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MicroRNA-195 controls MICU1 expression and
tumor growth in ovarian cancer
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Abstract

MICU1 is a mitochondrial inner membrane protein that inhibits mito-
chondrial calcium entry; elevated MICU1 expression is characteristic
of many cancers, including ovarian cancer. MICU1 induces both glycol-
ysis and chemoresistance and is associated with poor clinical
outcomes. However, there are currently no available interventions to
normalize aberrant MICU1 expression. Here, we demonstrate that
microRNA-195-5p (miR-195) directly targets the 30 UTR of the MICU1
mRNA and represses MICU1 expression. Additionally, miR-195 is
under-expressed in ovarian cancer cell lines, and restoring miR-195
expression reestablishes native MICU1 levels and the associated
phenotypes. Stable expression of miR-195 in a human xenograft model
of ovarian cancer significantly reduces tumor growth, increases tumor
doubling times, and enhances overall survival. In conclusion, miR-195
controls MICU1 levels in ovarian cancer and could be exploited to
normalize aberrant MICU1 expression, thus reversing both glycolysis
and chemoresistance and consequently improving patient outcomes.
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Introduction

Metabolic reprogramming is characteristic of cancer cells, which

generally shift toward aerobic glycolysis in order to meet the high

energy demands of their uncontrolled proliferation (Lunt & Vander

Heiden, 2011; Ward & Thompson, 2012). This shift to glycolysis is

recognized as an important determinant of both tumor growth and

chemoresistance in various malignancies (Ganapathy-Kanniappan &

Geschwind, 2013; Morandi & Indraccolo, 2017). As a result, glyco-

lytic pathways represent viable targets for therapeutic intervention,

and several anti-glycolytic agents, targeting different enzymes, have

been used to sensitize tumor cells to therapy (Fanciulli et al, 2000;

Xu et al, 2005; Hsu & Sabatini, 2008; Dang et al, 2011; Birsoy et al,

2012; Dang, 2012; Wagner et al, 2015). Unfortunately, however, the

ubiquity of enzymes involved in glycolysis results in systemic toxic-

ity when broad-spectrum anti-glycolytic agents are used, which

limits their utility (Ganapathy-Kanniappan & Geschwind, 2013).

Thus, while inhibition of glycolysis remains a promising strategy for

anti-cancer interventions, better-targeted treatment options are

required before it can have a significant clinical impact.

Mitochondrial calcium uptake 1 (MICU1) is a protein on the inner

mitochondrial membrane that interacts with the mitochondrial

calcium uniporter (MCU), a pore-forming unit to modulate mitochon-

drial Ca2+ (mCa
2+) uptake in response to cytosolic Ca2+ concentra-

tion [Ca2+]c (Mishra et al, 2017; Paupe & Prudent, 2018). Disulfide-

linked hetero-oligomerization of MICU1 and MICU2 regulates MCU

activity depending on the cytosolic Ca2+ levels. MICU1 acts both as

an activator or inhibitor of m(Ca
2+) uptake (Patron et al, 2014;

Matesanz-Isabel et al, 2016). Mallilankaraman et al (2012b) have

demonstrated that the mitochondrial protein MICU1 is required to

maintain normal mCa
2+ levels under basal conditions (Nemani et al,

2020). In its absence, mitochondria become constitutively loaded with

Ca2+, triggering excessive reactive oxygen species (ROS) generation,

and sensitivity to apoptotic stress. MICU1 interacts with the uniporter

pore-forming subunit MCU and sets a Ca2+ threshold for mCa
2+

uptake without affecting the kinetic properties of MCU-mediated Ca2+

uptake (Mallilankaraman et al, 2012b). Thus, MICU1 is a gatekeeper
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of MCU-mediated mCa
2+ uptake that is essential to prevent mCa

2+

overload and associated stress. We recently demonstrated that overex-

pression of MICU1 in ovarian cancer cells induced both glycolysis and

chemoresistance and also showed that overexpression of MICU1 in

ovarian cancer patients correlated with poor overall survival (Chakra-

borty et al, 2017). Recent reports show that both intracellular Ca2+

homeostasis and MICU1 expression are altered in a range of cancer

cells and also contribute to poor prognosis in cancer patients

(Mallilankaraman et al, 2012b; Hall et al, 2014; Chakraborty et al,

2017; Monteith et al, 2017). Thus, Ca2+ homeostasis and, more

specifically, MICU1 represent potential targets for interventional

strategies to address the glycolytic status of cancer cells. Targeting of

MICU1 would overcome the systemic toxicity associated with the use

of broad-spectrum inhibitors by exploiting its overexpression in

cancer cells compared to normal cells. Understanding how the expres-

sion of MICU1 is regulated in cancer cells is an important step in

developing strategies to suppress its activities and thus reverse glycol-

ysis and sensitize drug-resistant cells to therapy. However, apart from

regulation by FOXD1 during development and AKT-mediated phos-

phorylation in tumor models (Shanmughapriya et al, 2018; Marchi

et al, 2019a), regulation of MICU1 is not well understood.

MicroRNAs (miRNAs) are small evolutionarily conserved single-

stranded noncoding RNAs (19–25 nucleotides in length) that post-

transcriptionally regulate the translation and stability of mRNAs.

miRNAs are implicated in many cellular processes including cell cycle,

apoptosis, autophagy, stemness, differentiation, inflammation, drug

resistance, transformation, and migration, as well as Ca2+ homeosta-

sis and oxidative phosphorylation (Ambros, 2004; Iorio & Croce,

2012; Hayes et al, 2014). Additionally, miRNAs are frequently deregu-

lated in cancer and play a key role in the regulation of cancer-asso-

ciated glycolytic pathways (Dang, 2010; Gao et al, 2012; Gomez de

Cedron & Ramirez de Molina, 2016). miR-195 has been shown to be a

tumor suppressor in several cancer models including breast (Singh

et al, 2015), hepatocellular (Yang et al, 2014), gastric (Deng et al,

2013), and lung cancers (Yu et al, 2018). Additionally, serum levels of

miR-195 are a diagnostic and prognostic marker for osteosarcoma (Cai

et al, 2015), and downregulation of miR-195 is associated with both

lymph node metastasis and poor prognosis in colorectal cancer

patients (Wang et al, 2012). However, little is known about the role of

miR-195 in regulating MICU1 expression in ovarian cancer.

Herein, we show that miR-195 regulates expression of MICU1 in

ovarian cancer. Normalizing MICU1 expression by ectopic expres-

sion of miR-195 increases mCa
2+ uptake, reverses glycolysis, inhi-

bits tumor growth, and increases overall survival in a human

xenograft model of ovarian cancer. With the advent of therapeutic

miRNAs, some of which are advancing from bench to clinic (Rupai-

moole & Slack, 2017), our findings provide an opportunity to exploit

miR-195 as a potential therapeutic option to normalize MICU1

expression thereby reversing glycolysis and enhancing therapeutic

sensitivity, and ultimately leading to improved patient outcomes.

Results

miR-195 regulates expression of MICU1

As an initial step in identifying miRNAs as potential regulators of

MICU1, we used the web-interface of miRWalk2 (Dweep & Gretz,

2015). miRWalk2 is a software tool that predicts miRNA targets

utilizing twelve different algorithms (miRWalk, Microt4, miRanda,

mirbridge, miRDB, miRMap, miRNAMap, Pictar2, PITA, RNA22,

RNAhybrid, and Targetscan) and predicted a significant number

of miRNAs which could potentially target MICU1. Those miRNAs

predicted to target MICU1 by more than nine prediction methods

are shown in Table 1 and those predicted to bind the 30 UTR of

MICU1 with a minimum seed length of 7 bp and P < 0.05 by 12

different programs are shown in Table EV1. miRNAs of the miR-

15 family (namely miR-15a/b, miR-16, miR-195, and miR-497)

predominated among those predicted to interact at the MICU1 30

UTR positions (Table 1). Several members of this miR-15 family,

including miR-15a/b, miR-16, miR-195, and miR-497, have

demonstrable associations with ovarian cancer (Xu et al, 2015;

Dwivedi et al, 2016). Based on bioinformatics analysis, we

selected two representative members of the miR-15 family, miR-

15a-5p (miR-15a), and miR-195-5p (miR-195) and evaluated their

effect on MICU1 expression. Since miRNAs modulate gene

expression by either modulating mRNA stability or by inhibiting

translation, we determined target protein abundance by

immunoblotting. We assayed two ovarian cancer cell lines trans-

fected with either a non-target miR-control (miR-CTL) or one of

the target miRNAs, miR-15a, or miR-195. While miR-195 signifi-

cantly decreased the expression of MICU1 in both cell lines, miR-

15a had no effect (Figs 1A and EV1A). However, miR-15a did

reduce expression of its established targets BMI1 and BCL2 (Cim-

mino et al, 2005; Dwivedi et al, 2016), thereby demonstrating

that it was ectopically expressed and active in the studied cell

lines (Figs 1A and EV1A). Similarly, miR-195 decreased the

expression of its known target BCL2 (Singh & Saini, 2012) indi-

cating the specificity of targeting in these cells (Figs 1A and

EV1A). miR-195-mediated regulation of MICU1 was further

confirmed in OVCAR4, CP20, and OVSAHO cell lines; efficient

transfection of miR-195 and reduced expression of MICU1 in

these cells were, respectively, demonstrated by RT–qPCR and

immunoblotting (Fig EV1B and C). These data conclusively

showed that the MICU1 mRNA was targeted by miR-195 but not

by miR-15a.

Based on these findings, we next determined the relationship

between the endogenous cellular expression of miR-195 and

MICU1 levels. First, we used RT–qPCR to determine miR-195

levels; compared to non-malignant fallopian tube epithelial cells

(FTE188), the expression of miR-195 was significantly lower in

seven different ovarian cancer cell lines (Fig 1B). We then deter-

mined MICU1 protein levels in the same cell lines; in six of the

ovarian cancer cell lines, MICU1 levels were significantly higher

than in the non-malignant FTE188 cells (Figs 1C and EV1D). In

TYK-nu cells, MICU1 levels were similar to those in FTE188 cells,

suggesting complexity in MICU1 regulation in addition to that

mediated by miR-195 in these particular cells (Figs 1C and

EV1D). However, in general, MICU1 protein levels were inversely

related to miR-195 expression in ovarian cancer cells. Targeting

of endogenous MICU1 by miR-195 was confirmed by ectopic

expression of anti-miR-195 in FTE188 cells, which resulted in

increased MICU1 levels. The targeting of miR-195 through anti-

miR-195 in FTE188 cells was confirmed using RT–qPCR (Fig 1D).

Taken together these data indicate that miR-195 targets the

MICU1 mRNA thereby reducing expression of MICU1.
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Expression of miR-195 regulates cancer-associated cellular
phenotypes: clonal growth, invasion, and migration

Having demonstrated that miR-195 regulates expression of MICU1,

we next sought to determine the role of miR-195 in regulating

several cellular phenotypes responsible for aggressiveness in

cancer, specifically clonal growth, invasion, and migration. Three

cell lines were selected for these experiments: OVCAR4 and

OVSAHO for their characteristic miR-195 and MICU1 expression

levels, as well as CP20 for its cisplatin-resistant phenotype.

OVCAR4, OVSAHO, and CP20 cells were transfected with miR-195;

efficient transfection was confirmed using RTqPCR (Fig EV2).

Compared to the controls, a significant decrease in clonal growth

occurred in all the miR-195-transfected cells. The anchorage-depen-

dent clonal growth of OVCAR4, CP20, and OVSAHO was

decreased, respectively, by 53, 42, and 36% and in the anchorage-

independent assay, the clonal growth of these cells was respec-

tively reduced by of 55, 52, and 42%. (Fig 2A and B). Having

demonstrated a role for miR-195 in regulating clonal growth, we

next assessed the significance of miR-195 ectopic expression on the

migratory and invasive potential of CP20 and OVCAR4 cells. In a

Boyden chamber-based migration and invasion assay, miR-195-

transfected OVCAR4 and CP20 cells had decreased migration by 60

and 67%, (Fig 2C) and invasion by 64 and 67%, respectively

(Fig 2D), when compared to control. To confirm that the decrease

in the migratory and invasive potential of ovarian cancer cells was

mediated through MICU1, we ectopically expressed a miR-195 non-

responsive MICU1 construct (i.e., pLYS1-MICU1-Flag, with only

the MICU1 coding sequence and thus not a target for miR-195) in

miR-195-transfected cells. Ectopic expression of MICU1 in miR-195-

transfected cells rescued the migratory and invasive potential of

these cells to the levels of non-targeted miR-control-transfected

cells (Fig 2C and D). Thus, re-expression of miR-195 inhibits clonal

growth as well as cellular migration and invasion, all of which are

hallmarks of cancer progression (Hanahan & Weinberg, 2011), and

this is mediated through MICU1.

miR-195 targets the 30 UTR of MICU1

Having demonstrated that miR-195 regulates expression of MICU1,

we next sought to determine whether this regulation was mediated

by a direct interaction between miR-195 and the MICU1 mRNA. The

putative interaction site of miR-195 on the MICU1 30 UTR was

mapped using TargetScan (Fig 3A), and site-directed mutagenesis

was used to delete this putative binding site from the luciferase

construct. The MICU1 30 UTR luciferase construct was used to

perform reporter assays and showed that re-expression of miR-195

dose-dependently decreased MICU1 30 UTR luciferase activity while

no change was noted with a non-target miRNA control (Fig 3B).

Deletion of the proposed miR-195 interaction site on the MICU1

30 UTR almost completely reversed miR-195-mediated inhibition of

luciferase activity (Fig 3B). Collectively, these results show that

miR-195 directly targets the MICU1 30 UTR.

MICU1 mediates the effects of miR-195

As discussed above, MICU1 is an important regulator of intracellular

Ca2+ homeostasis. Mallilankaraman et al (2012b) and Csordas et al

(2013) revealed the importance of MICU1 in preserving normal

mCa
2+ under basal conditions. When MICU1 levels are high, as in

cancer, mitochondrial uptake of Ca2+ is inhibited (Chakraborty

et al, 2017; Marchi et al, 2019a,b). Since miR-195 targets the 30 UTR
of the MICU1 gene thus reducing MICU1 levels, we sought to deter-

mine the effect of the miR-195 expression on mCa
2+ homeostasis. In

theory, re-expression of miR-195 will normalize MICU1 expression

in ovarian cancer cells and thus will promote Ca2+ entry into the

mitochondria (Mallilankaraman et al, 2012b). We determined

mCa
2+ uptake capacity in miR-195 re-expressing CP-20 cells that

were digitonin-permeabilized. The cells were bathed in an intracel-

lular-like medium containing Fura-FF to monitor the Ca2+ levels in

the medium (Mallilankaraman et al, 2012a). Starting at 300 s,

boluses of Ca2+ were added at 50-s intervals; in response to

repeated Ca2+ administration, cytosolic Ca2+ was cleared and mito-

chondrial uptake was increased. Compared to the control, CP20

cells expressing miR-195 demonstrated increased mCa
2+ (Fig 3C

and E). Having shown that miR-195 increased mCa
2+ uptake in

ovarian cancer cells, we next sought to determine if the silencing of

MICU1 achieved the same result. We used siRNA to silence MICU1

in CP20 cells and showed that lack of MICU1 increased mCa
2+

uptake (Fig 3D and E). Efficacy of MICU1 inhibition by miR-195 and

siMICU1 is shown in Fig EV3. It is noteworthy that both miR-195

overexpression and siRNA-mediated knockdown of MICU1

enhanced mitochondrial Ca2+ retention capacity (Fig 3C–E).

Although the extra-mitochondrial Ca2+ pulses in MICU1 siRNA-

Table 1. miRNAs predicted to bind the 30 end of MICU1 with a minimum seed length of 7, by different prediction methods

miRNA
miR
Walk

Mi
crot4

mi
Randa

mir
bridge

mi
RDB

miR
Map Pictar2 PITA RNA22

RNA
hybrid Targetscan SUM

hsa-miR-195-5p Y Y Y N N Y Y Y Y Y Y 9

hsa-miR-15a-5p Y Y Y N N Y Y Y Y Y Y 9

hsa-miR-15b-5p Y Y Y N N Y Y Y Y Y Y 9

hsa-miR-424-5p Y Y Y N N Y Y Y Y Y Y 9

hsa-miR-497-5p Y Y Y N N Y Y Y Y Y Y 9

hsa-miR-1206 Y Y Y N Y Y N Y Y Y Y 9

hsa-miR-589-5p Y Y Y N Y Y N Y Y Y Y 9

#of predictions
for MICU1

2,794 429 1,649 2 69 4,032 48 222 409 14,632 2,571
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treated condition were stacking after 9 pulses, the mitochondrial

Ca2+ uptake rate (1/s) was measurable (Control = �0.193; MICU1

siRNA = 0.03171), but it was absent in control cells suggesting that

MICU1 silencing enhances mitochondrial Ca2+ retention capacity.

These data further reinforce that miR-195 acts via its effect on

MICU1 to regulate mCa
2+. The effect of miR-195 on mitochondrial

membrane potential and basal mitochondrial matrix Ca2+ concen-

tration (Total [Ca2+]m) was evaluated in miR-195-transfected CP20

cells. We found that there was a significant increase in total

[Ca2+]m (Fig 3F and G) without any effect on ΔΨm (Fig 3H and 3I).

To confirm that the change in [Ca2+]m is mediated through MICU1

and not BCL-2, cCa
2+ was evaluated. When miR-195 was

over-expressed, there was no appreciable change in cCa
2+ in CP20

cells (Fig EV4A and B). These data indicate that miR-195 controls

MICU1 abundance that modulates mCa
2+ uptake without any effect

on cCa
2+ dynamics. Next, to determine whether miR-195 overex-

pression has any effect on expression of the other MCU complex

proteins, the MCU complex protein expression was evaluated by

immunoblotting. As shown in Fig EV4C, no change in the protein

abundance of MCU, MICU2, or EMRE was seen in CP20, OVCAR4,

and OVSAHO cell lines. Moreover, neither the level of MFN2 protein

nor the mitochondrial morphology was altered by miR-195 transfec-

tion in CP20 or OVCAR4 cells (Fig EV4C and D), suggesting that

ovarian cancer cells behave differently than breast cancer cell lines

A B

C D

Figure 1. miR-195 and MICU1 levels are inversely related in ovarian cancer cell lines.

A CP20 and OVCAR4 cells were transfected with either non-target miRNA control (miR-CTL), miR-15a, or miR-195. Seventy-two hours following transfection, cells were
lysed and immunoblotted for detection of MICU1, BMI1, BCL2, and MFN2. GAPDH and VDAC were used as loading control.

B miR-195 expression in FTE188 and ovarian cell lines as determined by RT–qPCR normalized with U6. Data are mean � SD, n = 3 (biological repeats). *P < 0.05,
Student’s t-test.

C Expression of MICU1 in FTE188 and various ovarian cell lines as determined by immunoblotting. Actin is used as the loading control.
D Anti-miR-195 was transfected in the FTE188 cell line, level of miR-195 was measured using RT–qPCR (left) and MICU1 levels were measured using immunoblotting

(right). Data are mean � SD, n = 3 (biological repeats). *P < 0.05, Student’s t-test.
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where miR-195 has been shown to target MFN2 and control mito-

chondrial fission (Purohit et al, 2019). In addition to the association

with Ca2+ homeostasis, high MICU1 levels are known to favor

glycolysis in cancer cells. We have previously shown that the silenc-

ing of MICU1 in ovarian cancer cells significantly decreases intracel-

lular lactate levels, which is an indicator of glycolysis (Chakraborty

et al, 2017). Thus, in order to determine the impact of miR-195 on

glycolysis in ovarian cancer cells, we determined the intracellular

lactate levels in cancer cells after re-expressing miR-195. In all three

ovarian cancer cell lines, intracellular lactate levels were signifi-

cantly decreased when either miR-195 was expressed or MICU1 was

silenced (Fig 3J). The effect of miR-195 overexpression on mito-

chondrial oxidative stress was measured by using MitoSOX dye

staining and flow cytometry-based analysis. While a moderate but

significant increase in mitochondrial ROS was observed in the miR-

195-transfected cells, the co-transfection of miR-195 non-responsive

MICU1 decreased the miR-195-induced mitochondrial ROS to the

levels of miR non-target-transfected cells (Fig 3K and L). These data

both corroborate our previous findings and demonstrate that the

effect of miR-195 on glycolysis is likely mediated through MICU1.

Finally, we sought to confirm that the effects of miR-195 were

primarily mediated via MICU1. In order to do so, we generated

stable CP20 and OVCAR4 cell lines that stably expressed either miR-

195-GFP or non-target miR-GFP. These cells exhibited a near 100%

stable GFP fluorescence (Fig 4A and B). miR-195 overexpression in

these cells was confirmed using RT–qPCR. (Fig 4C). pLYS1-MICU1-

Flag (CDS only, hence non-target for miR-195) was ectopically

expressed in the stable miR-195-GFP cells; MICU1 protein abun-

dance was confirmed by immunoblotting (Fig 4D). miR-195-GFP

cells and the same cells expressing the non-responsive MICU1 were

compared to miR non-target control GFP cells in both anchorage-

dependent and anchorage-independent clonal growth assays. The

A

B

C

D

Figure 2. Ectopic expression of miR-195 suppresses ovarian cancer clonal growth, migration, and invasion.

A, B CP20, OVCAR4, and OVSAHO cells were transfected with non-target microRNA control (miR-CTL) or miR-195; 24 h post-transfection, cells were recounted and
plated as single cells for anchorage-dependent (A) or anchorage-independent (B) clonal growth. After 10 (CP20) or 14 (OVCAR4 and OVSAHO) days, colonies were
quantified using an Optronix GelCount colony counter. The left panel shows representative images of the colonies and the right panel depicts a graphical
representation of data presented as percent clonal growth relative to the control (miR-CTL).

C Migration of miR-CTL, miR-195, and miR-195 + MICU1 (pLYS1-MICU1-Flag) transfected cells, toward serum gradient was examined and the number of cells per
field was counted. The left panel shows representative images and the right panel depicts a graphical representation of relative migration compared to the control
(miR-CTL).

D Invasion of miR-CTL, miR-195, and miR-195 + MICU1 cells through fibronectin-coated filters was examined using Boyden chamber and number of cells per field
was counted. Left panel shows representative images and the right panel depicts a graphical representation of relative invasion compared to the control (miR-CTL).

Data information: Data are mean � SD n = 3 (biological repeats). *P < 0.05 when comparing with miR-CTL, #P < 0.05 when comparing with miR-195 by Student’s t-
test. Scale bar = 0.1 mm.

ª 2020 The Authors EMBO reports 21: e48483 | 2020 5 of 14

Geeta Rao et al EMBO reports



stable miR-195-GFP cells exhibited significantly reduced clonal

growth as compared to the control, and re-expression of MICU1

restored clonal growth comparable to the control levels (Fig 4E and

F). Taken together, these results show that miR-195 mediates its

effects through MICU1 expression.

miR-195 reduces tumor growth in vivo

Knowing that MICU1 impacts tumor progression and that MICU1

expression is regulated by miR-195, we sought to determine the

impact of miR-195 on tumor growth in vivo. In order to determine

A C D

B

E

J K L

F G H I

Figure 3. MICU1 is a direct target of miR-195.

A The miR-195 binding site as predicted by TargetScan.
B MICU1 30 UTR in LightSwitchTM 30 UTR Reporter Vector (wild type or miR-195 binding site deleted) was co-transfected with either non-target miR-control (miR-CTL)

or different concentrations of miR-195. After 24-h transfection, luciferase (Renilla) activity was measured. Relative light units (RLU) compared to miR-CTL were
plotted. Data are mean � SD n = 3 (biological repeats). *P < 0.05, Student’s t-test.

C, D CP20 cells were transfected as indicated, and 48 h post-transfection, 4 × 106 cells were permeabilized, and extra-mitochondrial calcium ([Ca2+]out) clearance was
measured, representative traces of [Ca2+]out- clearance in miR-CTL and miR-195 or control siRNA (siCTL) and siMICU1 transfected cells. [Ca2+]out pulses and FCCP
were delivered as indicated.

E Bar graph illustrating the number of Ca2+ pulses handled by control miR, miR-195, siCTL, and siMICU1 transfected cells. Mean � SEM; n = 3–4 (biological repeats).
*P < 0.05, Student’s t-test.

F Representative [Ca2+](m) traces after addition of FCCP (10 lM) in permeabilized CP20 cells transfected with non-target miR-CTL or miR-195.
G Quantification of resting matrix [Ca2+](m) after addition of FCCP. n = 5 (biological repeats) *P < 0.05, Student’s t-test.
H Representative traces of mitochondrial membrane potential (ΔΨl) in CP20 cells transfected with miR-CTL or miR-195.
I Quantification of relative ΔΨl (n = 5, biological repeats).
J Intracellular lactate was measured in miR-CTL, miR-195, siCTL, and siMICU1 expressing OVCAR4, CP20, and OVSAHO cells. n = 3, biological repeats *P < 0.05,

Student’s t-test.
K, L miR-CTL, miR-195, or miR-195 + pLYS1-MICU1-Flag transfected cells were stained with MitoSOX Red, and mitochondrial ROS levels were determined by flow

cytometry. The histogram shows representative staining and bar graph (right) shows results of three independent experiments. Mean � SEM; n = 3, biological
repeats. *P < 0.05 when comparing with miR-CTL, #P < 0.05 when comparing with miR-195 by Student’s t-test.
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the consequences of miR-195 re-expression in vivo, we compared

CP20 ovarian cancer cells stably expressing either miR-195-GFP or

miR-GFP-CTL in a xenograft model. The miR-195 re-expressing

group had significantly lower tumor volumes than the control group

(Fig 5A). To compare tumor growth rate over the entire experimen-

tal period, the tumor doubling time was calculated according to

Mehrara et al (2007). Interestingly, the miR-195 group had signifi-

cantly greater (~ 9.3 days) tumor doubling time as compared to the

control group (~ 4.3 days; Fig 5B). Similarly, based on the humane

endpoint criteria, overall survival was greater in the miR-195 group

than in the control group (Fig 5C). These data demonstrate that

miR-195 reduces tumor burden and prolongs survival in in vivo

models of ovarian cancer. Having shown the gross impacts of

miR-195 expression on tumor development in vivo, we sought to

determine its impact on in vivo expression of MICU1 and aerobic

glycolysis. We achieved this by immunoblotting tumor tissue

samples for MICU1, pyruvate dehydrogenase (PDH), and phospho-

rylated PDH (pPDH), and pPDH is characteristically increased in

cancer cells and is an indicator of enhanced glycolysis (Chakraborty

et al, 2017). Additionally, we have previously shown that pPDH

levels mirror MICU1 levels in ovarian cancer cells (Chakraborty

et al, 2017). Tumors from the miR-195 group had reduced

expression of both MICU1 and pPDH when compared to the miR-

control group (Fig 5D). However, expression of PDH did not

change, suggesting that miR-195 normalizes MICU1 expression and

reverses glycolysis as evidenced by decreased pPDH levels. Lysates

from these groups were also immunoblotted for PARP and BCL2

levels and microscopic slides were evaluated for the expression of

Ki67, CD31, and TUNEL using immunohistochemistry. Decreased

Ki67 and CD31 in the miR-195 group indicated significantly lower

indices of proliferation and angiogenesis in this group compared to

the control group. Similarly, increased PARP cleavage and TUNEL

staining along with decreased BCL2 expression indicated greater

apoptosis in the miR-195 group than in the control group (Fig 5E

and F). To confirm that the reduced tumor growth was mediated

through MICU1, we repeated in vivo tumor growth experiments by

generating cells stably overexpressing MICU1 in CP20-miR-195 GFP

(miR-195-GFP + MICU1) stable cells (Fig EV5A and B). We

implanted these cells subcutaneously as before along with miR-GFP-

CTL, miR-195-GFP, and monitored tumor growth. The miR-195 re-

expressing group had significantly lower tumor volumes than the

control group while re-expression of MICU1 in miR-195-GFP cells

rescued the tumor growth inhibition phenotype due to miR-195

overexpression and tumor volume was comparable to the miR-CTL

A

C D E F

B

Figure 4. miR-195 regulates clonal growth by targeting MICU1.

A, B Stable cell lines for CP20 and OVCAR4 expressing GFP-miR-195 or non-target miR-GFP were generated using lentiviral-mediated transduction and were selected
using puromycin; representative images are shown. Scale bars, 50 lm.

C Relative miR-195 expression was measured using RT–qPCR in stable cell lines, normalized with U6. Mean � SEM; n = 3, biological repeats. *P < 0.05, Student’s t-
test.

D CP20 and OVCAR4 stable cell lines were transfected as either empty vector (EV) or pLYS1-MICU1-Flag (MICU1) and relative MICU1 levels were evaluated using
immunoblotting.

E, F CP20 and OVCAR4 stable cell lines transfected as in (D) were counted and re-plated for anchorage-dependent (E) and independent clonal growth (F). Quantification
compared to the miR-CTL stable cells transfected with EV is shown. Mean � SD; n = 3, Biological repeats. *P < 0.05 when comparing with miR-CTL, #P < 0.05
when comparing with miR-195 by Student’s t-test.
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A

D E

F
G

B C

Figure 5. miR-195 expression determines in vivo tumor growth.

A Female athymic mice were injected subcutaneously with either CP20 GFP-miR-CTL or CP20- GFP-miR-195 cells. Mice injected with the miR-195 expressing cells
(miR-195) had significantly smaller tumor volumes than control mice (miR-CTL). Data are mean � SD, n = 10. *P < 0.05, Student’s t-test.

B Tumor doubling time was significantly longer in the mice injected with miR-195 expressing cells than in control mice. Data are mean � SD, n = 10. *P < 0.05,
Student’s t-test.

C Percent survival based on humane endpoint criteria was calculated by the Kaplan–Meier method and P values determined by log rank test.
D Four tumor samples from each group were analyzed for the expression of MICU1, pPDH, PDH, PARP, and BCL2 using immunoblotting. a tubulin was used as the

loading control.
E, F Representative histology images of tumors from mice xenografts of CP20-GPF-miR-CTL (miR-CTL) or CP20-GPF-miR-195 (miR-195) cells with Ki67 expression (Scale

bar = 50 lm) (E), CD31 positive vessels (Scale bar = 100 lm) and TUNEL staining (Scale bar = 50 lm) and (F) graph showing quantification of each marker in
tumors from the experimental mice; values are mean � SD, n = 10, *P < 0.05, Student’s t-test.

G Female athymic mice were injected subcutaneously with either CP20 GFP-miR-CTL or CP20- GFP-miR-195 or CP20- GFP-miR-195 + MICU1 cells and tumor volume
was measured, values are mean � SE, n = 10. *P < 0.05, Student’s t-test.
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group (Fig 5G). These results confirmed that the observed pheno-

type of reduced tumor growth in ovarian cancer by miR-195 overex-

pression was predominantly mediated through MICU1. We

observed no signs of toxicity in any of the animals during the exper-

iment, as assessed by changes in behavior, feeding habits, mobility,

body weight, and H&E staining of vital organs (Fig EV5C and D).

Together these results suggest that miR-195, by targeting MICU1,

reduces tumor burden and increases overall survival.

Discussion

In this report, we used in silico and in vitro techniques to demon-

strate that miR-195 is an important negative regulator of MICU1

expression in ovarian cancer. Via its inhibition of MICU1, miR-195

further regulates the delicate balance of mitochondrial Ca2+ that

ultimately shifts cancer cells toward glycolysis, the latter being a

major determinant of tumor growth and resistance to therapy (Mori-

saki & Katano, 2003; Guerra et al, 2017). Moreover, tumors from

the miR-195 group had significantly lower indices of proliferation,

angiogenesis, and increased apoptosis. Increased PARP cleavage

and decreased BCL-2 are likely to be responsible for increased apop-

tosis in the miR-195 group. Recently, Singh et al (2015) reported

that overexpression of miR-195 in breast cancer cells inhibits cell

proliferation, migration, and invasion, decreases the expression of

mesenchymal markers, and enhances the expression of epithelial

markers. Although they did not examined MICU1 expression, our

data would suggest that miR-195 acts through MICU1 to also regu-

late Ca2+ in this case. In addition, when miR-195 was re-expressed

in ovarian cancer cells, decreased clonal growth, invasion, and

migration in vitro, as well as reduced tumor development in vivo,

was observed. That this reduced tumor vigor is mediated through

MICU1 was further confirmed in in vitro and in vivo conditions.

miR-195 is an important regulator of cancer progression is

supported by the reports that it is implicated in both the epithelial-

to-mesenchymal transition as well as migration and invasion in

prostate cancer (Liu et al, 2015; Wu et al, 2015).

In addition to the role in cancer progression, it is likely that low

miR-195 levels are associated with resistance to chemotherapy.

Previously, we reported that high levels of MICU1 impact both

chemoresistance and cancer progression (Chakraborty et al, 2017).

This indicates that the miR-195 and MICU1 interaction is also likely

to impact chemoresistance. Further, the relationship between miR-

195, MICU1, and chemoresistance is supported by the observation

that taxol-resistant ovarian cancer cells significantly under-express

miR-195 when compared to taxol-sensitive cells (Kim et al, 2014).

Additionally, others have reported that miR-195 regulates

chemotherapy sensitivity and multidrug resistance in gastric cancer

(Ye et al, 2017; Nie et al, 2018), epithelial-to-mesenchymal transi-

tion (Liu et al, 2015) and, migration and invasion (Wu et al, 2015)

in prostate cancer (Nie et al, 2018).

Because miR-195 acts as a tumor suppressor, is associated with

chemoresistance, and is under-expressed in multiple cancers (Soon

et al, 2009; Xu et al, 2009; Heneghan et al, 2010; Liu et al, 2010;

Brenner et al, 2011; Li et al, 2011; Sekiya et al, 2011; Bai et al, 2012;

Chen et al, 2012; Fei et al, 2012; Lin et al, 2012; Mao et al, 2012;

Wang et al, 2012, 2013, 2014, 2019; Zhang et al, 2012; Bhattacharya

et al, 2013; Deng et al, 2013; Fu et al, 2013; Furuta et al, 2013; Hui

et al, 2013; Guo et al, 2014), restoration of miR-195 represents a

potentially important anti-cancer strategy. Restoring miR-195 expres-

sion in cancer cells would inhibit clonal growth, as well as migration

and invasion, which is mediated via MICU1 regulated Ca2+ home-

ostasis and the associated inhibition of glycolysis. Cancer cells

undergo metabolic reprogramming and preferentially utilize glucose

via aerobic glycolysis, the so-called Warburg effect (Popgeorgiev

et al, 2018). This metabolic reprogramming is implicated in cancer

progression and therapy resistance in numerous malignancies (Sun

et al, 2018). Numerous reports show that inhibition of glycolysis

sensitizes tumor cells to treatment. For example, treatment with 2-

DG, a hexokinase II inhibitor rendered tumor cells more sensitive to

both chemotherapy (adriamycin or paclitaxel) and radiation therapy

(Maschek et al, 2004; Dwarakanath & Jain, 2009). Similarly, the

glycolytic inhibitors 3-bromopyruvate, targeting GAPDH, and oxam-

ate, a lactate dehydrogenase inhibitor, sensitize tumor cells to

chemotherapeutic agents (Ganapathy-Kanniappan et al, 2010; Zhou

et al, 2010). However, despite these promising results, targeting the

glycolytic pathway for therapy has been met with limited success

largely due to undesirable side effects arising from the ubiquity of the

enzymes involved in glycolysis (Ganapathy-Kanniappan & Gesch-

wind, 2013). Thus, the use of broad-spectrum glycolysis inhibitors in

cancer treatment appears untenable. However, exploiting differential

MICU1 overexpression in cancer may mitigate issues related to

systemic toxicity and represents a potentially valid approach to target

glycolysis in cancer. While MICU1 is clearly a good target for cancer

treatment, there are currently no chemical inhibitors of MICU1 identi-

fied. However, since we have shown that MICU1 is directly regulated

by miR-195, miRNA delivery should be considered as a viable alter-

native therapy. This is especially true in light of the increasingly

successful transition of miRNA therapy from the bench to the clinic

in recent years (Kaczmarek et al, 2017). Several miR-targeted thera-

pies have reached clinical development, including a mimic of the

tumor suppressor miR-34, which reached phase I clinical trials for

treating cancer (Bader, 2012), and an anti-miRNA targeted at miR-

122, which reached phase II trials for treating hepatitis (Rupaimoole

& Slack, 2017). RNA-based therapeutics combined with conventional

chemotherapy agents offer a new approach to treat cancer, and it is

likely that in the near future RNA-based combination therapies will

move into the clinic for this purpose. In this context validation of

miR-195 as a potential therapeutic target has great potential to trans-

late MICU1-targeted therapy into clinical care.

Materials and Methods

Cell culture

The human ovarian cancer cell lines OVCAR4 (NIH, Repository of

Tumors and Tumor Cell Lines, USA), A2780-CP20 (developed by

sequential exposure of the A2780 parental cell line to increasing

concentrations of cisplatin, henceforth termed CP20 were a kind gift

from Dr. Anil Sood, MD Anderson Cancer Center) (Sood et al,

2001). TYK-nu (JCRB0234.0), TYK-nu.CPr (JCRB0234.1), and

OVSAHO (JCRB1046) were from the Japanese Collection of

Research Bioresources Cell Bank., and OV90 cells (ATCC� CRL-

11732TM) were purchased from ATCC. Immortalized normal fallop-

ian tube epithelial cells (FTE188) were a kind gift from Dr. Jinsong
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Liu, MD Anderson Cancer Center. All the cell lines were routinely

cultured in RPMI (OV90, CP20, OVCAR4, OVSAHO, and OVKATE);

ATCC-EMEM (TYK-nu and TYK-nu.CPr) and 1:1 Media 199: MCDB

105 (FTE188). Media was supplemented with 10% heat-inactivated

FBS (Gibco, Grand Island, NY, USA) and 100 units penicillin and

100 lg streptomycin/ml (Invitrogen, Rockford, IL, USA) in a 5%

CO2 humidified atmosphere.

RNA isolation, reverse transcription, and quantitation of
microRNA expression levels

For quantification of endogenous or transfected miR-195 expression

levels, total RNA was isolated using the mirVanaTM miRNA Isolation Kit

(Thermo Fisher Scientific), and following quantification, 1 lg RNA was

reverse transcribed (miRNA cDNA Synthesis Kit, with Poly(A) Poly-

merase Tailing, from Applied Biological Materials Inc., Richmond, BC,

Canada). Quantitative polymerase chain reaction was performed using

SYBR Green (iQ
TM SYBR� Green Supermix from Bio-Rad) based RT–qPCR.

Relative microRNA expression levels were calculated using the compar-

ative Ct method with U6 as the normalizer (Dwivedi et al, 2016).

Primers for miR-15a and miR-195 and U6 were purchased from Applied

Biological Materials Inc., Richmond, BC, Canada.

microRNA transfection

microRNA transfection was performed in CP20, OVCAR4, and OVSAHO

cell lines in 6 cm culture dishes containing 5 × 105 cells using HiPerFect

Transfection Reagent (Qiagen, Germantown, MD) following the manu-

facturers protocol and using 100 nM miR-IDIAN Mimic Negative

Control (Dharmacon, cat No-CN-001000-01, Fisher Scientific, Pittsburgh

PA, 15275, USA) or 100 nM Pre-miR-precursor hsa-miR-195-5p or

hsa-miR-15a (Ambion�, Grand Island, NY 14072 USA).

Cell lysis and western blotting

Immunoblotting was performed on cell lysates in RIPA buffer (Bos-

ton Bioproducts, Ashland, MA, USA) supplemented with the

protease–phosphatase mix (Thermo Fisher Scientific, Grand Island,

NY 14072 USA). Briefly, the cell lysate was separated on 10–15%

Tris-glycine SDS–PAGE gel and transferred to Immun-Blot� PVDF

membrane (Bio-Rad, Hercules, California 94547USA). Membranes

were blocked in 5% non-fat dry milk in TBS with 0.1% TWEEN-20

(TBST) for 1 h at room temperature followed by overnight incuba-

tion with indicated primary antibodies (MICU1 (CST, 1:1,000), BMI1

(Invitrogen, 1:1,000), BCL2(CST, 1:1,000), MFN2 (CST, 1:1,000),

VDAC (CST, 1:1,000), PARP (CST, 1:1,000), pPDH (CST, 1:1,000),

PDH (CST, 1:1,000), MCU (CST, 1:1,000), MICU2 (CST, 1:1,000),

EMRE (CST, 1:1,000), b Actin (Sigma at 1:10,000 dilutions), GAPDH

(Sigma, 1:10,000), and alpha-Tubulin (CST, 1:10,000) in TBST with

5% BSA. Membranes were washed and incubated with secondary

antibody for 1 h at room temperature. Equal loading was verified by

immunoblotting with GAPDH, b-actin, or a-tubulin.

Soft agar assay

Forty-eight hours post-transfection 1 × 103 cells (OVCAR4, CP20 or

OVSAHO) in RPMI medium containing 10% FBS with 0.3% agar

(SeaPlaqueTM GTGTM Agarose, Lonza Allendale, NJ 07401, USA) were

seeded on top of 0.6% agar in the same medium in each well of 12-

well plates. After 10 (CP20) or 14 (OVCAR4/OVSAHO) days, the

colonies were imaged and counted using an Optronix GelCount

colony counter (Abingdon OX14 4SA, United Kingdom).

MICU1 30 UTR reporter assay

For reporter assays, 104 cells were plated in 96-well white poly-

styrene plates. MICU1 30 UTR reporter plasmid (100 ng, Switchgear

Genomics product id 806421) in LightSwitchTM 30UTR Reporter

Vector was co-transfected with either non-target microRNA control

or different concentrations of miR-195. Twenty-four hours following

transfection, luciferase (Renilla) activity was measured using Light-

SwitchTM assay reagent. Site-directed mutagenesis was performed

using the QuikChange Lightning Site-Directed Mutagenesis Kit (Agi-

lent) to delete the miR-195 binding site within the MICU1 30 UTR.

Plasmids

LightSwitchTM MICU1-30UTR (S806421) was purchased from switch-

gear genomics (CA, USA). pLenti-III-miR-GFP Control and LentimiR-

a-GFP-hsa-miR-195-5p. Vector was purchased from Applied Biologi-

cal Materials Inc (Richmond, BC Canada). pLYS1-MICU1-Flag (Plas-

mid #50058) was obtained from Addgene. For overexpression

studies, MICU1 gene was cloned in plenti-C-HA-IRES-BSD plasmid

(by OriGene Technologies).

Generation of stable cell lines

For generation of miR-195 stable cell line, lentiviral particles were made

using either LentimiR-a-non-target miR-GFP or LentimiR-a-GFP-hsa-

miR-195-5p along with GAG packaging plasmid and VSVG envelope

plasmid in HEK-293T cell line and were used to transduce OVCAR4 and

CP20 cell lines. Resultant cell lines were selected with 2 lg/ml puro-

mycin for 2 weeks. Selection efficiency was verified using GFP and

overexpression was verified using RT–qPCR for miR-195. For MICU1

over expression stable CP20 cells, lentiviral particles were generated

using pLenti- MICU1-C-HA-IRES-BSD plasmid along with GAG packag-

ing plasmid and VSVG envelope plasmid in HEK-293T cell line and

were used to transduce CP20-miR-CTL-GFP or CP20-GFP-miR-195

stable cells. MICU1 stable cells were selected using blasticidin. MICU1

expression in stable cells is shown by IFC and immunoblotting.

Lactate assay

Lactate concentration was determined by using the Lactate Assay

Kit (#MAK064) from Sigma as per the manufacturer’s instructions.

Briefly, 5 × 105 cells, were seeded in a 60-mm plate, transfecting as

indicated and then lysed in lactate assay buffer. Aliquots of lysate

(5–10 ll) were distributed in 96-well plates suitable for absorbance

measurement. Lactate concentration was determined by an enzy-

matic assay, which results in a colorimetric (570 nm) product and

normalized with the protein concentration.

Boyden chamber migration and invasion Assay

After 48 h transfection with scrambled non-target miRNA or miR-195

or miR-195 + pLYS1-MICU1-Flag (a gift from Vamsi Mootha, Addgene
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plasmid # 50058) (Sancak et al, 2013), OVCAR4 or CP20 cells were

serum-starved overnight, detached from culture plates by trypsiniza-

tion and 1 × 105 cells were plated into 8 lm transwell chambers in

200 ll of serum-free RPMI1640 medium. The lower chambers of the

plate were supplied with 650 ll of RPMI1640 medium with 10% FBS.

The cells were allowed to migrate for 12 h after which cells were

processed with Three-Step Stain Set. Cells in the upper chamber were

removed using a cotton swab, and cells migrating through the

membrane were counted. Cell invasion studies were performed using

a Boyden chamber equipped with membranes pre-coated with

100 lg/ml fibronectin (#F1141, Sigma) for 16 h.

Ca2+ uptake and ΔΨl measurement in permeabilized cell system

The measurement of extra-mitochondrial calcium [Ca2+]out clearance

as an indicator of [Ca2+](m) retention was achieved as described

previously (Mallilankaraman et al, 2012a). Briefly, 4 × 106 cells were

washed in an extracellular-like Ca2+-free buffer (in mM: 120 NaCl, 5

KCl, 1 KH2PO4, 0.2 MgCl2, 0.1 EGTA, and 20 HEPES-NaOH, pH 7.4)

and stored on ice for 10 min. Following centrifugation, cells were

transferred to an intracellular-like medium (permeabilization buffer,

in mM: 120 KCl, 10 NaCl, 1 KH2PO4, 20 HEPES-Tris, pH 7.2, and digi-

tonin (40 lg/ml). The cell suspension supplemented with succinate

(5 mM) was placed in a fluorimeter and permeabilized by gentle stir-

ring. Fura-FF (0.5 lM; Cayman Chemical) was added at 0 s, and JC-1

(Thermo Fisher Scientific, 800 nM) at 20 s. Fluorescence was moni-

tored in a temperature-controlled (37°C) multiwavelength-excitation

dual wavelength-emission spectrofluorometer (Delta RAM, Photon

Technology International) using 340-nm/380-nm for Fura-FF. A series

of Ca2+ boluses (5 lM) and mitochondrial uncoupler FCCP (2 lM)

were added at the indicated time points and the Ca2+ uptake was

monitored simultaneously. Traces indicative of the Fura-FF ratio are

from three independent experiments.

Assessment of mitochondrial matrix Ca2+ and ΔΨm

Briefly, 4 × 106 cells were washed in an extracellular-like Ca2+ free

buffer (in mM: 120 NaCl, 5 KCl, 1 KH2PO4, 0.2 MgCl2, 0.1 EGTA, and

20 HEPES-NaOH, pH 7.4) and stored on ice for 10 min. Following

centrifugation, cells (4 × 106) were transferred to an intracellular-like

medium (permeabilization buffer, in mM: 120 KCl, 10 NaCl, 1 KH2PO4,

20 HEPES-Tris, pH 7.2, and digitonin [40 lg/ml]). The cell suspension

supplemented with succinate (5 mM) was placed in a fluorimeter and

permeabilized by gentle stirring. Fura-FF (Cayman Chemical, 0.5 lM)

was added at 0 s, and JC-1 (Thermo Fisher Scientific, 800 nm) at 20 s.

Fluorescence was monitored in a temperature-controlled (37°C) multi-

wavelength-excitation dual wavelength-emission spectrofluorometer

(Delta RAM, Photon Technology International) using 490-nm excita-

tion/535-nm emission for the monomer, 570-nm excitation/595-nm

emission for the J-aggregate of JC1 and 340-nm/380-nm for Fura-FF.

After baseline recording, mitochondrial uncoupler FCCP (10 lM) were

added at the indicated time point and Ca2+ released from the mito-

chondria was calculated as resting matrix [Ca2+]m.

Measurements of Cytosolic Ca2+ transients

CP20 cells were grown on collagen-coated coverslips in RPMI

medium containing 10% FBS. The cultured cells were stained with

Fluo-4 AM (5 lM; Thermo Fisher Scientific, Calcium-bound; Ex-

494 nm, Em-506 nm) for 30 min at room temperature. The stained

cells were imaged on a SP8, Leica DMi8 Confocal Microscope,

coupled with an environmental chamber. Time-lapse imaging was

performed using 63× oil objective under Ca2+ and Mg2+ free condi-

tion. Cells were first stimulated with Thapsigargin (Millipore Sigma,

Tg., 4 lM) at 45 s and then with a bolus of Ca2+ (5 mM) at 210 s.

ER Ca2+ release and store-operated Ca2+ entry (SOCE) changes

were recorded and analyzed using Leica Application Suite X.

Mitochondrial morphology

To assess mitochondrial morphology, cells were stained with Mito-

TrackerTM Red CMXRos (M7512, Invitrogen, USA). Approximately

2 × 104 cells were plated on 12-mm coverslips and 72-h post-trans-

fection cells were treated with Mitotracker Red (100 nM) for 15 min

at 37°C; after three times washing with PBS, the cells were supple-

mented with warm medium and observed under microscope. Cell

images were acquired with a 63× objective using a Zeiss Axio

Observer. Z1 (Göttingen, Germany).

Mitochondrial ROS

After 72-h miR transfection, mitochondrial ROS was measured using

MitoSOX (Invitrogen) staining (2.5 lM for 10 min at 37°C). Data

were acquired with a FACS Calibur (BD Biosciences) and analyzed

with Flow Jo analytical software.

Preclinical model of ovarian cancer

Female athymic nude mice (NCrnu; 5–6 weeks old) were purchased

from ENVIGO. All mice were housed and maintained under specific

pathogen-free conditions in facilities approved by the American Asso-

ciation for Accreditation of Laboratory Animal Care and in accor-

dance with current regulations and standards of the US Department

of Agriculture, US Department of Health and Human Services and

National Institutes of Health. All studies were approved and super-

vised by the OUHSC Institutional Animal Care and Use Committee. A

total of 20 animals were randomly divided into two groups (N = 10

per group). Animals received 1 × 106 cells in 100 ll HBBS by subcu-

taneous injection: group 1 received miR-CTL-GFP-CP20 cells and the

second group received miR-195-GFP-CP20 cells. For the rescue exper-

iment, female athymic nude mice were similarly injected with either

miR-CTL-GFP-CP20, miR-195-GFP-CP20, or miR-195-GFP + MICU1-

CP20 cells (n = 10 per group). Once the tumor reached ~ 100 mm3

the mice were monitored for three additional weeks or until their

tumor volume attained the pre-determined IACUC limits, at which

point they were euthanized.

Immunohistochemistry

Immunohistochemistry was performed according to the manufac-

turer’s protocol using the automated BONDRX Leica platform and

Leica Bond-IIITM Polymer Refine Detection system (DS 9800). In

brief, FFPE tissues were sectioned at 4 lm and were mounted on

positively charged slides. The slides were dried overnight at room

temperature and incubated at 60°C for 45 min followed by deparaf-

finization and rehydration in an automated Multistainer (Leica
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ST5020). Subsequently, these slides were transferred to the Leica

Bond-IIITM, treated for target retrieval at 100°C for 20 min in a

retrieval solution, at pH 6.0. The sections were incubated with 5%

goat serum (01-6201; Thermo Fisher Scientific) for 30 min. Endoge-

nous peroxidase was blocked using peroxidase-blocking reagent,

followed by the selected primary antibody (Ki67 1:1,500 (Abcam,

AB15580), CD31 1:50 (Abcam ab28364) incubation for 60 min. For

the secondary antibody, post-primary IgG-linker and/or Poly-HRP

IgG reagents was used. Detection was done using 3,30-diaminobenzi-

dine tetrahydrochloride (DAB), as chromogen and counter stained

with hematoxylin. Completed slides were dehydrated (Leica

ST5020) and mounted (Leica MM24). Tunnel staining was

performed after deparaffinization of 4 lM sections using In situ Cell

Death Detection Kit, AP (Roche Diagnostics GmbH, Manheim,

Germany) following the manufacturer’s protocol. Images were taken

using a Nikon Eclipse Ni microscope.

Statistical analysis

All the experiments were performed in triplicate and repeated

independently three times. Data are expressed as means � stan-

dard deviation (SD) or � standard error. Student’s t-test was used

for statistical analysis with significance set at P < 0.05. For

animal experiments, 10 mice were assigned per treatment group.

This sample size gave 80% power to detect a 50% reduction in

tumor weight with 95% confidence. Mouse and tumor weights

for each group were compared using Student’s t-test (for compar-

isons of two groups). Statistical analyses were done using

GraphPad Prism. A two-tailed P ≤ 0.05 was deemed statistically

significant.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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