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Abstract

Monoubiquitylation of histone H2B (H2Bub1) is catalyzed mainly by the RNF20/RNF40 complex
and erased by multiple deubiquitylating enzymes (DUBs). H2Bubl influences many aspects of
chromatin function, including transcription regulation and DNA repair. Cancer cells often display
reduced levels of H2Bub1, and this reduction may contribute to cancer progression. The let-7
family of microRNAs comprises multiple members with reported tumor suppressive features,
whose expression is frequently downregulated in cancer. We now report that let-7b and let-7¢ can
positively regulate cellular H2Bub1 levels. Overexpression of let-7b and let-7c in a variety of non-
transformed and cancer-derived cell lines results in H2Bub1l elevation. The positive effect of let-7b
and let-7c on H2Bub1 levels is achieved through targeting of multiple mRNAs, coding for distinct
components of the H2B deubiquitylation machinery. Specifically, let-7b and let-7c bind directly
and inhibit the mRNAs encoding the DUBs USP42 and USP44, and also the mRNA encoding the
adapter protein ATXN7L3, which is part of the DUB module of the SAGA complex. RNF20
knockdown strongly reduces H2Bub1 levels and increases the migration of non-transformed
mammary epithelial cells and breast cancer-derived cells. Remarkably, overexpression of let-7b,
which partly counteracts the effect of RNF20 knockdown on H2Bub1 levels, also reverses the pro-
migratory effect of RNF20 knockdown. Likewise, ATXN7L3 knockdown also increases H2Bubl
levels and reduces cell migration, and this anti-migratory effect is abolished by simultaneous
knockdown of RNF20. Together, our findings uncover a novel function of let-7 microRNAs as
regulators of H2B ubiquitylation, suggesting an additional mechanism whereby these microRNAs
can exert their tumor suppressive effects.
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Introduction

Eukaryotic chromatin is organized in nucleosomes, where DNA is wrapped around the
histone core. Histone tails undergo multiple post-translational modifications (PTMs),
including methylation, acetylation, phosphorylation, SUMOylation, ubiquitylation and
more, which regulate chromatin-associated processes such as gene expression, DNA
replication and DNA repair45, 98. Not surprisingly, histone PTMs are often perturbed in
cancer, and mutations, aberrant expression or aberrant functionality of numerous histone
modifying enzymes have been observed in a growing number of human cancer types5.

One PTM that has recently emerged as frequently altered in cancerous cells and tissues is
monoubiquitylation of histone H2B (H2Bubl) on Lys120. H2Bub1 is catalyzed
predominantly by the E3 ubiquitin-ligase complex RNF20/RNF4036, 44, 99, and can be
erased by multiple deubiquitylating enzymes (DUBS), including USP22, USP7, USP44 and
others3, 23, 80, 91, 96. H2Bub1 has been implicated in a variety of processes, including
transcription initiation and elongation32, 61, regulation of gene expression55, 67, DNA
damage response and repairll, 42, 58, 59, regulation of chromatin structure9, 22 and stem
cell differentiation23, 43. Multiple observations suggest that H2Bub1 deregulation may
favor tumorigenesis13, 39. Thus, H2Bubl is downregulated in the cancerous tissue,
compared to the normal counterpart, in lung, breast, colorectal and gastric cancer79, 85.
Moreover, H2Bub1 decreases during progression of breast cancer and colorectal cancer63,
75, and H2Bub1 loss is associated with worse prognosis in colorectal and gastric cancer54,
85, 86. RNF20 gene mutations were observed, albeit at low frequency, in different cancer
types including colorectal, head and neck, and ovarian cancer, as well as melanomal, 6, 71,
87. Furthermore, the RNF20 promoter is frequently hypermethylated in breast cancer67.
Conversely, the gene encoding USP22, a major H2Bub1 DUB, is part of a gene signature
associated with tumor aggressiveness27, and its expression correlates with poor prognosis in
many cancer types, including breast cancer, lung adenocarcinoma and hepatocellular
carcinomas34, 74, 93. Similarly, USP44 is overexpressed in T-cell leukemia92.

In cultured cells, downregulation of RNF20 and H2Bub1 impairs the expression of the p53
tumor suppressor, and promotes the expression of proto-oncogenes such as c-MYC67, 68.
Furthermore, RNF20 can act as a transcriptional co-activator for p5344, 90. Loss of RNF20
promotes cell migration and anchorage-independent growth67, and enhances the activation
of NF-xB in response to pro-inflammatory signals75. Indeed, decreased H2Bubl in
RNF20*/~ mice promotes inflammation-associated colorectal cancer, in conjunction with
increased expression of pro-inflammatory NF-xB target genes75. Collectively, these
observation have led to RNF20 being considered a putative tumor suppressor, and H2Bub1
being viewed as a tumor suppressive chromatin modification. It should be noted, however,
that this impact of RNF20 and H2Bub1 on cancer is not universal, but rather context-
dependent; in fact, RNF20 and H2Bub1 can actually exert tumor-supportive effects in
several human malignancies8, 76, 81.

MicroRNAs (miRs) are small non-coding RNAs that post-transcriptionally regulate the
expression of target genes by inhibiting the translation and/or promoting the degradation of
target MRNAs. MicroRNASs are involved in many cellular processes7, 60. Importantly,
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deregulation of miRNAS can impact cancer initiation and progression, and many miRNAs
may promote cancer (oncomiRs) or suppress it (tumor-suppressor miRs) by targeting
relevant genes implicated in tumorigenesis62. miRNASs can target the transcripts of
chromatin modifier genes21, 26, 57, 65, representing a powerful mechanism whereby they
can modulate global chromatin-associated processes. Indeed, perturbation of miRNA-
mediated regulation of chromatin remodelers has been implicated in carcinogenesis and
correlated with disease prognosis10, 38, 53, 69, 77, 94.

Given the increasing evidence that maintenance of proper H2Bub1 levels may contribute to
tumor suppression, we sought to determine whether the enzymatic machinery involved in
H2Bubl1 homeostasis is also regulated by miRNAs, particularly those implicated in cancer,
and whether this might impact cancer-related processes. We now report that members of the
let-7 family of miRNAs, particularly let-7b and let-7c, play a positive role in maintaining
H2Bub1 through direct targeting of multiple components of the H2B deubiquitylation
machinery. This novel activity of let-7 miRNAs may contribute to their extensively
documented tumor suppressor capabilities.

let-7b and let-7c are predicted to target negative regulators of H2Bub1

To identify microRNAs that might affect H2Bub1 homeostasis, we performed a
bioinformatic screen using the Mirwalk 2.0 database18, 19, which allows simultaneous
retrieval of information on miRNA-gene interaction predictions from multiple programs.
This analysis suggested that several members of the let-7 miRNA family might target
negative regulators of H2Bubl. The let-7 family has well-documented tumor suppressive
activities12, 50, 83 and was shown to target multiple oncogenes, including Ras, c-MYC and
HMGAZ?284; indeed, let-7 miRNAs are often downregulated in various cancers2, 37, 66, 73,
88, 89. Specifically, let-7b is predicted to target USP44, USP42 and ATXN7L3 [Fig 1].
USP44 and USP42 are deubiquitylating enzymes (DUBSs) reported to act on H2Bub123, 33,
while ATXN7L3 is part of the DUB module of the SAGA transcriptional co-activator
complex, which removes H2Bub1 through the activity of USP2249, 96. According to
TargetScan (Release 7.1, June 2016)51, the 3° UTR of USP44 mRNA is predicted to have
three conserved 7mer-Al target sites for let-7b-5p, and likewise for let-7c-5p, whereas
ATXN7L3 mRNA is predicted to harbor one such site [Fig 1]. Furthermore, according to the
RNAZ22 database (v.2.0)56, USP42 mRNA is predicted to have three binding sites for
let-7b-5p and one for let-7c-5p within its coding sequence [Fig 1]. Although most
documented miRNA interactions occur within the 3" UTR of target genes, there is increasing
evidence that binding within the coding sequence can also exert inhibitory effects31, 64.
Additionally, the RNA22 database predicts one binding site for let-7b-5p in the 3° UTR of
USP42 mRNA, albeit with a statistically insignificant p-value [not shown]. Overall, this /n
sifico analysis suggested a possible role for let-7 miRNASs in regulation of H2B
monoubiquitylation.
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let-7b and let-7c positively regulate H2Bub1

The above /n silico predictions raised the possibility that, by downregulating the H2B
deubiquitylation machinery, let-7b and let-7c might positively regulate H2Bub1l levels. To
address this possibility, we transiently overexpressed a let-7b-5p mimic in a panel of
epithelial cell lines, including the non-transformed lung-derived HBEC3-KT cells and the
lung cancer-derived Calu-1, H1299, A549, H460 cells, as well as the non-transformed
breast-derived MCF-10A cells and the breast cancer-derived HCC1937 cells. Indeed, in all
cell types, let-7b mimic overexpression resulted in elevated H2Bub1 [Fig 2A]. Likewise,
overexpression of let-7¢c-5p mimic in Calu-1 and H1299 cells also increased H2Bub1 levels
[Fig S1A]. Overexpression of let-7b or let-7c in Calu-1 cells caused a mild reduction in the
S phase fraction and a mild increase in the G2/M fraction [Fig 2B]; although one can not
exclude completely the possibility that this cell cycle change may also affect indirectly H2B
ubiquitylation, its scope is too limited to account for the major increase in H2Bubl levels
(3.7 fold, Fig. 2A).Thus, let-7b and let-7c positively regulate histone H2B
monoubiquitylation.

let-7b reverses the effect of H2Bub1 depletion on cell migration

Both downregulation of let-7 family microRNAs and decreased H2Bub1 levels are
frequently observed in cancer, and both have been associated with cancer progression13, 39,
83. Therefore, we sought to investigate whether upregulation of H2Bubl by let-7b has an
impact on cancer-related cellular properties. As reported previously, depletion of H2Bub1,
through RNF20 knockdown (KD), promotes MCF-10A cell migration67. Indeed, transient
siRNA-mediated RNF20 KD, which resulted in a prominent decrease in H2Bub1 [Fig 3A],
strongly promoted MCF-10A cell migration towards EGF [Fig 3B,C]. In this model, let-7b
overexpression alone did not have a significant effect on migration [Fig 3B,C]. This may not
be surprising, as these non-transformed cells display rather low basal migration rates;
moreover, let-7b levels are high in these cells48, and hence it is possible that further
augmentation of let-7b does not affect migration in basal conditions. Concurrent
overexpression of let-7b in RNF20-depleted cells partly restored their H2Bub1l levels [Fig
3A]. Importantly, it also reversed the pro-migratory effect of RNF20 depletion [Fig 3B,C].
Essentially similar results were obtained also in HCC1937 breast cancer cells [Fig 3D-F]J;
note that basal migration rates were higher in these cancer cells than in the non-transformed
MCF-10A cells.

Together, these findings suggest that, in addition to their previously documented modes of
action83, let-7b and additional let-7 family members may exert tumor suppressor activities
partly also by maintaining H2Bub1 homeostasis.

let-7b directly targets ATXN7L3, USP44 and USP42 mRNA

To experimentally validate the /n silico target predictions, we quantified the mRNA levels of
ATXN7L3, USP44and USP42in MCF-10A and HCC1937 cells after let-7b overexpression;
this was performed under the exact experimental conditions employed for the migration
assays. Indeed, let-7b overexpression reduced ATXN7L3, USP44and USP42 mRNA levels
in HCC1937 cells [Fig S1C]. let-7b overexpression reduced significantly ATXN7L3 mRNA
levels also in MCF-10A cells [Fig. 4A]. However, let-7b did not affect USP42 mRNA levels
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in MCF-10A cells [not shown], implying that the extent of target downregulation is
dependent on the cell context. As recently reported by others47, USP44 mRNA was nearly
undetectable in the non-transformed MCF-10A mammary epithelial cells, but was easily
detectable in the HCC1937 breast cancer cells [Fig S1B]. Likewise, USP44 mRNA was
undetectable in the non-transformed lung-derived HBEC3-KT cells, while being high in the
Calu-1 and H1299 lung cancer cell lines [Fig S1B]. Of note, USP44 is highly expressed in
embryonic stem cells but decreases during differentiation.23. miRNASs are expected to
reduce post-transcriptionally the levels of their direct targets. Therefore, we compared the
impact of let-7b overexpression on the levels of the pre-mRNA (indicative of transcription
rate) and steady state MRNA of the predicted target transcripts. As seen in Fig. 4B, while
let-7b did not downregulate the pre-mRNA of ATXN7L3, USP44and USP42in transiently
transfected Calu-1 cells, it reduced significantly their steady state mMRNA levels, implicating
post-transcriptional downregulation. Essentially similar effects were observed with let-7¢
[Fig. S1D], as well as with let-7b in H1299 cells [Fig S1E]. In agreement, let-7b
overexpression also reduced the amount of ATXN7L3 protein in both Calu-1 and H1299
cells [Fig. S2A], as well as in MCF-10A and HCC1937 cells [Fig S2B]. Likewise, let-7b
overexpression reduced USP42 protein levels in A549 and HBEC3-KT cells, regardless of
whether or not USP42 mRNA was affected [Fig. S2C]. We could not validate the effect of
let-7b on USP44 protein levels, because a reproducible USP44 protein signal could not be
obtained using several commercially available antibodies [not shown]. Notably, let-7b
overexpression did not increase RNF20 protein levels in Calu-1 [Fig. 2B], MCF-10A [Fig.
3A], HCC1937 [Fig. 3D], A549 or HBEC3-KT cells [Fig. S2C], ruling out the possibility
that the increase in H2Bubl is mediated by a secondary effect of let-7b on RNF20 protein
levels.

To determine whether let-7b targets directly these mRNAs, we performed miRNA pull-down
in cells overexpressing a biotinylated let-7b mimic. As seen in Fig 4C, ATXN7L3, USP44
and USP42 mRNA were all significantly enriched by biotinylated let-7b pull-down, as
compared to biotinylated non-targeting miRNA mimic control (mirC), in both Calu-1 [Fig
4C] and H1299 [Fig S2D] cells. This strongly supports the conclusion that ATXN/7L3,
USP44 and USP42are direct let-7b targets. Hence, by directly targeting mRNAs that encode
proteins involved in removal of H2Bub1, let-7b helps maintain high levels of this histone
modification.

ATXN7L3 downregulation inhibits cell migration in an RNF20-dependent manner

In agreement with earlier reports4, 49, ATXN7L3 knockdown caused a robust increase in
H2Bubl [Fig 5A]. As seen in Fig. 3, suppression of H2Bub1 by RNF20 knockdown
increased cell migration. We therefore asked whether induction of H2Bub1 by ATXN7L3
knockdown might have the opposite effect, namely whether it might inhibit migration.
Indeed, transient ATXN7L3 knockdown (siATXN7L3) attenuated significantly EGF-driven
MCF-10A cell migration [Fig. 5B,C]. Importantly, concurrent silencing of RNF20, which
reversed the positive impact of sSIATXN7L3 on H2Bub1 levels [Fig 5A], also abrogated
almost completely its anti-migratory effect [Fig 5B,C]. These observations suggest that the
migration-inhibitory effect of ATXN7L3 depletion relies, to a large extent, on its ability to
increase H2Bub1.
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Altogether, the above findings strongly argue that let-7b, and additional let-7 family
members, can maintain H2Bub1 homeostasis by directly targeting simultaneously multiple
negative regulators of this histone modification. Furthermore, they support the conjecture
that such positive regulation of H2Bubl may contribute to the tumor-suppressive activities
of the let-7 family of miRNAs.

Discussion

Gradual loss of H2Bub1 is observed in various types of cancer63, 75, and may contribute to
both tumor initiation and progression. We now report that members of the let-7 miRNA
family, particularly let-7b and let-7c, can positively regulate H2Bub1, by targeting several
components of the H2B deubiquitylation machinery. The data presented in our study were
all obtained in cell culture models; it will be important to extend our conclusions to /n vivo
experimental models.

Both let-7b and let-7c have well-documented tumor suppressor activities, and their
downregulation has been implicated in many human cancers12, 83. For example, let-7b
levels are reduced in lung cancer tissue compared to healthy tissue, and its reduced levels
correlate with worse prognosis41. Indeed, let-7b can repress proliferation of lung cancer cell
lines and growth of lung cancer cell xenografts in immunodeficient mice20, 40.
Furthermore, loss of let-7¢ was shown to increase migration, invasion, and therapy resistance
in lung cancer cell lines14, 82, 95. Likewise let-7b and let-7c are reduced in breast cancer
tissue compared to breast benign lesions97 and low levels of let-7b correlate with worse
prognosis52. Notably, analysis of the METABRIC dataset15-17 indicates that let-7¢ is
significantly downregulated also in the progression from ductal carcinoma in situ (DCIS) to
the 1C10 subtype, composed mainly of basal-like triple negative breast tumors29, which tend
to display low H2Bubl levels76. Moreover, let-7c was implicated in inhibition of breast
cancer stem cell renewal72.

Metastasis is the major cause of cancer-related deaths, and increased cell migration is a
crucial contributor to the metastatic process28. let-7b levels were found to be decreased in
metastatic gastric cancer compared to primary gastric cancer, with both expressing less
let-7b than normal gastric tissue30, and decreased levels of let-7¢c were observed in non-
small cell lung cancer (NSCLC) patients, in correlation with metastasis, advanced stage and
poor survival95. Similarly, let-7b levels are lower in breast cancer patients with lymph node
metastases, compared to those without lymph node metastasis35. Furthermore, ectopic
let-7b overexpression can reduce migration and invasion of metastatic gastric cancer and
breast cancer cell lines30, 35. Repression of cell migration might thus constitute one of the
mechanisms through which let-7 miRNAs suppress cancer progression. As shown here,
let-7b overexpression can rescue the pro-migratory effect of RNF20 KD-induced H2Bub1
loss. Overall, our findings suggest that maintenance of proper H2Bub1 homeostasis
represents an additional mechanism whereby let-7 miRNAs repress cell migration. In view
of the connection between cell migration and metastasis, it is tempting to speculate that
disruption of H2Bub1 homeostasis in tumors with low let-7 levels might contribute to their
increased metastatic potential.
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The list of DUBs capable of H2B deubiquitylation is constantly growing24, suggesting the
existence of extensive redundancy. Such redundancy might account for the observation that
downregulation of a single H2B DUB often fails to yield an increase in global H2Bub1
levels. Thus, in our hands, siRNA-mediated knockdown of USP44 or USP42 alone, or even
in combination, did not increase H2Bub1 levels in Calu-1 cells [data not shown]. Similarly,
Atanassov et al recently reported that depletion of USP22, a major H2B DUB, not only
failed to increase H2Bubl levels but even caused a mild decrease; this was ascribed to the
fact that two newly identified H2B DUBs, USP27X and USP51, compete with USP22 for
binding to the SAGA complex adaptor proteins ATXN7L3 and ENY24. Moreover, the
binding to ATXN7L3 and ENY?2 is necessary for the H2B deubiquitylating activity of
USP27X and USP514. We propose that, by targeting simultaneously multiple components of
the H2B deubiquitylation machinery, including DUBs as well as ATXN7L3, let-7 miRNAs
can overcome this redundancy to effectively maintain appropriate H2Bub1 levels. Moreover,
we can not rule out the possibility that let-7 may target additional components of the
H2Bub1 regulatory pathway (e.g. additional yet unidentified DUBs), some of which may be
cell type-dependent. Conversely, downregulation of let-7 miRNA may favor cancer initiation
and progression, at least to some extent, by driving a reduction in H2Bub1 without the need
to alter individually the sequences or transcription rates of the genes encoding the multiple
components of the H2B ubiquitylation/deubiquitylation machinery.

In vivo miRNA modulation is emerging as a promising potential tool for cancer therapy?25.
Notably, exogenous delivery of let-7 mimic was shown to impair tumor formation, and
induce regression of fully established tumors, in NSCLC mouse xenografts20, 78.
Furthermore, let-7 overexpression synergistically enhanced the anti-proliferative effect of
Erlotinib in NSCLC cell lines70. Our findings raise the interesting possibility that /n vivo
administration of let-7 might be particularly efficacious in tumors with constitutively low
H2Bubl.

Materials and Methods

Cell culture

Calu-1, H1299 and HCC1937 cell lines were maintained in RPMI 1640 (BI, Kibbutz Beit-
Haemek, Israel) supplemented with 10% heat-inactivated fetal bovine serum (GIBCO,
Grand Island, NY, USA) and 1% Pen/Strep (BI). A549 and H460 were maintained in
DMEM (BI) supplemented with 10% heat-inactivated fetal bovine serum (GIBCO) and 1%
Pen/Strep (BI). HBEC3-KT were a generous gift of Vassilis Gourgoulis (University of
Athens, Greece), and were maintained in Keratinocytes SFM (GIBCO) supplemented with
human recombinant EGF and bovine pituitary extract (GIBCO) according to the
manufacturer’s instruction, and gentamicin 5 pg/ml (BI). MCF-10A cells were maintained in
DMEM-F12 medium (BI) supplemented with 5% heat-inactivated horse serum (BI) 1% Pen/
Strep (BI), 1% L-glutamine (BI), 10 pg/ml insulin (BI), 0.1 pg/ml cholera toxin (Sigma-
Aldrich, St. Louis, MO, USA), 0.5 pg/ml hydrocortisone (Sigma-Aldrich) and 10 ng/ml
human recombinant EGF (Sigma-Aldrich). All cell lines were grown at 37 °C in a 5% CO,
humidified incubator. Unless otherwise stated, cells were obtained from ATCC (Manassas,
VA, USA). All cell lines tested negative for mycoplasma contamination.
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Transfections

All transfections were performed using Dharmafect 1 reagent (Dharmacon, GE Healthcare,
Lafayette, CO, USA) according to the manufacturer’s protocol. siRNA SMARTpools for
RNF20, ATXN7L3and non-targeting control siLacZ, as well as mature let-7b-5p miR
mimic, mature let-7c-5p miR mimic, Negative Control miRNA Mimic, biotinylated-let-7b
mimic and biotinylated-miR-Control were all purchased from Dharmacon.

Protein and RNA analysis

Cells were washed twice with ice-cold PBS, harvested and centrifuged at 3,000 rpm for 3
minutes and pellets were flash-frozen in liquid nitrogen and kept at -80° C until further
analysis.

For protein analysis cell were lysed using NP40 1% buffer with 0.3% protease inhibitor
(Sigma-Aldrich) and 1% phosphatase inhibitor cocktails #2 and #3 (Sigma-Aldrich)
followed by centrifugation at 14,000 rpm for 15 min at 4°C. The supernatant was quantified
with BCA protein assay (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. The lysate was further treated with protein sample buffer (3% SDS,
10% glycerol, 5% B-mercaptoethanol, 62 mM Tris pH6.8) and 3 cycles of vigorous
vortexing and boiling at 95°C. Protein lysates were then analyzed by 12.5% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), followed by transfer on nitrocellulose
membrane. Membranes were blocked using 5% milk in PBS-T for 30 minutes followed by
overnight incubation with primary antibodies at 4°C. After 3 washes in PBS-T membranes
were incubated for 45 minutes with HRP-conjugated secondary antibody then washed again
3 times with PBS-T. Finally, membranes were incubated for 1 min with ECL Western blot
detection reagent (GE Healthcare) and imaged with Image Lab software on ChemiDoc MP
Instrument (Bio-Rad, Hercules, CA, USA). The following antibodies were used: -tubulin
(T7816, Sigma-Aldrich), RNF20 (A300714A, Bethyl, Montgomery, TX, USA), ATXN7L3
(ab99947, Abcam, Cambridge, UK), USP42 (HPA006752, Atlas Antibodies, Bromma,
Sweden), H2B (07-371, Millipore, Merck, Billerica, MA, USA) and anti-H2Bub155.

RNA was extracted using miRNeasy mini kit (Qiagen, Hilden, Germany), and reverse-
transcribed using MMLYV reverse transcriptase (Promega, Fitchburg, WI, USA), random
hexamer primers (Applied Biosystems, Thermo Fisher Scientific) and nucleotide mix
(Larova, Jena, Germany). Quantitative real-time PCR was performed using Platinum Sybr
Green qPCR mix (Invitrogen, Thermo Fisher Scientific) in a StepOnePlus Instrument
(Applied Biosystems, Thermo Fisher Scientific). Primer sequences for gRT-PCR are listed in
Table 1.

Cell cycle analysis

Cells were trypsinized, washed once with ice-cold PBS, and fixed in 70% ethanol for at least
30 min at -20°C. Fixed cells were resuspended in PBS containing 50 wg/ml propidium iodide
and 50 zg/ml RNase A, and analyzed in an LSRII flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA).
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microRNA pulldown analysis

The biotinylated-miR pulldown assay protocol was adapted from Lal et al46. 1x10° cells
were transfected with 100 nM biotinylated-miR-control mimic or biotinylated-let-7b mimic.
After 48h, cells were trypsinized and resuspended in 1 ml lysis buffer [(20 mM Tris pH 7.5,
100 mM KCI (Ambion, Grand Island, NY, USA), 5 mM MgCl, (Ambion), 0.3% NP40)],
supplemented with 100 U RNAsein (Promega) and protease inhibitor cocktail (Sigma-
Aldrich), and incubated on ice for 20 min. The lysate was then centrifuged at 10,000xg for
15 min at 4 °C. Streptavidin-coated magnetic beads (Invitrogen, Thermo Fisher Scientific)
were washed 3 times with coupling solution (5 mM Tris pH 7.5, 0.5 mM EDTA, 1 M NaCl)
once with solution A (0.1 M NaOH, 0.05 NaCl) and once with solution B (0.1 NaCl). The
beads were then blocked at 4 °C for 1 hour in lysis buffer supplemented with 1 mg/ml yeast
tRNA (Ambion) and 1 mg/ml BSA (Ambion), then washed twice with lysis buffer. After
centrifugation, 10% of the cellular lysate was frozen at -80 °C to be used as input, and the
remaining lysate was loaded on the beads and incubated for 4 hours at 4 °C. Beads were
then washed 5 times with lysis buffer, and the RNA bound to the beads as well as the input
RNA was purified with the miRNeasy kit (Qiagen). Specific pulled-down mRNAs were
quantified by qRT-PCR, and for each sample values were normalized to RPL8 mRNA and to
the input.

Transwell migration assays

Transwell migration was assayed using 6.5 mm inserts with 8.0 um pore polycarbonate
membrane (Corning, Sigma-Aldrich) in 24 well plate. 48h after sSiRNA or miRNA mimic
transfection, cells were starved for EGF or serum for 7 hours and then trypsinized, counted,
and 50,000 MCF-10A cells or 30,000 HCC1937 cells were seeded in the upper part of the
insert. Cells were allowed to migrate for 16 hours to the lower chamber, containing medium
with or without attractant. After 16 hours, inserts were washed in PBS, fixed in 100%
methanol for 5 minutes, incubated in crystal violet solution for 30 minutes, washed briefly in
distilled water, and the inner part was scraped gently with a cotton swab to remove non-
migrated cells. The membranes were then imaged by microscopy and migrated cells were
quantified using ImageJ software (NIH, version 1.49v, June 2015).

Statistical Analysis

For all the experiments described we performed independent biological replicates as detailed
in the figure legends. All values represent mean + SEM averaged from independent
experiments. Statistical significance was assessed by Student's £test as appropriate. p-
value<0.05 was considered significant.

Supplementary Information

Refer to Web version on PubMed Central for supplementary material.
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let-7b and let-7c miRNAs are predicted to target negative regulators of H2Bubl1. Shown are
schematic representations of the USP44, USP42and ATXN7L3 genes, with the predicted
let-7b and let-7c target sites. miRNA seed sequences are highlighted in bold. Target site
predictions for ATXN7L3and USP44 are from TargetScan (Release 7.1, June 2016);
predictions for the coding sequence of USP42 are according to RNA22 v2.0.
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Figure 2.

A)glet—7b overexpression increases H2Bub1 in non-transformed and cancer-derived cell lines
of lung and breast epithelial origin. Cell cultures were transfected with 25 nM (final
concentration) non-targeting microRNA control mimic (mirC) or let-7b-5p mimic for 48
hours, and cell extracts were subjected to Western blot analysis with the indicated
antibodies. Numbers indicate quantification (Image Lab Software) of the H2Bub1 band,
normalized to total H2B. The experiment was repeated at least 3 times for each cell line. B)
Effect of let-7b and let-7c overexpression on cell cycle in Calu-1 cells. Calu-1 cells were
transfected with 25 nM mirC, let-7b-5p or let-7c-5p for 48 hours, fixed, stained with
propidium iodide, and subjected to FACS—based cell cycle analysis (left and middle panels).
The right panel displays Western blot analysis of transfected cell extracts. The experiment
was repeated twice.
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Figure 3.
let-7b reverses the effect of RNF20 depletion on cell migration.

A-C) MCF-10A cells were transfected with RNF20 siRNA oligos (siRNF20; final
concentration 12.5 nM), let-7b mimic (final concentration 25 nM), or a combination of both;
in each case, except for the combination of RNF20 siRNA plus let-7b mimic, the
transfection mix was complemented with nM LacZ control siRNA (siLacZ) or non-targeting
microRNA control mimic (mirC), as appropriate, to keep the total concentrations of SIRNA
and miRNA mimics constant. 48 hours later, cells were starved for 7 hours and subsequently
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collected for Western blot analysis with the indicated antibodies (A), while 50,000 cells
were subjected to transwell migration assay towards EGF, as described in Materials and
Methods (B). Average migration and SEM from 3 independent experiments is shown in (C);
migration is expressed as % of total area stained positive by crystal violet. (*) p-value<0.05,
two-tailed Student’s t-test.

D-F) HCC1937 cells were transfected as in (A). 48 hours after transfection, cells were
starved for 7 hours and subjected to Western blot analysis (D), while 30,000 cells were
subjected to transwell migration assay towards serum (E). Quantitative analysis, based on 2
independent experiments, is shown in (F). Numbers indicate quantification (Image Lab
Software) of the H2Bub1 band, normalized to total H2B.
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Figure 4.

let-7b targets and downregulates ATXN7L3, USP44 and USP42 mRNA. A) RNA of
MCF-10A cells from the migration experiments in Fig 3A-C was subjected to gRT-PCR
analysis with primers specific for ATXN7L3. Values were normalized to beta-2
microglobulin (B2ZM) mRNA as housekeeping control. Graph represents average of 3
independent experiments + SEM. (*) p-value<0.05, two-tailed Student’s t-test. B) Calu-1
cells were transfected with let-7b mimic or non-targeting microRNA control mimic (mirC)
(25 nM final) for 48 hours. RNA was purified and subjected to gRT-PCR analysis with
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primers specific for the indicated mature mRNAs or pre-mRNAs (see Materials and
Methods). Values were normalized to GAPDH mRNA or GAPDH pre-mRNA in the same
samples, respectively. Graph represents fold change relative to control, averaged from 5
experiments £SEM. (*)p-value<0.05; (**)p-value<0.01, two-tailed Student’s t-test. C)
Calu-1 cells were transfected with biotinylated miR-control mimic or biotinylated let-7b
mimic, and subjected 48 hours later to miRNA pull-down analysis, as described in Materials
and Methods. ATXN7L3, USP44and USP42 mRNA in the pull-down pellets were
quantified by qRT-PCR and normalized to RPL8 mRNA (which is not a predicted let-7b
target) and to the input. Mean+SEM mRNA fold enrichment with let-7b relative to mirC,
calculated from 4 experiments. (*) p-value<0.05; one-tailed Student’s t-test.
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Figure 5.
RNF20 depletion alleviates the inhibitory effect of ATXN7L3 depletion on cell migration.

A) MCF-10A cells were transfected with each of the indicated siRNA oligos (12.5 nM final)
or a combination thereof; LacZ siRNA was used to bring up the total siRNA concentration
to 25 nM in each case. 48 hours later, cells were starved for 7 hours and subsequently
collected for Western blot analysis with the indicated antibodies (A). Numbers indicate
quantification (Image Lab Software) of the H2Bub1 band, normalized to total H2B. NA=not
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applicable. Transwell migration assay (B) was performed and analyzed as in Fig, 3A-C.
Average migration +SEM from 5 independent experiments is shown in (C).
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Table 1

gRT-PCR primer sequences

Gene Forward Primer 5°-3’ Reverse Primer 5°-3’
GAPDH (mature mRNA) ACCCACTCCTCCACCTTTGA CTGTTGCTGTAGCCAAATTCGT
RNF20 (mature mRNA) GAACAGCGACTCAACCGACA GGAATTCACCCGTTCTAGGACTT

USP44 (mature mRNA)

ATGCCACCTACCTCAGGTTCT

TCTTCTCTCGGTTATTACGTCCTG

USP42 (mature mRNA)

CCTACACACCACCTCTTGCC

GGGTAATATGTGCTTGCATTG

ATXN7L3 (mature mRNA)

GTCTTTGTCTGGCCTGGATAAC

GGTGTACCTCAAAGCAGAATCC

GAPDH (pre-mRNA)

CATGCCTTCTTGCCTCTTGT

GTTGAGGTCAATGAAGGGGTC

USP44 (pre-mRNA)

GGTTCACTCAGCTTTTCCCTG

TTGGAGGAAAACCTTCTACGC

USP42 (pre-mRNA) GCCTTGATGTGTGTATATGGTTGTA | TGCCTGGGTAATATGTGCTTG
ATXN7L3 (pre-mRNA) GTCTTTGTCTGGCCTGGATAAC TCTTCCTGGATCCTTGGCTT
RPL8 GCGGACGGAGCTGTTCATT TGTTGAGCTGGGCCTTCTTG
B2M GGCATTCCTGAAGCTGAC TCTTTGGAGTACGCTGGATAG
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