
and let-7b-5p in breast cancer datasets (Figures 3C and
7). On the mechanistic level, SMUGT1 physically interacts
with let-7b-5p and other let-7 microRNAs in vivo and regu-
lates let-7b-5p expression. Consequently, when SMUGT ex-
pression was down-regulated or constitutively knock-out in
breast cancer cells, we observed increased levels of let-7b-5p
and accumulation of its precursor, pointing at miRNA mis-
processing events during the maturation steps in SMUGI1
knock-down and knock-out cells (Figures 4 and 6, Supple-
mentary Figures S8 and S12). The same negative correla-
tion between SMUGT1 and let-7b-5p expression levels was
also confirmed in vivo by IHC and CISH on a breast can-
cer cohort (Figure 7). While the let-7b-5p target sequence
does not contain bases that could be converted to 5-hmU,
e.g. by direct oxidation or AID/APOBEC deamination of
5-hydroxymethylcytosine (5-hmC) derived from 5-mC, the
precursor form contains several Cs in the hairpin-loop re-
gion that could be converted into SMUGT substrates (Fig-
ure 6 and Supplementary Figure S12). Our data suggests
that in absence of SMUGI the equilibrium between dis-
tinct pre-let-7b populations (modified vs unmodified) shifts
preferentially towards the unmodified/moderately modi-
fied, possibly due to a change in the stability. Interestingly,
SMUGI is also a downstream target of let-7b-5p, having a
let-7b-5p response element in its 3’-UTR region, suggesting
a co-regulatory mechanism between SMUGT and let-7b-5p
(Figure 4).

microRNA expression is often altered in malignancies
and although some have been implicated and well-studied
in breast cancer, for example let-7a, little is known about
the specific relationship of let-7b, breast cancer subtypes
and clinical outcomes (51,54,55). A few independent stud-
ies observed deregulation of let-7b during early breast can-
cer progression and showed that its expression is down-
regulated during epithelial-mesenchymal transition and as-
sociated with less aggressive breast cancer (54-58). It has
been suggested that let-7b has tumor suppressor proper-
ties in breast cancer development and progression. Accord-
ingly, SMUGT1 KO breast cancer cells with elevated let-7b-

Nucleic Acids Research, 2022, Vol. 50, No. 18 10465

5p levels showed accumulation in the G1 phase, consis-
tent with reduced proliferation. With respect to cell mobil-
ity, we observed reduced cell migration for the clones an-
alyzed, albeit with some clonal variation in the magnitude
of the effect (Figures 5 and 6, Supplementary Figure S12).
We also found a significant negative correlation between
let-7b expression and patient overall survival, relapse-free
survival and tumor lymph node metastasis in breast can-
cer cohorts (51-53). Even though let-7b levels are gener-
ally reduced in tumor tissues, its expression varies within
the different subtypes and as a function of the grade, with
its level decreasing as the grade increases. In less differ-
entiated and more aggressive subtypes, as basal-like and
HER2", let-7b expression is reduced; on the contrary, rela-
tive increased levels are described for luminal A, luminal B
and normal-like tumors (51,59). Bioinformatic analyses of
SMUGI mRNA expression in different breast cancer co-
horts showed increased SMUGI levels in tumor compared
to control samples (Figure 1). Even though ER* datasets
showed increased SMUGI mRNA levels when compared to
ER~ tumors and normal tissue, reduced levels of SMUGI
were associated with better survival, especially in the ER*
dataset of the cohorts analyzed (Figure 1 and Supplemen-
tary Figure S2). Thus, the higher survival observed for low
SMUGI in ER* cohorts could be associated with the in-
creased levels of let-7b-5p and its tumor suppressor activ-
ities rather than a direct role of SMUGT in tumorigenesis.
A previous study reported that low SMUGI expression was
associated with worse prognosis in the UPSA breast can-
cer cohort, and this effect was predominant in ER* tumors.
On the contrary, in ER™ tumors that received chemother-
apy and in gastric cancers low SMUG]! expression showed
better survival, suggesting a complex role for SMUGTI in
carcinogenesis (16). It is difficult to compare our results to
those previously observed, because the final Kaplan—Meier
result could be influenced by several factors such as the nor-
malization method of the microarray data and the stratifi-
cation of the SMUG! groups. These differences led us to
look in more detail into the UPSA data and we generated
Kaplan—Meier curves by splitting the cohorts according to
the expression of genes with known association with sur-
vival, i.e. ESRI, ERBB2 and MKI67, and found the ex-
pected results, such as higher ERBB2 expression associates
with worse survival or high ESRI with better outcome.
These conflicting results suggest that SMUGI mRNA ex-
pression alone cannot be used as a robust prognostic marker
for breast cancer nor its response to adjuvant therapy.
SMUGTI protein-protein interactors or its associated
RNAs form a complex network that affects SMUGI func-
tions and influence the surrounding cellular environment.
Since SMUGT is a multifunctional protein, analyzing its
PPI could reveal how its different functions are working to-
gether to determine its impact on breast cancer survival,
where the dominating effects may be ascribed to func-
tions other than DNA repair, as previously described for
Apurinic/apyrimidinic Endonuclease 1, another key DNA
repair protein in the BER pathway (60). We characterized
the SMUGT protein—protein interactome via a combined
approach of Y2H and immunoprecipitation. We analyzed
the impact of SMUGT interactors, defined as bad prog-
nosis genes in TCGA datasets, on breast cancer cohort
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showing lower survival probability in patients having these
genes highly expressed (Figure 3 and Supplementary Fig-
ure S5). Taken together our results suggest that SMUG1
role in breast cancer is associated with RNA-related func-
tions and its protein-protein network rather than only its
DNA repair activity. Inefficient DNA repair and defective
DNA damage response increase the mutation frequency,
leading to genomic instability and cancer development (61).
Even though SMUGT1 was suspected to have an anti-tumor
role via preventing the accumulation of mutations aris-
ing from deamination of cytosine residues and from sev-
eral pyrimidine oxidation products (i.e. 5-hmU, 5-fU and
5-cal) (5-8,10,42), previous studies showed a modest in-
crease in the mutagenesis ratio in MEFs knock-out for
SMUGTI (41). Apart from its role in DNA repair, SMUG]
is involved in RNA metabolism and RNA quality control
(9,23). In fact, increased SMUGT1 protein levels significantly
protect against killing 5-fluorouracil (FU)-treated cells, in-
creasing cell and drug resistance in tumors (62). All drugs
used in adjuvant chemotherapy induce ribosome biogene-
sis defects (63) suggesting that the role of SMUGT1 in RNA
metabolism may affect the treatment response. A role for
SMUGTI in RNA metabolism may also be consistent with
the observation that SMUGT contributes to the cellular re-
sponse to recovery from FU (4).

We conclude that the correlation of SMUGI! alone with
survival does probably not reflect a direct role of SMUG1
in cancer development and it should not be used as a prog-
nostic marker. However, the present analysis suggests that
SMUGT is part of a gene regulatory network (possibly reg-
ulated by miRNAs) that influence survival and treatment
response in several cancers.
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