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Abstract:

Benign melanocytic nevi commonly form when melanocytes that acquire a BRAF %% mutation
undergo a period of rapid proliferation and subsequent arrest. Constitutive activation of MAPK
signaling downstream of BRAF drives the initial proliferative phenotype. However, the factors
that establish and maintain growth arrest in nevi remain elusive. The growth-arrested state of
BRAF'®%% melanocytes is not conferred by additional genetic mutations, suggesting a role for
regulatory elements. We investigated the role of microRNAs in the initiation and maintenance of
nevus arrest. Using primary human melanocytes, melanocytic nevi, and adjacent melanoma, we
show that MIR211-5p and MIR328-3p are enriched in nevi compared to normal melanocytes,
then subsequently downregulated in adjacent melanoma. Both MIR211-5p and MIR328-3p
proved necessary effectors of BRAF'*“E-induced growth arrest in human melanocytes. We

FY60%E_induced

identified microRNA target networks which, when suppressed, phenocopy BRA
arrest and converge on inhibition of AURKB to block cell cycle progression in primary human

melanocytes.

Statement of Significance:

We describe a microRNA regulatory network that enforces BRAF*E-induced growth arrest in
human melanocytes during melanocytic nevus formation. De-regulation of MIR211-5p and
MIR328-3p targets — which converge on AURKB - leads to cell cycle re-entry and melanoma
progression. AURKB inhibition therefore provides a potential therapeutic intervention for

melanoma prevention or treatment.
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Introduction:

Cutaneous melanoma is a potentially fatal skin cancer arising from the pigment-
producing melanocytes of the basal layer of the human epidermis (1). Despite the development
of targeted therapies, such as small molecule inhibitors and immunotherapy, mortality rates of
advanced melanoma remain stubbornly high (2). If detected in its earliest stages, however,
melanoma can often be cured through surgical excision (3) (4).

Acquired activating V600E mutations in the BRAF proto-oncogene drive approximately
50% of all cutaneous melanomas (5) (6). Yet, when a melanocyte acquires a BRAF0%°F
mutation alone, the cell does not immediately transform to cancer. Instead, it undergoes rapid
clonal proliferation followed by growth arrest resulting in a stable pigmented skin macule known
as a benign nevus or mole (7) (8). Despite the continued expression of BRAFY®%°E the maijority
of nevi remain innocuous for the lifespan of the individual, suggesting that nevus cells have
robust intrinsic defenses against hyperproliferation.

Aberrant MAP kinase signaling downstream of BRAFY®°°F produces a cascade of
intracellular changes, each of which may contribute to the establishment and/or maintenance of
growth arrest. BRAFY®%E expression has been shown to induce negative feed-back loops that
ultimately dampen MAP kinase signaling (9). DNA hyper-replication from oncogenic activation
can simultaneously deplete cellular nucleotide pools and trigger DNA damage response
pathways (10) (11). In addition, epigenetic remodeling of chromatin has been observed in nevi,
suggesting that transcriptional reprogramming contributes to growth arrest (12). For example,
increased gene expression of cyclin dependent kinase 4/6 (CDK4/6) inhibitors, such as p16™<4
and p15™K*B is associated with benign nevi (13) (14) (15).

Although each of these factors likely contributes to the growth arrest phenotype of stable
melanocytic nevi, the mechanisms that drive the bi-phasic process of nevogenesis — temporary
proliferation prior to growth arrest - remain elusive. DNA sequencing of human nevi revealed

that growth-arrested BRAFY®°F melanocytes have no additional genetic changes that would
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distinguish them from their proliferative precursors (16), suggesting that transcriptional
regulation is crucial for establishing the bi-phasic phenotype and ultimately restraining
hyperproliferation. Interestingly, the growth restraint itself is non-permanent. Outside the
context of transformation, nevus melanocytes can also re-enter the cell cycle following exposure
to specific stimuli, as seen in cases of recurrent nevi (17) or widespread nevus eruption (18).
Further, it remains unclear how the known mechanisms governing nevus growth arrest are
overcome during melanoma initiation. For example, while p16™K*A is expressed in the majority
of nevi, >80% of melanoma in situ outgrowths from nevi and 40% of advanced melanomas
retain its expression (15) (19) (20) (21) (22) (23). Furthermore, knockdown or deletion of
p16™K*A fails to overcome BRAFY®E-induced arrest (13) (15). Insight into the mechanisms that
distinguish BRAFY®°E_driven melanocyte expansion, growth arrest, and escape could reveal
new approaches for detection, prevention, and therapeutic intervention in melanoma.

A unifying characteristic of BRAF*®E-induced growth arrest pathways is the remodeling of
the melanocyte transcriptome, which must remain durable to prevent nevus transformation to
melanoma. MicroRNAs are small non-coding RNAs that regulate networks of genes and confer
robustness to transcriptional programs (24). Aberrant microRNA expression has been reported
in numerous human cancers, including melanoma, where they have been shown to play both
oncogenic and tumor suppressive roles (25) (26) (27) (28). MicroRNAs regulate biological
processes through complementary binding to the 3’ untranslated region (3° UTR) of mMRNA
networks, and therefore can serve as useful probes for unraveling complex transcriptional
programs (29) (30) (31) (32). Seminal studies of gene networks targeted by miRNAs specific to
aggressive melanoma revealed mechanisms required for metastatic dissemination (31). Here,
we have taken a similar approach to unravel the mechanisms driving nevogenesis and
melanoma initiation. Using clinical specimens of conventional human nevi with adjacent
melanoma, and primary human melanocytes derived from both normal skin and nevi, we

identified elevated MIR211-5p and MIR328-3p expression as part of a nevus-specific
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transcriptome. Expression of both microRNAs mediates BRAFV®%F - induced growth arrest by
regulating networks of dozens of genes. Both microRNAs converge to inhibit aurora kinase B

(AURKB) translation, which is required to induce growth arrest in BRAF6%%F

melanocytes and
melanoma cells. In turn, we demonstrate that MIR211-5p and MIR328-3p regulation of AURKB
plays a crucial role in human nevus formation and that their loss permits progression to

melanoma.

Results:
Identification of nevus-enriched microRNAs

We sought to characterize a miRNA program specifically expressed in nevi, as
compared to healthy melanocytes or melanoma arising from nevi (Fig. 1A). To first identify
miRNAs down-regulated during transformation, we analyzed small RNA-sequencing from a
previously established cohort of nevus with adjacent melanoma. Melanocytic nevus and
melanoma portions of each tissue section were isolated and subjected to targeted exon, mRNA,
and small RNA sequencing (33) (34) (Fig. 1B). For each case, the nevus component was
phylogenetically confirmed as a precursor to the adjacent melanoma (33). All lesions shared
the BRAFY®%%E driver mutation. We performed differential expression analysis using the DESeq2
R package (35) to determine which microRNAs consistently presented altered expression in the
melanomas as compared to the precursor nevi. The analysis revealed a cohort of microRNAs
exhibiting elevated expression in the nevus tissue, but down-regulated in the adjacent
melanoma tissue, including MIR125B-5p, MIR100-5p, MIR328-3p, MIR211-3p, MIR125A-5p,
and MIR211-5p (each p-value adjusted for multiple test correction of <0.05) (Fig. 1C). These
observations are consistent with previous studies that have identified MIR125B-5p, MIR100-5p,
and MIR211-5p as enriched in nevus tissue as compared with adjacent melanoma (32) (36)

(37).


https://doi.org/10.1101/2020.05.21.109397
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.21.109397; this version posted May 24, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

7

To probe for nevus-specific microRNA expression, as compared to normal human
melanocytes, we next isolated melanocytes from fresh biopsies of long-standing nevi with no
history of morphological change (n = 6) or healthy human skin with no visible melanocytic
neoplasia (n = 8) (Fig. 1D-E). Sanger sequencing confirmed that melanocytes from healthy skin
had two wildtype BRAF alleles while nevus melanocytes were heterozygous for the mutant
BRAFY6%E gliele (T1799A) (Fig. 1F). We then performed small- RNA sequencing on these
samples. Differential expression analysis identified MIR125B-5p, MIR100-5p, MIR328-3p and
MIR211-5p as increased in BRAFV®%F nevus melanocytes vs. BRAF"T (p<0.05) (Fig. 1G).
Taken together, these results suggest these miRNAs form part of a nevus-specific
transcriptome that increase in expression with the establishment of the nevus state, then

decrease upon transition to melanoma.

MIR211-5p and MIR328-3p induce growth arrest in human melanocytes.

To better characterize the effects of nevus-specific mMiRNAs on human melanocyte
proliferation, we nucleofected primary human melanocytes with RNA mimics corresponding to
the mature sequences of MIR125B-5p, MIR100-5p, MIR328-3p and MIR211-5p, as well as non-
targeting control mimics, and assayed proliferation over 7 days. Nucleofection of MIR211-5p or
MIR328-3p each led to diminished melanocyte proliferation in comparison to the non-targeting
control (* = p<0.05) (Supplementary Fig. S1A). To validate specificity and potency of each
mimic, we generated dual fluorescence reporters of MIR211-5p and MIR328-3p function
(Supplementary Fig. S1B). When co-transfected with the targeting microRNA mimics and
analyzed via flow cytometry, we observed a uniform inhibition of reporter expression, consistent
with subtle translational inhibition expected from microRNA expression (Supplementary Fig.
S1C).

To determine whether the proliferation defect was due to growth restriction or increased

cell death, we monitored the effects of MIR211-5p and MIR328-3p on normal melanocyte
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behavior using digital holographic cytometry (DHC). DHC is a form of quantitative phase
imaging (QPI) that permits long-term live imaging and assessment of cell division and death
with single cell resolution (38). We conducted DHC of nucleofected melanocytes over the
course of 72 hours beginning at day 4 post-nucleofection. MIR211-5p and MIR328-3p
overexpression induced a dramatic decrease in melanocyte proliferation in comparison to the
non-targeting microRNA control (Fig. 2A). Single-cell analysis revealed only 32.9% and 25.1%
of MIR211-5p or MIR328-3p expressing melanocytes divided between day 4 and 5 post-
nucleofection, as compared to 85.9% of control cells (Fig. 2B). Growth arrested cells retained
the appearance of healthy melanocytes, and the DHC analysis yielded no evidence of cell death
(Supplementary Fig. S2A). Growth arrest continued for 6-7 days (Fig. 2C-D). EdU uptake
decreased with increasing concentration of MIR211-5p and MIR328-3p mimic 4 days post-
nucleofection, further indicating cell division was compromised in human melanocytes following
MIR211-5p or MIR328-3p nucleofection (Fig. 2E). Corroborating these observations, cell cycle
profiling demonstrated a consistent increase in the number of cells accumulating in S or G2/M
phase of the cell cycle between days 3 and 7 following microRNA overexpression (Fig. 2F and
2G). In contrast, co-staining with propidium iodide and annexin V antibody 4 days post-
nucleofection revealed no significant differences in the percentage of apoptotic melanocytes
(Supplementary Fig. S2B). Taken together, we conclude that over-expression of MIR211-5p
and MIR328-3p in human melanocytes induces a proliferative arrest in the G2/M phase of cell

cycle.

Endogenous MIR328-3p and MIR211-5p contribute to BRAFV***E.induced growth arrest
Our microRNA profiling of normal and nevus melanocytes and adjacent melanoma

showed that MIR211-5p and MIR328-3p were enriched specifically in nevi. Ectopic expression

of BRAF%E has been previously shown to induce growth arrest in human melanocytes (13).

As ectopic expression of MIR211-5p and MIR328-3p also induce growth arrest, we reasoned
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that endogenous expression of these microRNAs might contribute to BRAFY*E-induced growth
arrest. To test whether inhibition of endogenous MIR211-5p and MIR328-3p expression is
sufficient to rescue BRAF'®°E.induced growth arrest, we leveraged a doxycycline inducible
BRAFV6%E system (diBRAF%F) (14). We generated low passage human melanocytes

expressing diBRAF6E

and exposed cells to doxycycline. Western blot analysis showed that
the transduced melanocyte population expressed increasing levels of BRAFY®%°F and ERK 1/2
phosphorylation when exposed to increasing concentrations of doxycycline (Fig. 3A). As
expected, the induction of BRAF%%F decreased proliferation in melanocytes from three
separate donors (Fig. 3B). Cell cycle analysis revealed a dose-responsive increase in the G2/M
phase arrest, similar to the miRNA overexpression (Fig. 3C). We were initially surprised by this
result, as BRAF-driven G1 phase arrest has been reported, but closer inspection of these
previously published data revealed an unappreciated G2/M phase arrest, as well (13) (39).

To determine whether MIR211-5p or MIR328-3p were necessary effectors of BRAF6%E-
induced growth arrest in human melanocytes, we inhibited MIR211-5p and MIR328-3p in
BRAF %% melanocytes using two approaches. First, we nucleofected di-BRAF"%°F
melanocytes with LNA microRNA inhibitors and assayed for Edu incorporation after 4 days. In
the presence of a non-targeting control inhibitor, induction of BRAF%°°F decreased Edu uptake
by 7% (p<0.01). In contrast, in the presence of inhibitors targeting MIR211-5p or MIR328-3p,
there was no significant decrease in mean EdU uptake in melanocytes regardless of BRAF 6%%F
expression (Fig. 3D). As an alternative method to inhibit each microRNA, we generated di-
BRAF %€ melanocyte lines that constitutively expressed a microRNA sponge containing seven
MIR211-5p or MIR328-3p binding sites and mCherry under control of independent promoters
(Fig. 3E). We then conducted a competition assay between mCherry positive (sponge-
expressing) and mCherry negative melanocytes. After five days of exposure to doxycycline, the

mCherry population of cells expressing control sponge remained at constant, whereas the

mCherry population of cells expressing sponges to MIR211-5p or MIR328-3p increased by
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44.3% and 21.0%, respectively. Taken together, these results suggest that MIR211-5p and
MIR328-3p independently contribute to BRAFV*E-mediated growth arrest in human

melanocytes.

AURKB and GPR3 inhibition contributes to BRAF'*** .induced growth arrest

Previous studies demonstrated that comprehensive characterization of microRNA
targets can elucidate novel mechanisms in development and cancer progression (29) (30) (31)
(32). Having identified MIR211-5p and MIR328-3p as upregulated in human BRAFY*%F nevus
melanocytes and contributors to BRAFY°*E.induced growth arrest, we next investigated the
genetic networks regulated by MIR211-5p and MIR328-3p that converge to restrain melanocyte
proliferation. We nucleofected normal human melanocytes with MIR211-5p, MIR328-3p, or non-
targeting microRNA control mimics. Four days post nucleofection, we harvested total RNA from
each sample and performed high-throughput mRNA sequencing. Computationally predicted
targets of MIR211-5p and MIR328-3p were enriched among the genes down-regulated by each
mimic respectively (Fig. 4A and 4B). The majority of these targets exhibited 2-fold or less
expression reduction, consistent with the established models of microRNA targeting on
transcript levels.

To determine whether any of the downregulated transcriptional targets of the MIR211-5p
or MIR3238-3p contribute directly to the growth arrest microRNA phenotype, we performed a
small interfering RNA (siRNA) screen against each target in normal human melanocytes. We
tested a total of 131 down-regulated predicted targets of MIR211-5p and MIR328-3p. Of the
siRNAs tested, 86 inhibited predicted targets of MIR211-5p, 23 inhibited predicted targets of
MIR328-3p, and 6 inhibited predicted targets of both microRNAs (Supplementary Table S1).
The effect of each siRNA pool on EdU incorporation was compared to that of six controls: no
mimic, a non-targeting siRNA control (Scramble 1), 2 non-targeting microRNA controls

(Scramble 2 and Scramble 3), and MIR211-5p and MIR328-3p mimics. Knockdown of 62 of the
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131 predicted target genes resulted in EAU uptake significantly less than that of the siControl
(p<0.05), though few induced changes as significant as the microRNA mimics themselves ((Fig.
4C). These observations are consistent with previous reports that knockdown of individual
genes in a microRNA target network can only partially phenocopy overexpression of a
microRNA (30).

To further narrow the scope of our study, we focused on genes that were down-
regulated by both MIR211-5p and MIR328-3p and whereby knockdown significantly impaired
EdU incorporation. We reasoned such genes represent potential network nodes where the
MIR211-5p and MIR328-3p target networks converge. We identified AURKB and G-protein
coupled receptor 3 (GPR3) as genes with significantly decreased expression upon expression
of either microRNA (Fig. 5A). AURKB is predicted to be targeted by both MIR211-5p and
MIR328-3p, whereas GPR3 is a predicted target of MIR328-3p only (Fig. 5B). To investigate
whether AURKB or GPR3 inhibition is involved in the microRNA-induced growth arrest
phenotype, we generated lentiviral constructs that expressed each gene, but lacked the
predicted microRNA binding sites (Fig. 5C and 5D). Human melanocytes stably expressing
each gene were nucleofected with MIR211-5p, MIR328-3p, or a non-targeting control. We
assayed proliferation over 7 days and found that overexpression of AURKB and GPR3 rescued
rescued the MIR211-5p induced growth defect (Fig. 5E). Likewise, AURKB overexpression
partially rescued the MIR328-3p induced growth arrest, whereas GPR3 overexpression did not
ameliorate the phenotype.

FV6OOE

To determine whether AURKB or GPR3 expression could rescue the BRA -induced

growth arrest in human melanocytes, we overexpressed either AURKB, GPR3, or zsGreen

transgenes in human melanocytes previously transduced with the di-BRAFY®%°F transgene. In

FVGOOE

the absence of doxycycline- induced BRA expression, AURKB increased melanocyte

proliferation (Fig. 5F). When BRAFY®%E was expressed, AURKB rescued proliferation. In

contrast, GPR3 expression decreased melanocyte proliferation. Interestingly, when BRAF6%¢


https://doi.org/10.1101/2020.05.21.109397
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.21.109397; this version posted May 24, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

12

was expressed, GPR3-expressing cells did not further decrease proliferation (Fig. 5F). To
validate the finding that AURKB could rescue BRAFV®*.induced growth arrest in vitro, we
asked whether AURKB was sufficient to restore proliferation to growth arrested human nevi.
We transduced non-proliferating nevus melanocytes from three independent donors with
lentivirus harboring AURKB and mCherry at low MOI. QPI for 90 hours post-infection
demonstrated that nevus melanocytes that expressed mCherry (and therefore AURKB)
significantly increased proliferation in comparison to mCherry negative nevus melanocytes (Fig.
5G). These results further suggest that inhibition of AURKB by MIR211-5p and MIR328-3p is

essential for the BRAF®E-induced growth arrest in human melanocytes.

Melanoma Growth Requires AURKB Expression

Taken together, our results demonstrate that BRAFY%F nevus melanocytes express
increased levels of MIR211-5p and MIR328-3p, and that these microRNAs contribute to growth
arrest through inhibition of AURKB and GPR3. If true, we would expect elevated expression of
these genes in melanoma as compared to nevi. Transcriptional profiling of nevi (n = 11) and
adjacent melanoma (n = 12) from human FFPE tissue revealed that AURKB and GPR3
transcripts are significantly upregulated in melanoma in comparison to nevi — an inverse
expression pattern of MIR211-5p and MIR328-3p (Fig. 6A). Immunohistochemistry (IHC) of
human nevus (n = 11) and melanoma (n = 11) sections further demonstrated that AURKB and
GPR3 expression is upregulated in melanomas relative to nevi (Fig. 6B). If upregulation of
either gene were also essential for melanoma growth, we would further expect that inhibition
would revert BRAFY®%F melanoma cells to a growth-arrested state. Selective inhibitors of
AURKB, but not GPR3, have been described. Two BRAFY%%E human melanoma cultures — one
established line (501MEL) and one derived from a low passage patient-derived xenograft tumor

(HCIMel019) — were therefore treated with the selective AURKB inhibitor, Barasertib (40). Both
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cultures were highly sensitive to the compound, consistent with a previous report (Fig. 6C) (41).
Live DHC imaging revealed no evidence of cell death, but rather growth arrest coupled to

significantly increased cell volume, consistent with known functions of AURKB (Fig. 6D-E).

Discussion:

A long-standing question in the field of melanoma biology asks: how are nevi formed? A
single mutation — BRAFV%°F _ drives temporary proliferation followed by subsequent growth
arrest, but the mechanisms that underlie this bi-phasic phenotype remain opaque. Equally
perplexing is the conditional nature of growth arrest induction, wherein incompletely excised
nevi can regrow to their former dimensions (17), or established nevi can erupt in response to
external stimuli (18). The mechanisms that permit these events are as ambiguous as
nevogenesis itself and require that the growth-arrest phenotype be both recurrently plastic and
durable. Such reversible characteristics are more likely to be associated with environmental or
transcriptional changes, rather than genetic. Here we identified two microRNAs that are
elevated specifically in growth-arrested nevi and are both necessary and sufficient for
BRAFY®%E_induced growth arrest in vitro. The microRNAs are downregulated, and their target
expression increases in melanoma arising from nevi. Previous studies using melanoma cell
lines representative of the advanced disease have identified MIR211-5p as either a tumor
suppressor or an oncomir, dependent on context (32) (42) (43) (44) (45) (46) (47) (48). Our
data demonstrate that in the context of primary human melanocytes, the transcriptional
activation of MIR211-5p and MIR328-3p are at least partially responsible for nevus-associated
growth arrest and that melanoma initiation from nevi requires their subsequent suppression.

Our data provide evidence that increased expression of MIR211-5p and MIR328-3p
represent intracellular events that complement previously reported transcriptional changes

required to establish and maintain growth arrest in nevus melanocytes. In particular, the genes
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p16™K* and p15™“B are potently upregulated in response to BRAF%°F signaling and thought
to contribute to nevus-associated growth arrest (13) (14) (15). Like MIR211-5p and MIR328-3p,
expression of both genes can induce melanocyte growth arrest in vitro and are frequently lost
during transformation to melanoma. However, in contrast to inhibition of MIR211-5p and
MIR328-3p, inhibition or genetic ablation of the CDKN2A locus does not rescue BRAFY6%%E
induced growth arrest (13) (14) (15) (49) (50). Similarly, deletion of the locus does not prevent
nevogenesis in mouse models (51) (52). Another important distinction is the phase of the cell
cycle regulated by each gene. Exogenous BRAF?%F expression induces both GO/G1 and G2/M
growth arrest while p16™¢** and p15™%“B each inhibit CDK4/6-Cyclin D phosphorylation of RB,
leading to a GO/G1 phase cell cycle arrest (13) (39) (53) (54). Conversely, MIR211-5p and
MIR328-3p block cell cycle progression through the G2/M phase. Taken together, these
observations suggest that microRNA-mediated inhibition of cytokinesis and CDKi-inhibition of
cell cycle entry represent two complimentary mechanisms that each contribute to the initiation
and the maintenance of growth arrest. Restriction across multiple stages of the cell cycle would
enhance the durability of growth arrest in melanocytic nevi, further explaining why so few nevi
transform to malignant disease over the lifespan of the individual. The upregulation of multiple

FVGOOE

cell cycle checkpoints downstream of BRA may also help explain the difficulties in

determining a single phase of the cell cycle in which nevus cells are growth-arrested. Indeed,

6N expression varies across nevus specimens, ranging from no expression,

the extent of p1
to mosaic or uniform expression (55)

We identified expression of MIR211-5p and MIR328-3p as a cell-intrinsic mechanism
that restrains nevus cell proliferation without the need for further genetic alterations. However,
an open question remains regarding the upstream mechanism regulating these microRNAs. We
favor a “two-factor” model, whereby increased expression requires both BRAFY®%F and

activation of a second signaling pathway. In this model, melanocytes that have acquired

BRAF Y% would proliferate rapidly until the second pathway, and consequently MIR211-5p and
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MIR328-3p, is activated. MIR211-5p has previously been reported to be a transcriptionally
regulated by both MITF (32), and UV exposure (56) . Future studies determining how these

microRNAs are regulated in BRAFY®%F

nevus cells might identify additional therapeutic targets
for nevus reduction or melanoma prevention.

Regardless of the cause of their expression, analysis of the mechanism of microRNA
action, which is pleiotropic and characterized by the simultaneous regulation of networks of
target genes, has proven a valuable system for probing the mechanisms of cellular transitions
(29) (30) (31). In this study, we demonstrate that MIR211-5p and MIR328-3p converge on
AURKB mRNA, the depletion of which is necessary to establish both the microRNA-induced

growth arrest and BRAF6%F

-induced growth arrest in human melanocytes. While AURKB is
clearly essential to MIR211-5p and MIR328-3p- mediated proliferation arrest, we recognize that
AURKRB likely represents one of many MIR211-5p and MIR328-3p targets that contribute to
BRAFY®%E_induced growth arrest in melanocytic nevi. Indeed, data from our siRNA experiment
suggest that depletion of multiple targets each phenocopies growth arrest in melanocytes.
Previous studies have identified KCNMA1, TGFBR1, TGFBR2, IGF2R, NFAT5, NUAK1, and
EDEM1 as MIR211-5p targets in advanced melanoma lines (32) (42) (43) (45) (48). Although
we consider the growth suppressive effects of the microRNAs to be the summation of target
gene network regulation, it is notable that ectopic AURKB expression on its own was capable of
restoring proliferation in previously growth-arrested patient-derived nevus cultures, suggesting
this gene is a critical downstream signaling node of these microRNAs in this context. These
observations corroborate a previous report that AURKB inhibition is an effective therapy in pre-

clinical mouse melanoma models (41), and support further development of AURKB inhibitors as

a potential adjuvant or therapeutic candidate.
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Materials and Methods:

RNA sequencing from FFPE tissue and analysis

We previously established a cohort of melanoma specimens presenting with an intact adjacent
benign nevus (33). All cases had been retrieved from the UCSF Dermatopathology archive as
formalin-fixed paraffin-embedded (FFPE) tissue blocks. Histopathologically distinct areas were
independently evaluated by a panel of 5-8 dermatopathologists for staging and genotyped (33).

Distinct tumor areas were manually micro-dissected with a scalpel under a dissection scope
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from unstained tissue sections following the guidance of a pathologist in order to limit stromal
cell contamination. Target exon sequencing, phylogenetic analysis, and RNA and small RNA
sequencing of each tumor area were previously described (33) (34) (phs001550.v2.p1). For this
study, fifteen different areas (8 malignant and 7 benign) from seven cases were selected based
upon BRAF status and confidence of diagnosis. After adaptor sequences were removed, small
RNA-seq reads were aligned to a human reference (hg37) with Bowtie (57) and then small
RNA reference groups (miRBase21) were counted. Differential expression analysis was
performed from feature counts using DESeq2 (35) with p-values adjusted for multiple testing
with the Benjamini-Hochberg method (p-adj). Previously published messenger RNA sequencing
datasets from Shain et al. 2018 (33) produced from these samples were re-analyzed here with

DESeq2.

RNA sequencing from cultured normal and human nevus melanocytes

MicroRNA sequencing libraries were constructed with the TailorMix Small RNA Library
Preparation Kit (SeqgMatic, CA) from total RNA extracted from human melanocytes using TRIzol
Reagent (Thermo Fisher Cat. # 15596-026) and purified of melanin with the RNeasy Power
Clean Pro Cleanup Kit (Qiagen Cat. # 13997-50). Sequencing was performed on the lllumina
HiSeq2500 platform at single-end 50bp. Processing, alignment, and analysis of the reads were

conducted as described above.

For mRNA sequencing of melanocytes containing microRNA mimics, synthesized mature
miRNAs (Dharmacon) were nucleofected into human melanocytes as described below. Four
days post-nucleofection, total RNA was collected from biological quadruplicates with TRIzol
Reagent (Thermo Fisher Cat. # 15596-026). 150bp paired end sequencing was then conducted

on mRNA by GeneWiz. After adaptor sequences were removed, reads were aligned to a human
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reference (hg37) with Bowtie2 and HTSeq was used to count reads. Differential expression
analysis was performed from normalized counts using EdgeR and LimmaVoom (58) with p-

values adjusted for multiple testing by the Benjamini-Hochberg method (p-ad;).

Cell Derivation and Culture

Benign human melanocytic nevi were excised with informed consent from patient donors at the
University of California San Francisco Dermatology clinic (San Francisco, CA) according to an
Institutional Review Board- approved protocol. Patient studies were conducted in accordance
with the Declaration of Helsinki. The tissue samples were microdissected to isolate nevus from
surrounding normal tissue. Nevus tissue was then mechanically separated into pieces and
enzymatically dissociated in a 1:1:1 mixture of DMEM:Dispase:Collagenase (DMEM Thermo
Fisher Cat # 10569044 : Dispase : Collagenase) for 1 hour at 37°C. Melanocytes were further
isolated from epidermal keratinocytes and fibroblasts by selective trypsinization and 5- day
exposure to 10ug/mL G418 (Geneticin). BRAF status of nevus-derived melanocytes was
confirmed via sanger sequencing (Quintarabio) using the primer (BRAF forward: 5’- GCA CGA
CAG ACT GCA CAG GG -3'; BRAF reverse: 5- AGC GGG CCA GCA GCT CAA TAG -3)).
BRAFWT (normal) human melanocytes were isolated from de-identified and IRB consented
neonatal foreskins. Foreskin tissue was incubated overnight at 4°C in Dispase and epithelia
were mechanically separated from the dermis the following morning using forceps. The
epithelial tissue was minced and incubated in trypsin for 4min at 37°C. Trypsin was quenched
with soybean trypsin inhibitor and tissue was centrifuged at 500xg for 5min at room
temperature. The supernatant was aspirated and the cell/tissue pellet was resuspended in
Melanocyte medium (ThermoFisher, M254500) supplemented with HMGS (ThermoFisher,

S0025) and plated in low volume to promote cell adherence.
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The 501Mel human melanoma line (Gift from Dr. Boris Bastian, CVCL_4633) were cultured in
RPMI media with 10% Fetal Bovine Serum (FBS), 1% Penicillin-Streptomycin (Pen-Strep), 1%
L-Glutamine (L-Glut), and 1% Non-Essential Amino Acid (NEAA) cell culture supplement.

The human melanoma cell line HCIMel019 was derived from patient-derived xenograft (PDX)
tumors propagated in mice. An HCIMel019 (P2) subcutaneous tumor was resected from a
mouse and minced in tissue digestion buffer consisting of 100uM HEPES (Gibco, 15630-080),
5% FBS (DENVILLE, FB5001-H), 20pg/ml gentamicin (Gibco, 15710-064), 1x insulin (Gibco,
51500-056), and 1mg/ml collagenase IV (Gibco, 17104-019) in DMEM (Gibco, 11965-092). The
tumor slurry was digested overnight in 37°C with gently shaking. The cells were filtered through
a 100uM pore size filter (Falcon, 352360) and red blood cells were removed with RBC lysis
buffer consisting of 0.5M EDTA, 0.5M KHCO3 (Sigma, 237205), and 5M NH4CL (Sigma,
A9434). The remaining cells washed with PBS and cultured in a humidified incubator at 37C
and 5% CO2 in Mel2 media consisting of 80%MCDB153 (Sigma, M7403), 20% L15 (Gibco,
11415-064), 2% (DENVILLE, FB5001-H), 1.68mM CaCL (Sigma, C4901), 1x insulin (Gibco,
51500-056) 5ng/mIEGF 5ng/ml (Sigma Aldrich, E9644), 15ug/ml Bovine Pituitary Extract (Gibco

13028-014), and 1x Pen/strep (Gibco, 15070-063).

Mimic Nucleofection

Human melanocytes were trypsinized, quenched with DMEM + 10% FBS + 1%
antibiotic/antimyotic and centrifuged at 300xg. The resulting cell pellet was resuspended in R
Buffer at a concentration of 10,000 cells/uL and 10uL nucleofected with mature miRIDIAN
microRNA mimics (Dharmacon) (hsa-MIR211-5p C-300566-03-0005, hsa-MIR328-3p C-
300695-03-0005, MIRControl 1 CN-001000-01-05, MIRControl 2 CN-002000-01-05) with a final
concentration of 4uM. microRNA LNA inhibitors (Qiagen) (anti-hsa-MIR211-5p Y104103166-

ADC, anti-hsa-MIR328-3p Y104101608-ADC, anti-MIRControl 1 YI00199006-ADC, anti-
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MIRControl 2 YI00199007-ADC) were also nucleofected with a final concentration of 4uM
nucleofected using the NEON Transfection System and protocol (Thermo Fisher Cat. #

MPK5000).

Generation of Lentiviral vectors

pTRIPZ-diBRAFV600E was previously described (a gift from Todd Ridky) (14). pLVX-AURKB
(Addgene #153316) and pLVX-GPR3 (Addgene #153317) were generated by subcloning the
respective human cDNA (from Addgene #100142 and #66350) into the [Mlul and BamHI sites]
of the pLVX-Che-hi3 vector (a gift Sanford Simon) (Takacs et al. 2017). pLVX-anti-MIR211-5p
(Addgene #153318), pLVX-anti-MIR328-3p (Addgene #153319), and pLVX-Che-zsGreen
(Addgene #153320) were generated by inserting zsGreen with or without a 3'UTR into the [Mlul
and Xbal sites] of the pLVX-Che-hi3 vector. The 3'UTRs contained 7 tandem microRNA binding
sites to both report and inhibit microRNA function, as previously described (30). ZsGreen was
subcloned from pHIV-zsGreen (a gift from Bryan Welm & Zena Werb (Addgene plasmid #

18121) (59).

Lentiviral transduction

2.75x10° HEK293T cells were plated in 10cm tissue culture treated dishes and grown for
approximately 24 hours in DMEM supplemented with 10% FBS and 1% antibiotic-antimycotic.
For each 10cm plate, 3.3ug of pMLV-GagPol and 1.7ug of pVSV-G packaging plasmids were
added to 500uL of jetPRIME buffer (Polyplus catalog # 712-60) and briefly vortexed to mix. 5ug
of lentiviral vector and 20uL of jetPRIME transfection reagent were then added to the jetPRIME
buffer and the mixture was briefly vortexed. The mixture was then incubated for 10min at room
temperature and added to the HEK293T culture media. 48 hours post-transfection, viral

supernatant was collected and filtered using 0.45um syringe filters (Argos). Human
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melanocytes seeded at 1.0x10° — 2.0x10° cells/well density in 6-well plates were then incubated
in viral supernatant in the presence of 10ug/mL polybrene and centrifuged at 300xg for 60 min
at room temperature. Transduced melanocytes were incubated for 15min at 37°C after which
the viral supernatant was removed and replaced with growth media. Transduced cells were then
either selected with puromycin (1ug/mL for 5 days) or sorted for mCherry expression using a BD
FACSAria Il. In some experiments, cells expressing pTRIPZ-diBRAFVE600E were treated with

doxycycline at indicated concentrations.

Live Quantitative Phase Imaging

Digital holographic cytometry was performed using HoloMonitor M4 imaging cytometers (Phase
Holographic Imaging, Lund, Sweden) and analyzed for cell proliferation, volume and death
using HStudio (v2.6.3) as previously described in Hejna et al. 2017 (38). For normal human
melanocyte proliferation experiments, cells were seeded into 6-well culture plates (Sarstedt,
83.3920) at 100,000 cells per well and either live-imaged in a standard mammalian cell
incubator or serially imaged at different days as indicated. For dose response curves, 60,000
501Mel cells or 150,000 HCIMel019 cells were plated per well. The next day, media was
replaced with media containing indicated concentrations of barasertib (AURKB inhibitor;
AZD1152-HQPA | AZD2811) obtained from Selleckchem.com (Catalog No. A1147 — 5 mg) and
cells were imaged for 48-72 hours. Live quantitative phase imaging coupled with fluorescent

imaging was conducted using the Livecyte platform (Phasefocus, Sheffield, UK).

EdU assays

Normal human melanocytes were nucleofected with microRNA mimics, LNA microRNA
inhibitors, or infected with lentiviral vectors (as above) and seeded in 48-well plates at a density
of 50,000 cells/well. 4 days post-seeding EAU was added to culture media at a final

concentration of 10uM. 24 hours after the addition of EdU, EdU media was removed and cells
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were stained for EdU incorporation and nuclei using the Click-iT EAU Imaging Kit (Thermo
Fisher Cat. # C10337) and protocol. Images of EdU and nuclei staining were taking using the

Evos FL microscope and quantified using FIJI.

microRNA gRT-PCR

Total RNA was extracted from melanocytes using TRIzol Reagent (Thermo Fisher Cat. #
15596-026) and purified of melanin with the RNeasy Power Clean Pro Cleanup Kit (Qiagen Cat.
# 13997-50). RNA concentrations were established by NanoDrop. microRNAs were then
converted to cDNA using TagMan Advanced miRNA Assays (Thermo Fisher Cat. # A25576).
Quantitative PCR was carried out in triplicate using the TagMan Fast Advanced Master Mix
(Thermo Fisher Cat. # 4444557) and TagMan probes corresponding to each microRNA of
interest on an Applied Biosystems 7900HT machine. MIR191-5p and MIR26a-5p were used as

reference controls and the delta-delta CT method was used to approximate gene expression.

Western Blotting

Protein was collected using RIPA Buffer (Thermo Fisher Cat. # 89901) supplemented with
HALT Protease Inhibitor (Thermo Fisher Cat. # 87786). Protein extracts were mixed with
NuPAGE LDS Sample Buffer (ThermoFisher Cat. # NP0007), NUPAGE Sample Reducing
Agent (ThermoFisher Cat. # NP0004) and heated for 10 min at 90 °C. Protein was resolved on
NuPAGE Novex 4-12% Bis-Tris Protein Gels, 1.0 mm, 15-well (ThermoFisher Cat. #
NP0323B0OX) and transferred using a Mini-Trans-Blot Cell onto 0.22um PVDF membranes
(ThermoFisher Cat. # 88520). Membranes were blocked with Membrane Blocking Solution
(ThermoFisher Cat. # 000105) for 20 min. at room temperature (22 °C). The membranes were
then incubated overnight at 4 °C with primary antibodies at the following dilutions: anti-HSP90
(CST Cat. #4874) 1:1000, anti-BRAFV600E (Spring Bioscience Corp Cat. # E19292) 1:1000,

anti-phosphoERK1/2 (CST Cat. # 4970) 1:1000, anti-AURKB (Abcam ab2254) 1:1000. The
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membranes were then washed four times with PBS and 0.5% Tween20 (TBST) and incubated
with horseradish peroxidase-conjugated secondary antibody 1:2000 for 30 min. at room
temperature. The membranes were then washed four times with TBST and were visualized with

Lumina Forte Western HRP substrate (Millipore Cat. # WBLUF0500).

Cell cycle and apoptosis profiling

Melanocytes were trypsinized with 0.05% Trypsin (Thermo Fisher Cat# 25300120) and
quenched with DMEM + 10% FBS + 1% antibiotic/antimycotic. Cells were centrifuged at 1000
rpm for 5 min. The supernatant was aspirated, and cells were resuspended in ice cold 1X PBS
with 3% BSA. Cells were centrifuged for additional 1 min and cells were resuspended in 500uL
of ice cold 70% ethanol. Cells were then fixed for 1 hr at 4°C. After fixation, cells were
centrifuged for 5 min at 1000rpm and washed 1X PBS with 3% BSA. Cells were resuspended
in 200uL of 1X PBS with 0.5mg/mL propidium iodide (Pl) (BioLegend Cat# 421301) and
incubated in the dark at room temperature for 30 min. Pl stained cells were analyzed with BD

FACs Verse.

Annexin V/PI staining was performed by trpysinizing melanocytes as above. Cells were washed
with PBS and resuspended with Annexin V binding buffer (BioLegend Cat# 422201) at a
concentration of 1X106 cell/mL. 5uL of APC Annexin V antibody (BioLegend Cat# 640919)
and 10uL of Pl were added. Cells were gently vortexed and incubated 15min at room
temperature in the dark. 400uL of Annexin V Binding Buffer was added and samples were

analyzed on the BD FACs Verse.

Human nevus and melanoma tissue Immunohistochemistry
The clinical samples used in the study were procured with IRB approval from the archives of the

UCSF Dermatopathology and Oral Pathology Service. All samples, 11 melanoma and 11
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melanocytic nevi, had received prior pathological diagnosis by board-certified
dermatopathologists (THM and UEL), were de-identified and re-verified histologically (UEL).
Tissue was fixed in 10% neutral-buffered formalin, routinely processed, embedded in paraffin,
and stained with hematoxylin and eosin. Formalin-fixed paraffin-embedded sections of 4 um
thickness were stained with antibodies specific for AURKB (1:400 dilution, Abcam ab2254) and
GPR3 (1:125 dilution, Abnova H00002827-M01). Review of immunohistochemical stains was
performed by UEL with semiquantitative grading for GPR3 (0=none; 1=patchy positive; 2=strong
positive) and AURKB (0=none; 1=rare positive; 2=scattered positive; 3= frequent positive;

4=many positive).

Data availability

This sequencing data produced in this manuscript is available from GEO (GSE150849).
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Figure Legends

Figure 1: Identification of nevus- enriched microRNAs.

(A) Schematic highlighting plastic nature of BRAF 6%

nevus- associated growth arrest and
putative nevus specific transcriptional program.

(B) H&E of representative nevus to melanoma transition case (4X) with higher magnification
insets (20X) of nevus and melanoma portions.

(C) Box-Whisker plots from small-RNA sequencing of transition cases (n = 7 matched biological

replicates of nevi and melanoma). P-values calculated by unpaired T Test.

(D) Representative photomicrographs (10X) of normal skin and nevus biopsies.
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(E) Human foreskin-derived melanocytes (top) and human nevus-derived melanocytes (bottom)
(10X) representative photomicrographs.

(F) Matched sanger sequencing chromatograms for normal (top) and nevus (bottom). T1799
indicated by arrow.

(G) Box-Whisker plots of nevus-enriched microRNA expression in BRAF"T human melanocytes
(n= 8 biological replicates) and BRAF5F human nevus melanocytes (n = 6 biological

replicates). P-values calculated by unpaired T Test.

Figure 2: MIR211-5p and MIR328-3p induce growth arrest in human melanocytes.

(A) Representative images from live digital holographic imaging of melanocytes nucleofected
with indicated microRNA mimics. Imaging started at 4 days post- nucleofection.

(B) Percent of melanocytes divided between days 4 and 5 post- microRNA mimic nucleofection
(4pM) for MIR211-5p (green), MIR328-3p (light blue) vs. MIRControl (dark blue). Digital
holographic cytometry.

Line (C) and bar (D) plots of means and standard deviations of population fold change over 7
days of MIR211-5p and MIR328-3p (4uM) nucleofected melanocytes vs. non-targeting
MIRControl.

(E) Percent EdU positive cells 4 days after nucleofection with 1, 2, 4, and 6uM miRNA mimic.
(MIR211-5p (green), MIR328-3p (light blue) vs. MIRControl (dark blue), n=3 replicates).

(* = p <0.05, ** = p<0.01, unpaired T test)

(F) Representative histograms of propidium iodide staining as measured by flow cytometry.
Percentages reflect percent cells in S or G2/M phases of cell cycle.

(G) Percent cells in S or G2/M phases of cell cycle 7 days post- nucleofection with MIRControl,

MIR211-5p, or MIR328-3p. P-values calculated by paired T Test, n=5 biological replicates.

Figure 3: BRAF'*"*€ induced growth arrest requires MIR211-5p and MIR328-3p.
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(A) Western Blot analysis of BRAF'®°E phospho-ERK1/2 in diBRAFY®%F melanocytes in
response to increasing concentration of doxycycline. HSP90 was used as a loading control.
(B) Population fold change for diBRAFY®%E MCs treated with 62.6 ng/mL doxycycline (paired T
Test, n=3 biological replicates).

(C) Percent cells in S or G2/M phases of cell cycle after 7 days exposure to indicated
concentrations of doxycycline. (* = p <0.05, paired T Test)

(D) Mean and standard deviation of percent EdU positive diBRAF6%%¢

melanocytes 7 days post-
nucleofection with MIRControl, MIR211-5p, or MIR328-3p LNA inhibitors and with (+) or without
(-) exposure to doxycycline. (** = p<0.01, unpaired T test) (n = 6 biological replicates).

(E) Schematic of expected (top) and actual (bottom) results (mean and standard deviation) for
competitive growth assay comparing diBRAFY¢%F melanocytes grown 13 days with exposure to

doxycycline with or without mCherry tagged microRNA sponges. (* = p <0.05, ** = p<0.005, ***

= p<0.0005, unpaired T Test comparing D13 to D1, n=3 replicates)

Figure 4: Identification of MIR211-5p and MIR328-3p mRNA targets.

(A) Volcano plots of mMRNA sequencing from n = 4 biological replicates of melanocytes
nucleofected with MIR211-5p (left) or MIR328-3p (right) vs. MIRControl. (MIR211-5p predicted
targets = green, MIR328-3p predicted targets = light blue).

(B) GSEA analysis comparing predicted MIR211-5p and MIR328-3p target mMRNAs to changes
in gene expression after nucleofection with indicated mimics compared to nucleofection control.
(C) Mean and standard deviation from n = 3 replicates of percent EdU positive melanocytes
harboring knockdown of predicted MIR211-5p (left) or MIR328-3p (right) targets. Dark blue bars
represent no mimic (nucleofection) control and three scrambled controls. Green bar represents

MIR211-5p and light blue bar represents MIR328-3p.

Figure 5: AURKB and GPR3 inhibition contribute to BRAFV600E-induced growth arrest.
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(A) Normalized read counts for AURKB or GPR3 in melanocytes nucleofected with MIRControl
(dark blue), MIR211-5p (green), or MIR328-3p (light blue). P-values calculated by Wilcoxon test
(n = 4 biological replicates for each condition).

(B) Schematics showing potential binding sites of MIR211-5p and MIR328-3p in the 3' UTRs of
AURKB (left) and GPR3 (right).

(C) Western Blot of AURKB expression in human melanocytes with or without lentiviral AURKB
overexpression. HSP90 is the loading control.

(D) Representative photomicrographs (20X) of immunofluorescence for GPR3 (green) or
(Hoechst) (purple) in human melanocytes with GPR3 lentiviral overexpression (GPR3 OE) or
without (Control) over-expression.

(E) Cell number fold change mean and standard deviation for melanocytes overexpressing
zsGreen control, AURKB, or GPR3 and nucleofected with MIR211-5p (left) and MIR328-3p
(right). P values calculated by type 2 unpaired T Test. (*= p<0.05) (n = 6 biological replicates).
(F) Cell number fold change mean and standard deviation for melanocytes transduced with
doxycycline inducible BRAFV600E and either ZSGreen control, AURKB, or GPR3, and then
treated with (+) or without (-) dox. (p values calculated by unpaired T-Test and compare to
ZSGreen (+) or ZSGreen (-) dox respectively *= p<0.05) (n = 6 biological replicates).

(G) Experimental design (top left) and representative images capturing dividing nevus
melanocyte (bottom left) and quantification (right) of digital holography of human nevus cells
infected with low titer AURKB/mCherry lentivirus. (n = 3 biological replicates) (p value calculated

by paired T-Test).

Figure 6: AURKB expression promotes melanoma growth.
(A) Normalized read counts for AURKB (left) and GPR3 (right) expression in matched nevi and
adjacent melanoma (n = 11 nevi and 12 matched melanomas) (p values calculated by Wilcoxon

test).


https://doi.org/10.1101/2020.05.21.109397
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.21.109397; this version posted May 24, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

33

(B) Representative images (top) and quantification (bottom) of immunohistochemical staining for
AUKRB (brown chromagen) and GPR3 (red chromagen) expression in FFPE samples of nevi
and melanoma. (n = 11 each group).

(C) Dose response curves for established human melanoma cell line (501MEL) and primary
human melanoma culture (HCIMel019) treated with AURKB inhibitor, barasertib.

(D) Representative digital holographic images of HCIMel019 treated with DMSO control or 300
nM barasertib.

(E) Quantification of cell volume 48 hours after treatment with indicated concentrations of

barasertib (n=3 replicates, * = p <0.05, ** = p<0.01, unpaired T test).

Supplementary Figure Legends

Supplementary Figure 1: Screening and validation of MIR211-5p and MIR328-3p mimics
(A) Mean and standard deviation for population fold change of melanocytes nucleofected with
nevus or melanoma-enriched microRNA mimics compared to non-targeting control (MIRControl)
(n = 3 biological replicates) (p values calculated by unpaired TTest * = p<0.05).

(B) Schematic of microRNA sponge constructs, which serve as both reporters and inhibitors of
microRNA function. A zsGreen cDNA expressing a 3’ UTR with 7 tandem microRNA binding
sites is expressed from the CMV promoter, whereas an mCherry that is not under microRNA
regulation is expressed from the pGK promoter. After transduction, mCherry positive cells are
expected to express the microRNA inhibitor and the ratio of zsGreen to mCherry provides a
read-out of functional microRNA expression.

(C) FACS analysis depicting the zsGreen to mCherry ratio of melanocytes transduced with

control, MIR328-3p, or MIR211-5p sponges, then nucleofected with MIR328-3p or MIR211-5p
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mimics. Physiological functional expression of the microRNAs is predicted to cause a subtle left-

shift in the distribution, as observed.

Supplementary Figure 2: MicroRNA mimics do not induce significant cell death

(A) Quantification of the number of dead or dying cells from digital holographic imaging over 72
hours shown in Fig. 1.

(B) Quantification of % Annexin V/PI positive cells. (n = 3 biological replicates). P values

indicate one-way ANOVA multiple comparison to MIRControl.
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