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Abstract

Introduction—Many RNA species have been identified as important players in the
development of chronic diseases including cancer. Certain classes of regulatory RNAs such as
miRNAs have been investigated in such detail that bona fide tumor suppressive and oncogenic
miRNAs have been identified. Because of this, there has been a major effort to therapeutically
target these small RNAs. One in particular, a liposomal formulation of miR-34a (MRX34), has
entered Phase | trials.

Areas Covered—This review aims to summarize miRNA biology, its regulation within
normal versus disease states, and how it can be targeted therapeutically, with a particular emphasis
on miR-34a. Understanding the complexity of a single miRNA will aid in the development of
future RNA-based therapeutics for a broader range of chronic diseases.

Expert Opinion—The potential of miRNAs to be developed into anti-cancer therapeutics has
become an increasingly important area of research. miR-34a is a tumor suppressive miRNA across
many tumor types through its ability to inhibit cellular proliferation, invasion, and tumor sphere
formation. miR-34a also shows promise within certain /77 vivo solid tumor models. Finally, as
miR-34a moves into clinical trials it will be important to determine if it can further sensitize
tumors to certain chemotherapeutic agents.

1. Introduction

MicroRNAs (miRNAS) represent a class of small non-coding RNAs harboring regulatory
potential, and are implicated in a broad range of diseases. These ~22 nucleotide, non-coding
RNAs control the expression of protein coding genes via imperfect binding to the 3’
untranslated region (3° UTR) of the target messenger RNA (mMRNA), leading to either
translational inhibition or degradation[1]. After a series of sequential processing steps of the
primary miRNA transcript (pri-miRNA), the mature miRNA strand is incorporated into a
protein complex known as the RNA-induced silencing complex (RISC), which includes the
Argonaute family of proteins (AGO1-4)[2]. This complex is then recruited to the 3’ UTR
within a target mRNA via imperfect sequence complementarity and mediates destabilization
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or translational repression of the target. Some studies estimate miRNAs regulate greater than
60% of the human protein-coding transcriptome[3]. Therefore, aberrant expression of a
single miRNA can promote a disease state, such as cancer, by altering cellular pathways
controlling differentiation, apoptosis, and survival signaling.

2. Regulation of the Master Tumor Suppressor miR-34a

Numerous miRNAs have been implicated in regulating the cellular processes important in
cancer biology. Recently, miR-34a has made headlines as the first miRNA mimic to enter
human clinical trials. Specifically, miR-34a is in a Phase 1 trial (NCT01829971) for patients
with unresectable primary liver cancer or metastatic cancer with liver involvement[4]. This
comes after numerous studies indicated that the miR-34 family has strong tumor-suppressive
properties across a broad spectrum of tumor subtypes.

There are three closely related members of the miR-34 family: miR-34a, miR-34b, and
miR-34c. miR-34ais located at 1p36 and is encoded in its own transcript, whereas miR-34b
and miR-34c share a primary transcript on 11q23[5]. Additionally there is another recently
described miRNA located within an intronic region of CDC20B, miR-449, which shares the
same seed sequence as the miR-34 family. Recent studies indicate that miR-449 functions
redundantly with miR-34 during the miR-34-mediated control of essential developmental
processes such as motile ciliogenesis in the respiratory epithelia[6], and during proper basal
forebrain development[7]. The miR-449 miRNA family was initially identified to be a direct
transcriptional target of E2F1, while simultaneously negatively regulating the RB/E2F1
signaling pathway[8:9]; however, miR-449 can also target the Delta/Notch pathway[10].
While there are too few studies to determine whether miR-449 has broad tumor suppressive
activity across multiple cancer types, the low expression of this miRNA in gastric
cancer[11], coupled with its pro-differentiation phenotype, and functional similarities to
miR-34a indicate it may serve as another promising miRNA therapeutic.

miR-34a is heavily involved in the TP53 tumor suppressive network. In 2007, five landmark
papers indicated that miR-34a is directly regulated by TP53 via transcriptional
activation[12714], and that this activation of miR-34a results in cell cycle arrest and
apoptosis[15+16] (See Figure 1). At that time, genetic studies of TP53-regulated genes had
not yet elucidated how regulation of these targets resulted in TP53-mediated activation of G1
cell-cycle arrest or apoptosis. This prompted several efforts to search for links between TP53
and non-coding RNAs that might contribute to TP53 function. Studies by He et a/. and
Raver-Shapira et al., found that miR-34a was differentially expressed between either mouse
embryonic fibroblasts (MEFs) carrying a 7P53-null allele or human lung cancer lines
harboring a temperature-sensitive 7P53-allele, as compared to 7P53 wild-type lines.
Additional studies indicated that miR-34a levels increased after genotoxic stress in a TP53-
dependent manner and provided evidence for a putative TP53 binding site within the
miR-34a promoter. Using a C. elegans model, Kato et a/. also identified that miR-34a can
alter DNA damage response post irradiation in C. efegans, through the control of the TP53
homologue cep-1, and that this response was preserved in human breast cancer cells[17].
Furthermore, SIRT1, an NAD-dependent deacetylase and an inhibitor of TP53 activity, can
be regulated by miR-34a[18] (See Table 1). This miR-34a regulation abrogates SIRT1
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inhibition of TP53-mediated apoptosis, and also promotes a feed-forward regulatory loop to
induce robust TP53 responses in cells. Due to this TP53-miR-34a regulatory axis, it is not
surprising that miR-34a levels are dysregulated in many cancers[19722], as miR-34a levels
are generally lower in 7P53-mutant tumor lines as compared to 7P53 wild-type lines.

In addition to TP53, other miR-34a modulators have been identified, such as CD95 and
Myc[23725]. A well-defined regulatory network also exists between miR-34a and TGFf
treatment in colorectal cancers, whereby TGF can promote epithelial to mesenchymal
transition by activating SNAIL and ZEB1. These transcription factors can then in turn bind
to E-boxes in the miR-34a promoter and repress miR-34a expression[26]. Furthermore,
colorectal cancer cells exposed to IL-6 can also undergo EMT, activate STAT3, and
transcriptionally repress miR-34a[27]. The same negative regulatory loop is present in
primary fibroblasts as well, where PDGF treatment reduces miR-34a levels, and involves a
PI3K/AKT/MDM?2 signaling axis. Given that many of these modulators are also targets of
miR-34a, these studies suggest that miR-34a expression is finely tuned during formation of
different cell states, which can then be influenced by certain extracellular signaling stimuli
either for the appropriate timing of cell differentiation, or for nefarious tumorigenic means.

Navarro ef al. identified in 7P53-null K562 cells that TPA could induce megakaryocytic
differentiation by inducing miR-34a levels, in part through a TP53-independent TPA-
inducible promoter site within pri-miR-34a[28]. Subsequent studies using this cell line
indicated that miR-34a is transcriptionally activated through the MAPK signaling pathway at
a more distal AP-1 promoter site[29]. However, the specific DNA binding factor(s) acting at
either of these sites has yet to be identified. This, in combination with the finding that
miR-34a does not appear to be elevated, but is most commonly found to be downregulated in
7P53-null or mutant lines, indicates that TP53 is most likely the key transcriptional activator
of miR-34a. It is important to note that the miR-34a modulators highlighted above regulate
miR-34a expression in cell types that are wild-type for 7253, and in many cases are found to
be part of a larger 7P53 regulatory feedback loop.

3. The Role of miR-34a in Tissue Differentiation

Early miR-34a knockout models exhibited no overt phenotypes. In C. elegans, mir-34a-null
mutants displayed no obvious developmental defects[17], and subsequently in a miR-34a,b,c
triple-mutant mouse model, animals were also found to be viable and fertile[30]. However,
only with the complete loss of both miR-34 and miR-449 in mice (TKO mice) were striking
phenotypes observed, including postnatal mortality due to defects in motile ciliogenesis
within respiratory epithelia[6]. This argues that throughout development there is a selective
pressure that supports functional redundancy among homologous miRNAs so as to maintain
a fined-tuned gene expression pattern essential for proper development.

One of the earliest studies highlighting the role of miR-34a within normal cellular processes
comes from the hematopoietic system, where miR-34a was shown to be important in
megakaryocyte differentiation[28] (See Figure 2). Specifically, K562 cells, an
erythroleukemic cell line resembling a bi-potent megakaryocyte-erythrocyte precursor
(MEP), when treated with a phorbol ester such as TPA, undergo massive cell fate
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reprogramming resulting in the formation of a differentiated megakaryocyte. Upon TPA-
induced megakaryocyte differentiation, miR-34a was found to be highly upregulated, and
miR-34a contributed to this differentiation process by inducing megakaryocyte-specific
markers, in part by targeting CDK4, CDK®6, and MYB. This process was further tested in a
more relevant human CD34 hematopoietic stem cell (HSC) model, where primary CD34+
HSCs expressing miR-34a generated more colony forming units of a megakaryocytic origin
(CFU-MK). As highlighted earlier, this process is independent of TP53 given that K562
cells are 7P53-null, and that TPA induction of pri-miR-34a transcription operates on a
separate, more proximal promoter region than the canonical TP53 promoter binding site.

Further work by Ichimura and colleagues indicated that phorbol ester-mediated
megakaryocytic differentiation of K562 cells also induced activation of ERK and c-Fos
signaling, and that miR-34a overexpression abrogated this process[29]. Specifically, TPA-
induced miR-34a transcriptional activity may be functioning via an AP-1 promoter site, with
the newly transcribed miR-34a directly targeting the upstream activator of ERK, MEK1.
This indicates that during this differentiation process a negative feedback loop is generated,
whereby phorbol ester-induced ERK signaling is concomitantly dampened and modulated
by miR-34a. One can imagine this fined-tuned differentiated cell state mediated by miR-34a
is an important molecular check to prevent the uncontrolled proliferation of megakaryocyte
precursors, yet also allows for the survival of the mature megakaryocyte until appropriate
cues arrive to stimulate platelet production.

miR-34a is involved in another hematopoietic differentiation process, that of granulopoiesis.
CD34+ HSCs cultured under conditions that promote granulopoiesis harbored a concomitant
increase in the levels of miR-34a[31]. Since primary CD34+ HSCs are a rare cell type,
Pulikkan et al. used both NB4 cells and K562-C/EBPa expressing cells for mechanistic
studies and determined that retinoic acid (RA)-and C/EPBa-induced granulopoiesis also
results in enhanced miR-34a levels in both cell model systems. While in the previous
megakaryocytic differentiation system miR-34a was involved a negative feedback loop to
control differentiation, here miR-34a appears to be part of a feed forward loop with respect
to granulopoiesis. This is because miR-34a can be transcriptionally activated by C/EPBa, as
determined by ChIP and luciferase promoter assays, and the resulting high miR-34a levels
can target and repress E2F3, a known transcription factor important in promoting G1-to S-
phase transition and DNA replication. This miR-34a-mediated inhibition of cell cycle is an
important component in the process granulopoiesis, as uncontrolled proliferation and
differentiation arrest in granulocyte precursor cells would result in acute myeloid leukemia
(AML). Interestingly miR-34a is downregulated in AML samples harboring concomitant
mutations in CEBPA, and the re-introduction of miR-34a in these patient-derived cultures
can reinstate a granulocyte-specific differentiation program[31].

In fact, a number of studies have identified the TP53-miR-34a regulatory axis as a major
contributor to the leukemogenic process. In chronic lymphocytic leukemia (CLL) patient
samples, those with 7P53 mutations harbored significantly lower levels of miR-34a as
compared to those with wild-type 7P53 status[32]. The same miR-34a expression patterns
were observed for CLL patients with deletions in TP53[33]. These studies support the notion
that miR-34a is a downstream transcriptional target of TP53, as was discussed earlier in this
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review. Furthermore, in one of the best described mouse models of CLL, the transgenic
TCL1 mouse, miR-34a becomes rapidly upregulated as the mice develop leukemia, but is
not elevated during the pre-leukemic phase of the disease[34]. The upregulation of miR-34a
during this transition phase is dependent on activation of the TP53 pathway, which at first is
confounding, given that TP53-induced miR-34a should promote a tumor-suppressive
environment. However the authors of this study conclude that this tumor suppressive
signaling network is indeed being activated, because miR-34a is reducing expression of the
TP53-repressor, SIRT1, but that other oncogenic factors are counteracting and overriding
this process. In support of this notion, human patients with CLL do have higher miR-34a
levels than B-cells from healthy individuals, and patients with complete deletion of 7P53
(del17p) have a much more aggressive disease with reduced overall survival than those
without any TP53 attenuation. Overall, these studies indicate that miR-34a can control the
differentiation process of hematopoietic cells, and that aberrant dysregulation of this miRNA
can result in a variety of hematological malignancies.

4. The Tumor-Suppressive Role of miR-34a in Solid Tumors

miRNAs are heavily dysregulated in most solid tumors and hematological malignancies, and
specific miRNA signatures have been developed that allow for the characterization of a
variety of tumor subtypes[35]. Those miRNAs that become upregulated in cancer and
promote tumorigenic processes are noted as being oncogenic miRNAs, while miRNAs that
are downregulated and promote tumor-suppressive functions by targeting proto-oncogenes
are noted as being tumor suppressive mMiRNAs. Given that miR-34a is positively associated
with a TP53 transcriptional regulatory loop, and that it tends to be downregulated or deleted
in a number of tumor types, it is well supported that miR-34a is a bona fide tumor
suppressive miRNA. In support of this, many of the targets of miR-34a that also become
downregulated when miR-34a is re-introduced into specific tumor models are classic proto-
oncogenes, such as MYC MET BCLZ2, and SIRTJ[ZS] (See Figure 3). Additionally,
oncogenic signals such as ZEB1, hypoxia, and 17-B-estradiol in ERa+ breast cancer cells
can inhibit miR-34a levels[36]. Here we highlight several cancer systems where the
molecular mechanisms of miR-34a-mediated tumor suppression have been elucidated, and
where miR-34a has been shown to modulate responsiveness to chemotherapeutic agents.

4.1. miR-34a in Breast Cancer

Breast cancer is the second leading cause of cancer-related deaths in women[37], and is a
heterogeneous disease that can be categorized into distinct molecular subtypes. Serum
biomarker studies have indicated that miR-34a may function as a tumor suppressor in breast
cancer. Specifically, high serum levels of miR-34a associate with an increased metastasis-
free and overall survival of breast cancer patients[38]. Furthermore, circulating and
intratumoral miR-34a expression levels were increased after patients underwent
anthracycline-based chemotherapeutic treatments, suggesting it might be involved in the
anti-tumor effects of chemotherapy in breast cancer patients[39]. In support of this, miR-34a
is normally downregulated in breast cancer cells and primary tumors compared to normal
adjacent tissue[17:40], and functions as a tumor suppressor primarily through inhibiting cell
migration and proliferation, as well as promoting apoptosis[41]. Unfortunately follow-up
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studies interrogating the mechanisms of action of miR-34a within breast cancer have relied
heavily on utilizing only one or two cell lines, which is problematic when studying breast
cancer subtypes such as triple-negative breast cancer (TNBC), which can be sub-classified
into 7 distinct molecular diseases[42].

Despite this issue, the tumor-suppressive role of miR-34a has been well documented for
estrogen-receptor-alpha-positive (ERa*) breast cancers. In ERa*, estradiol-treated breast
cancer cells, overexpression of miR-34a via a lentivirus suppressed cell proliferation, S
phase ratio, and tumor formation[43]. MiR-34a is also involved in sensitizing ERa™ breast
cancer cells to frontline therapeutic agents (See Table 2). Ectopic overexpression of miR-34a
sensitized ERa* MCF-7 cells to adriamycin (ADR) treatment by enhancing ADR-induced
apoptosis and lowering the ICsq value for ADR treatment[44]. Furthermore, miR-34a
expression was downregulated in MCF-7 cells resistant to ADR (MCF7/ADR cells) as
compared with MCF-7 cells, due to a 7253 mutation in MCF7/ADR cells. The ectopic
expression of miR-34a also increased the sensitivity of these cells to doxorubicin treatment
by directly targeting NOTCH1[45]. MiR-34a has also been implicated in inhibiting breast
cancer stem cell formation, a cell phenotype associated with resistance to chemo- and
radiation-based therapeutic agents. One possible mechanism behind this trend is the
discovery that HDAC1 and HDACT? are targets of miR-34a. HDAC1 and HDACT are
involved in the deacetylation of HSP70 K246, which ultimately inhibits autophagic cell
death[46]. This miR-34a-HDAC1/HDAC7-HSP70 K246 regulatory axis seems to be
strongest in MCF-7 cells, as siRNAs to HDAC1 and HDACY can sensitize MCF-7 cells
expressing wild-type HSP70 to doxorubicin, paclitaxel, and cisplatin.

However, the link between miR-34a and therapeutic sensitivity in breast cancer is not clear-
cut, given that miR-34a is associated with resistance to docetaxel in ERa.* breast cancer.
Specifically, MTT assays showed that inhibition of miR-34a sensitized cells to treatment
with docetaxel, whereas overexpression of miR-34a had the opposite effect[47].
Furthermore, some have reported that the combination of miR-34a treatment with the
chemotherapeutic 5-fluorouracil (5-FU) can be significantly more effective than either
therapeutic agent alone[48]. However, 5-FU is currently not a frontline agent in the
therapeutic arsenal for breast cancer patients. These discrepancies could be due in part to the
variety of signaling pathways altered by each of these therapeutic agents, some of which
may function in concert with the anti-tumorigenic properties of miR-34a, and others in an
antagonistic manner. In support of this, miR-34a has been reported to have multiple target
genes such as BCL2, SIRT1, and FRA1[48:49], in addition to the targets described above.

4.2. miR-34a in Colorectal Cancer

Many studies have shown that miR-34a is downregulated in colorectal cancer tissues in
comparison to adjacent non-tumorous tissues[22:50'51]. miR-34a levels in the bloodstream
are also lower in both colorectal and breast cancer patients, suggesting its potential role as a
biomarker for these diseases[52]. However, not all expression studies are in complete
agreement. Wang et al. showed that miR-34a levels were higher in 109 human colorectal
cancers as compared to the corresponding pair-matched normal mucosa samples, and that
patients with stage II/1V rectal cancer had higher levels of miR-34a than patients with stage
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I/11 disease[53]. Despite these conflicting reports, many have demonstrated the tumor
suppressive effects of miR-34a in colorectal cancer cells. For example, miR-34a
overexpressing colorectal cancer cells exhibited reduced migration and invasion by
regulating NOTCH1 levels[54]. Additionally, Hoechst 33258 staining indicated that
miR-34a transfectants had higher levels of apoptosis compared to controls[50]. Presumably
this is due to the downregulation of the miR-34a target VEGF, which in turn results in the
reduced activation of pY397FAK, a non-receptor cytoplasmic tyrosine kinase known to play
arole in growth and migration[50]. Wu et a/. also showed that miR-34a targets Fra-1, a
known proto-oncogene[55], although this may not be the major mode of miR-34a function
as Fra-1 levels are inversely correlated with miR-34a in only ~35% of colon cancer tissues
tested.

The general downregulation of miR-34a in colorectal cancer patients is explained in part by
studies showing higher rates of miR-34a specific methylation in colorectal cancer tissues
samples[56:57]. The higher levels of methylation are associated not only with a decrease in
miR-34a levels, but also metastasis to the liver and lymph nodes. Treatment of colon cancer
cell lines with either a known or purported de-methylating agent, 5-Aza-2’-deoxycytidine or
difluorinated curcumin (CDF), respectively, results in the upregulation of miR-34a[22].
Interestingly, CDF has previously been shown to reduce colonosphere formation and colon
cancer cell growth when combined with 5-FU and oxaliplatin[58], suggesting that
demethylation of miR-34a may be part of the mechanism underlying this effect. Independent
of this study, the intracellular expression of miR-34a has been reported to be downregulated
in 5-FU-resistant human colon cancer cells as compared to 5-FU-sensitive cells, with
miR-34a secreted at higher rates into extracellular microvesicles in response to 5-FU
treatment in 5-FU resistant versus sensitive cells[59]. Therefore, further studies investigating
the sensitizing effects of miR-34a to 5-FU are warranted to determine if the combination of
these agents can be used in treating colorectal cancer patients.

4.3. miR-34a in Liver Cancer

While primary liver cancer is generally linked to the prevalence of hepatitis infection, liver
cancer is also linked with hemochromatosis, fatty liver disease, and cirrhosis due to alcohol
abuse. Interestingly, the latter has been linked to the epigenetic regulation of miR-34a. Meng
et al. found that treatment of human intrahepatic biliary epithelial cells (HiBECs) with
ethanol resulted in enhanced miR-34a levels, which was due to hypomethylation of the
miR-34a promoter[60]. Functionally, miR-34a seems to play a protective role in this system
since overexpression of miR-34a decreased ethanol-induced apoptosis in HIBECs. In a
separate liver injury model, miR-34a was found to be elevated after partial hepatectomy in
mice, which during the late stage of liver regeneration is required for the controlled
suppression of normal hepatocyte proliferation[61]. These studies indicate that within
normal liver tissue miR-34a levels are tightly controlled, and that during states of stress or
injury miR-34a plays an important role in preventing the uncontrolled growth and
proliferation of hepatocytes.

Numerous studies indicate that miR-34a is downregulated in hepatocellular carcinoma
(HCC) as compared to adjacent normal tissue[62764]. Furthermore, in a rat model of
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hepatocarcinogenesis, where mice were fed a methyl-deficient diet, a prominent
downregulation of miR-34a, miR-127, miR-200b, and miR-16a was observed. Subsequently,
corresponding miRNA target genes such as E2F3, NOTCH1, BCL6, ZFHX1B, and BCL2,
which promote anti-apoptotic and pro-EMT cellular phenotypes, were found to be elevated.
Therefore, these mMiIRNA-MRNA regulatory networks may play an important contributing
factor in the development of HCC within this carcinogenesis model[63]. Interestingly, the
levels of miR-34a are upregulated in the serum of rats throughout hepatocarcinogenesis,
suggesting a potential use as a biomarker for the disease[65].

Complementing this body of research and the notion that miR-34a promotes tumor-
suppressive functions in HCC, many have shown that the ectopic expression of miR-34a can
inhibit tumor cell proliferation, migration, and invasion, as well as promote an accumulation
of cells in the G1 phase of the cell cycle[64:65]. Various mechanisms have been proposed to
contribute to miR-34a-mediated tumor suppression in hepatocellular carcinoma. However, a
bioinformatic approach indicated that of 15 potential miR-34a target proteins in HepG2
cells, most were concentrated into two major regulatory hubs involving either the TP53
signaling pathway or the cell cycle pathway[66]. The work discussed above by Tryndyak
and colleagues is in line with this finding, where during hepatocarcinogenesis the decreased
levels of miR-34a is associated with enhanced expression of E2F3, a transcription factor
involved in regulating the cell cycle, and NOTCH1, which is a known target of TP53.
Additionally, overexpression of miR-34a in human HCC cells results in a corresponding
decrease in c-Met mRNA and protein levels[64]. The c-Met tyrosine kinase sits at the
junction of both regulatory hubs, as it is involved in proliferation, motility, migration and
invasion pathways, and itself is transcriptionally regulated by TP53[67].

4.4. miR-34a in Lung Cancer

Accounting for ~85% of lung cancer cases, non-small cell lung cancer (NSCLC) is a
challenging tumor type to treat given the late detection in patients, and the low sensitivity to
chemo- and radiation-based therapeutic regimens[68]. Therefore, understanding the
molecular underpinnings of this disease in order to develop sensitizing agents to current
front line therapeutics is a major goal within the field. To that end, a pattern of miR-34a
downregulation is observed in NSCLC tumor samples, and ectopic expression of miR-34a
inhibits the growth of NSCLC cell in vitroand in V/V0[69_71], (see also miR-34aasa
Potential Therapeutic Agent). Furthermore, miR-34a is a potential biomarker for relapse in
surgically resected non-small-cell lung cancer, with patients harboring tumors containing
both 7P53 mutations and low miR-34a levels having the highest probability of relapse[72].
These findings indicate that in NSCLC, the loss of miR-34a expression is most likely due to
TP53 mutations, which in turn disrupt the positive feed-forward loop described earlier. In
support of this, studies by Wang et a/. and Lodygin et a/. find little evidence for aberrant
CpG methylation of the miR-34a promoter in NSCLC as compared to other tumors[73:74].
Finally, recent work has shown that miR-34a inhibits the growth of lung cancer stem cells
(L-CSCs), most likely through the modulation of CD44, an adhesion molecule that is also a
marker of L-CSCs[71]. This is an important finding given that CSCs have numerous
mechanisms to support a treatment resistant-phenotype that includes quiescence, a robust
DNA repair mechanism, and high expression of multi-drug resistance exporters. Therefore,
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by altering the abundance of the CSC population, these findings suggest that miR-34a may
be a powerful sensitizer to frontline therapeutic agents in NSCLC (See Table 2).

A major pathway dysregulated in NSCLC is the EGFR signaling cascade, since ~40% of
NSCLC adenocarcinomas harbor activating mutations in the kinase domain of the receptor
tyrosine kinase (RTK) EGFR[68]. Therefore, therapeutic agents targeting these activating
mutations in the EGFR protein have been developed and are currently used in the clinic.
Unfortunately, while many patients respond initially, many ultimately relapse[75], again
highlighting the need for the development of agents that can be used to sensitize refractory
NSCLC cells to EGFR-RTK-inhibitors (RTKI). A series of studies have recently suggested
that miR-34a can be this sensitizing agent. It has been shown that miR-34a can re-sensitize a
number of resistant NSCLC cell lines to a range of doses of the EGFR-RTKI erlotinib[76].
Also the re-introduction of miR-34a in combination with /et-7 can have synergistic effects to
further sensitize NSCLC cell lines to erlotinib[77]. Finally, miR-34a can sensitize EFGR
mutant NSCLC cells to the EGFR-RTKI gefitinib, resulting in tumor regression in mouse
xenograft models[78]. Interestingly, Zhou et a/. showed that HCC827 and PC-9 NSCLC
cells are normally sensitive to gefitinib, but when cultured with hepatocyte growth factor
(HGF), lose this sensitivity. This methodology for generating a resistant line is relevant
given that ~60% of patients with acquired resistance to EGFR-RTKIs overexpress HGF.
Interestingly, addition of the c-Met-RTKI PHA665752 or miR-34a can reverse HGF-induced
resistance. Given miR-34a targets and represses MET levels, it is not surprising that
miR-34a plus gefitinib had synergistic effects in these cells when transplanted into nude
mice. Overall these data suggest that the delivery of miR-34a as a therapeutic agent in
combination with EGFR-RTKIs may extend the overall survival in NSCLC patients with
EGFR mutations.

4.5. miR-34a in Prostate Cancer

Recent research suggests that miR-34a plays a role in suppressing prostate cancer growth
and resistance to frontline treatments through a variety of mechanisms. Ectopic expression
of miR-34a in 7P53null PC3 prostate cancer cells results in cell cycle arrest and growth
inhibition, as well as attenuated resistance to the chemotherapeutic drug camptothecin[79].
However, for those patients with castrate-resistant prostate cancer, meaning that these
tumors grow independent of androgen, or those with metastatic disease, camptothecin and its
derivatives are not a primary frontline treatment. Ito et a/. followed up on this research,
finding that overexpression of miR-34a in paclitaxel-resistant PC3 cells attenuated resistance
to this prostate cancer-relevant drug, in addition to other anticancer drugs such as
daunorubicin and etoposide[80]. Mechanistically, both studies focused on the role of SIRT1,
which is a protein known to be involved in cell survival. Specifically, overexpression of
miR-34a reduces endogenous levels of SIRT1 and downregulates SIRT1 activity, as
measured by 3’ UTR reporter assays, while knockdown of SIRT1 phenocopies miR-34a-
mediated attenuation of paclitaxel resistance[80]. While posttranscriptional regulation of
SIRT1 by miR-34a in part explains how miR-34a attenuates chemoresistance in PC3 cells,
what is not well understood is which SIRT1 targets are being dysregulated during this
process. This is because PC3 cells are 7P53null, and one of the canonical functions of
SIRT1 is the deacetylation and inactivation TP53.
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Another established miR-34a target that may instead explain the miR-34a-mediated
sensitization phenotype to apoptosis-inducing drugs, such as camptothecin, is BCL2[80:81]
(See Table 2). Ectopic expression of miR-34a in the PC3 paclitaxel resistant cells results in
downregulation of the anti-apoptotic protein BCL2, as well as the RNA binding protein,
human antigen R protein (HUR). Since knockdown of HUR via siRNA also results in
decreased BCLZ mRNA levels, miR-34a may regulate BCL2 in both a direct and indirect
manner. Interestingly, the study by Corcoran et al. also found that docetaxel resistant
variants of these cell lines harbored lower miR-34a levels as well as elevated expression of
BCL2, when compared to the respective nonresistant cell lines, further supporting the
relevance of this target gene in prostate cancer chemoresistance[81]. Finally, the levels of
miR-34a in the exosomes from docetaxel-resistant cells lines, or in urine and tissue
specimens of prostate cancer patients were generally lower when compared to the exosomes
from docetaxel-sensitive lines, or in urine and tissue specimens of patients with benign
prostatic hyperplasia. This, in combination with the finding that miR-34a levels are lower in
patients with biochemical recurrence and/or metastatic disease, indicates miR-34a may be a
minimally invasive predictive biomarker for responsiveness to docetaxel in prostate cancer
patients.

5. miR-34a as a Potential Therapeutic Agent

Various approaches have been taken to test the direct therapeutic effects of miR-34a delivery
in a number of /n vivo cancer models. Using a NOD/SCID mouse xenograft model, NSCLC
cell lines intratumorally injected with a liposome-packaged miR-34a blocked tumor growth
and enhanced the frequency of apoptosis[70]. Additional studies using a Kras-activated
NSCLC mouse model (KrastSL-G12D) also found that systemic delivery of liposome-
packaged miR-34a could reduce tumor burden by as much as 60%[82]. In these studies
miR-34a treatment also results in the downregulation of the canonical miR-34a targets c-
Met, Bcl-2, and, to a lesser extent, CDK4. Importantly in these models, when miR-34a was
delivered via a lipid-based vehicle, little to no adverse immune reactions or serious side
effects were noted to occur. This suggests miR-34a could indeed be a potent therapeutic
agent with very little toxicity.

Another approach to deliver miR-34a into NSCLC mouse models is the use of a new
nanoparticle-forming compound, termed 7C1, which preferentially targets the lung
vasculature[83]. Using a “KP” mouse model of lung cancer, which involves the conditional
activation of KrastoL-G12D a5 well as the inactivation of two conditional 7p53alleles
(Trp53-SL-RI72H) ' 7C1 particles carrying either miR-34a or an siRNA to Kras, or the
combination of the two, resulted in significant tumor regression. Furthermore, the miR-34a/
Kras siRNA combinatorial treatment synergized with a conventional cisplatin-based
chemotherapeutic treatment regimen, prolonging survival of the KP mice when compared to
cisplatin treatment alone. However, in another series of studies using the KP mouse model,
lentiviral-induced miR-34a prevented tumor progression of pre-formed tumors, while
delivery of miR-34a at the time of KP transgene activation resulted in mice having little to
no evidence of tumor formation[84]. A follow-up study indicated that, when encapsulated
into a NOV340 liposomal formulation, miR-34a in combination with /ef-7had superior anti-
tumorigenic effects in the KP mouse model over miR-34a or /et-7alone[85]. Additionally,
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this combinatorial approach induced significant anti-tumorigenic phenotypes in a panel of
NSCLC lines indicating that dual miRNA replacement therapies may have a broader
therapeutic range than compared to miRNA/siRNA therapeutic strategies. This is important,
as not all NSCLC samples harbor KRAS or TP53 mutations, and therefore suppressing
numerous oncogenic pathways through the re-introduction of several tumor suppressor
miRNAs may induce a synthetic lethality in a variety of other NSCLC subtypes.

Expanding the scope of this notion, recent research has tested the potential of miR-34a as a
therapeutic agent in other cancer types, such as liver and colorectal cancer. In liver cancer, a
miR-34a mimic complexed with an amphoteric liposomal formulation (MRX34) caused
significant tumor growth inhibition and regression of Hep3B or HuH7 cells orthotopically
implanted into the livers of NOD/SCID mice[86]. Additionally, systemic injection of
MRX34 into immunocompetent BALB/c mice did not elicit any cytokine response or result
in any measurable readouts of toxicity. In colon cancer, when miR-34a was delivered with
atelocollagen, a system previously used to deliver small interfering RNAs (siRNAS) into
tumors /n vivo, significant suppression of HCT116 and RKO tumor growth was
observed[87]. Specifically, xenograft experiments in nude mice indicated that subcutaneous
atelocollagen-miR-34a injections could significantly slow the growth of the implanted
HCT116 and RKO cells. These results are interesting given that previous work using CCK-8
proliferation assays and cell cycle analysis indicated HCT116 cells ectopically expressing
miR-34a showed no significant reduction in proliferation or deviations in cell cycle
stage[50]. Furthermore, Tazawa and colleagues have not tested whether 7253 mutant lines,
such as DLD1 or HT29 cells, would also be sensitive to the re-introduction of miR-34a.
Given these lines are predicted to harbor low miR-34a levels, they therefore may not have
mechanisms in place to inactivate or suppress the effects of miR-34a re-introduction, and
therefore would be therapeutically sensitive to this treatment.

In support of this idea, studies in prostate cancer identified that ectopic expression of
miR-34a induced cell-cycle arrest, apoptosis or senescence in 7P53mutant cell lines[88].
Furthermore, when studying the CD44+, tumor-initiating cell population within a variety of
TP53 wild-type prostate cancer lines, miR-34a levels were much lower than in the CD44-
population. The authors indicate that this may be due, in part, to the finding that TP53 can
transcriptionally repress CD44, while simultaneously trans-activating miR-34a[88].
Therapeutically, the repeated intratumoral injection of miR-34a into 7P53-mutant PPC-1
cells implanted subcutaneously into NOD/SCID mice resulted in a significant reduction in
tumor growth[88]. This anti-tumor phenotype was recapitulated when a liposome-packaged
form of miR-34a was delivered systemically, via tail vein, in NOD/SCID mice bearing PC3
tumors at the orthotopic site, which resulted in a 50% reduction in tumor burden.
Interestingly, mice with orthotopic LAPC9 tumors, which are 7P53wild-type and have
reduced CD44 levels, exhibited less response to systemic miR-34a therapy, although the
mice did have reduced lung metastasis.

Finally, establishing whether miR-34a delivered in combination with frontline
chemotherapeutic agents can promote a synergistic therapeutic benefit /7 vivo is of clinical
relevance. Recently, Fréres et a/. identified that out of 188 circulating miRNAs assessed in
the plasma of 25 breast cancer patients, miR-34a and miR-122 were significantly increased
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after neoadjuvant chemotherapy[39]. This suggests that miR-34a could be a marker of
chemotherapeutic response and that miR-34a itself, could be induced by chemotherapeutic
agents. Building on this body of research, co-delivery of miR-34a with doxorubicin in
hyaluronic acid chitosan nanoparticles via tail vein injection significantly increased the anti-
tumor effects of doxorubicin[89]. In line with this work, our group has identified that
miR-34a can sensitize a panel of breast cancer cell lines to paclitaxel and dasatinib
(unpublished observations), suggesting that the current miR-34a liposomal formulation
being used in the clinic could also be utilized in adjuvant to the standard frontline
chemotherapeutic agents for patients with triple negative breast cancer.

6. Delivery of miRNA Therapeutics

A major effort required for development of miRNA therapeutics, including miR-34a, will be
identifying efficient systems to deliver the molecule to target cells. miR-34a has been
successfully delivered in mouse models using a number of methods, including various
liposomal complexes, hyaluronic acid chitosan nanoparticles, atelocollagen, and a class of
7C1 nanoparticles. The ability to directly target the delivery of miR-34a to cancer cells is
important both for therapeutic efficiency and to reduce off-target effects through RNAI
accumulation in normal tissues. Currently, many liposomal formulations of RNA-based
agents primarily accumulate in the liver. Bypassing this route of bio-distribution will be a
major challenge to overcome in order to deliver miRNAS to other organ sites. To this end, a
novel peptide termed pHLIP that enters into cells only at low pH has recently been shown to
deliver miRNAs to the tumor microenvironment[90]. Technologies that utilize the 7C1 or
hyaluronic acid chitosan nanoparticle systems to preferentially target the lung vasculature or
the CD44 surface moiety on cancer stem cells, respectively[83:89], could still result in
potential off-target effects within normal lung cells, or in normal CD44-expressing stem
cells[88:91:92]. Another intriguing delivery method is SELEX technology which uses cell-
specific DNA or RNA aptamers to target a drug or drug-delivery vehicle such as
nanocarriers to certain cell types, reducing the likelihood of off-target effects[93]. Li et al
successfully used Subtractive Cell-SELEX to select for a receptor-targeting aptamer that
delivered doxorubicin to colorectal cancer LoVo cells[94].Effective delivery of miR-34a is
important given the concern that while increased levels of miR-34a in cancerous tissue
would have the positive effect of tumor suppression, in other organ sites overexpression of
miR-34a could have negative consequences. Of particular note is the association of miR-34a
with cardiac aging and poor cardiac function. miR-34a expression is induced in the ageing
heart and promotes cardiomyocyte cell death via the downregulation of PNUTS[95].
Additionally, inhibition of miR-34a has been shown to reduce the development of
myocardial fibrosis in mouse myocardial infarction models[96]. Similarly, increased levels
of miR-34a are correlated with aging and the promotion of senescence and apoptosis in the
retina and retinal pigment epithelium cells in the mouse eye[97]. miR-34a is also linked to
metabolic function and the development of diabetes. Specifically, miR-34a has been shown
to increase the apoptosis of -cells, possibly increasing susceptibility to diabetes[98:99].
These studies suggest that, while beneficial in the cancerous setting, miR-34a’s pro-
senescence and pro-apoptotic role in other tissues could disrupt normal function. Similarly,
while downregulation of miR-34a targets such as NOTCHL1 in cancerous environment is
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linked to inhibition of tumor growth[54], in normal tissue miR-34a targeting of NOTCH1
has been linked to its role as a negative regulator in lipopolysaccharide-induced
inflammation[100]. Appropriate delivery systems are crucial to sidestepping these potential
off-target effects.

7. Conclusions

As highlighted in this review, miR-34a is a powerful tumor suppressor gene that is
aberrantly lost in almost every major cancer model studied. While the underlying
mechanisms behind this dysregulation range from epigenetic silencing due to
hypermethylation at the miR-34a promoter to loss of the TP53-miR-34a positive feed
forward loop in 7P53mutant or 7P53-null cells, what is consistent is that ectopic miR-34a
expression can promote potent tumor suppressive effects. Interestingly, the phenotypes that
miR-34a induces varies among different tumor models, which could in part be explained by
the cell context-dependent targeting of highly abundant mRNAs specific to each respective
tumor type. For instance, the pro-apoptotic effects of miR-34a appear to be the strongest in
liver tumor types, which highly express the miR-34a target BCL2. In other cancer models,
such as lung, the anti-growth and drug-sensitivity phenotypes mediated by miR-34a are most
likely due to the targeting of c-Met. While it is important to understand these cell-specific
mechanisms, the central re-emerging theme is that miR-34a promotes anti-tumorigenic
phenotypes consistently across numerous cancer subtypes, making miR-34a a promising
therapeutic agent for patients with these diseases.

In support of this notion, studies have shown therapeutic efficacy of miR-34a in vivo.
Krast-SL-G12D ung cancer mouse models have be used to show that tumor regression can
occur when miR-34a, packaged as a neutral lipid emulsion, is provided systemically, either
alone, or in combination with an siRNA to Kras, or with another miRNA, /et-7.
Furthermore, in orthotopic liver cancer models, an amphoteric liposomal formulation
(MRX34) caused significant tumor growth inhibition and regression in NOD/SCID mice.
This same formulation is now being tested in the clinic under a phase I trial for patients with
liver cancer[101], or those with metastatic involvement of the liver. It would be interesting to
see whether any noticeable clinical response occurred in any of these metastatic patients, in
addition to the associated toxicities of the compound, as this may inform scientists and
clinicians about which tumor types to model in phase Il efficacy trials for miR-34a-based
therapeutics.

As miRNA-based compounds begin moving into the clinical realm, the notion that these
agents will be used as stand-alone entities to treat complex diseases such as cancer is
premature. Therefore, the field has moved toward determining which miRNAs can sensitize
metastatic or treatment refractory cancer cells to specific frontline therapeutic agents
relevant to the respective disease subtype. MiR-34a has a head start in this respect, given it
can sensitize a variety of metastatic cancer types to agents such as fluorouracil, doxorubicin,
adriamycin, cisplatin, and sorafenib. Furthermore, miR-34a can suppress the formation of
cancer stem cells (CSCs), which is particularly important given that CSCs promote the
clonal outgrowth of a tumor that is refractory to chemotherapeutic agents.
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Overall, the tumor-suppressive effects of miR-34a are well supported, encouraging
movement into clinical trials in the future. Additionally, while the stability of these small yet
powerful RNAs has been vastly improved upon, the issue associated with targeting these
RNAS to the correct tissues of interest still remains. Efforts by those in the biomedical
engineering and nanoparticle developmental space have begun to develop the tools that
allow for this tissue targeting[90]. These second-generation miRNA-based therapeutics offer
the potential for a greater delivery payload to the tumor site while reducing RNA-mediated
toxicity. Finally, researchers may identify additional miRNASs that function in the same
network as miR-34a, or that can at least promote similar tumor-suppressive phenotypes. This
synthetic lethality model has already been demonstrated to be effective in lung cancer
models with miR-34a and /et—7[85], and it would exciting to see if similar networks emerge
in other cancer types.

Expert Opinion

miRNAs have proved to be a crucial component in the development of many different types
of cancer. As cancer is one of the leading causes of death, the potential of miRNAs to be
developed into anti-cancer therapeutics has become an increasingly important area of
research. A large body of work has identified miR-34a as a tumor suppressive miRNA. It is
downregulated in neuroblastomas, breast, colorectal, liver, lung, and prostate
cancer[20:40:50:63:69]. Additionally, miR-34a inhibits tumorigenic properties, such as cell
proliferation, migration, invasion, and tumor sphere formation, to varying in extents in
different cancer cell lines. A subset of these promising /n vitro results translates well /n vivo,
as miR-34a continues to exhibit anti-cancer properties in a variety of solid malignancy
mouse models[85789].

Before further steps into clinical trials are taken however, it is important to evaluate the
range of effectiveness of miR-34a across different tumor types. As noted above, in breast,
liver, and lung cancer mouse models, miR-34a inhibited tumor growth and prolonged
survival of the mice[83:85787:89:102]. Specifically, in lung cancer mouse models, miR-34a
can delay tumor growth and promote tumor regression when miR-34a treatment is combined
with another miRNA such as /et-7or with an siRNA against a target such as Kra5{83v85]. In
prostate cancer models, however, the tumor suppressive effect of miR-34a is less consistent,
with different tumor types responding to miR-34a treatment with varying degrees of success.
As discussed above, Liu et al. found that while treatment of mice with 7253 mutant PPC-1
and PC3 tumors with miR-34a resulted in a significantly decreased tumor burden, mice with
TP53 wild-type LAPC9 tumors did not respond as powerfully to the miRNA. In that model,
miR-34a had no effect on tumor growth, although it did reduce lung metastasis and extend
survival of the mice[88]. One factor to consider is the relationship between 7P53 status and
sensitivity to miR-34a treatment. It is possible that prostate cancer cells with particularly low
levels of miR-34a, such as 7P53 mutant tumors, are more sensitive to miR-34a treatment
because they have not developed mechanisms of resistance against the tumor suppressive
miRNA. It is important to note, however, that 7253 null status does not necessarily seem to
be a prerequisite for sensitivity to miR-34a treatment, as Tazawa ef a/. found that HCT116
tumors, which are wild type 7P53, responded to miR-34a treatment in /7 vivo models[87].
Nevertheless, it would be interesting to see if 7P53 status has any bearing on the strength of
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the response. Therefore, when thinking about developing miR-34a as a therapeutic agent in
an oncogenic setting, tumor subtypes with 7P53 mutations may harbor some of the highest
response rates given these tumors may depend on aberrantly low miR-34a levels for growth
and survival. It would be interesting for future work to examine whether the presence of
TP53 mutations in patient samples could be a predictive indicator for miR-34a-based
therapeutic responses in various tumor types.

In addition to its independent therapeutic effect, miR-34a also shows potential when
combined with traditional chemotherapeutic agents. It has worked successfully in tandem
with fluorouracil, doxorubicin, adriamycin, cisplatin, and sorafenib[44746:48:62].
Partnership of miR-34a with traditional therapeutics could be particularly useful as some
research suggests that miR-34a suppresses cancer stem cells, which play a crucial role in the
development of resistance to chemotherapeutics. As discussed above, when overexpressed in
prostate cancer cells, for example, miR-34a inhibited self-renewal capacity and directly
targeted CD44, an adhesion molecule that is a key marker of cancer stem cells[88].
Similarly, miR-34a has also been shown to inhibit the growth of colorectal cancer stem cells
by targeting NOTCH1[54], and breast cancer stem cells by targeting HDACs[46]. This anti-
cancer stem cell effect could in part explain miR-34a’s success in sensitizing resistant cell
types to therapeutic agents.

Overall, it is clear that miR-34a is a key player in cancer. Both /n vitroand in vivo studies
support its role as a bona fide tumor suppressive molecule in a number of models. There are
numerous mechanisms behind the tumor suppressive effects of miR-34a, including targeting
well-known oncogenes such as BCL-2, SIRT1, and ¢c-MET, as well as newly identified
targets such as c-SRC (unpublished observations). Building on this research, the next phase
is to move miR-34a into clinical trials. Currently, miR-34a (MRX34) is the first-in-class
miRNA undergoing Phase 1 clinical trials in patients with hepatocellular carcinoma. The
multicenter trial has shown that MRX34 has a manageable safety profile in patients with
hepatocellular carcinoma, other solid tumors with or without liver metastasis, and
hematological malignancies. Going forward, it will be important to focus not just on
miR-34a alone, but also its potential to be used in combination with other chemotherapeutic
agents. Additionally, developing second-generation miRNA delivery systems that can be
used in a clinical setting will be absolutely essential to target these RNA-based agents
specifically to tumor cells and to avoid liver clearance. Finally, further work is still required
to elucidate development of a more comprehensive picture of the altered mechanisms and
pathways that underlie the phenotypic effects of therapeutic reintroduction of miR-34a in
each tumor system. This is particularly important for miRNA biology, given the cell-context
dependent nature of miRNA-mRNA targeting, which may or may not result in the
modulation of the relevant cellular pathways that would equate to the greatest therapeutic
benefit.
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Highlights

. MicroRNAs, in particular miR-34a, are key players in both the regulation of
normal biological processes and in the development of cancer.

. miR-34a is involved in the differentiation of megakaryocytes and
granulocytes, providing a crucial check on uncontrolled proliferation.

. miR-34a is downregulated in a wide range of human cancers, and both /in
vitro and in vivo studies indicate that miR-34a functions as a tumor
SuUppressor.

. miR-34a can function effectively in combination with traditional

chemotherapeutics.

. The broad tumor suppressive nature of miR-34a indicates that it holds great
potential as a therapeutic agent.
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Figure 1. The TP53 Feedback Loop That Controls miR-34a Expression
Transcriptional regulation of miR-34a primarily occurs through the activity

damage results in the activation of the ATM kinases and subsequent phosph

of TP53. DNA
orylation of

TP53. Additionally, activation of oncogenes can promote replicative or genotoxic stress,

resulting in the repression of the TP53-inhibitor MDM2 by way of ARF act
TP53 can transcriptionally downregulate genes important for growth and su

ivation. While
rvival, it

transcriptionally activates miRNAs such as miR-34a. The increased levels of miR-34a re-
enforces the TP53 response by posttranscriptionally targeting genes important in cell cycle
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control. Furthermore, a TP53-miR-34 “feed-forward’ mechanism is established whereby
bona fide repressors of TP53 including SIRT1, HDMX, and E2F3, are targeted and
downregulated by miR-34a. Collective regulation of multiple genes by miR-34a is
responsible for growth arrest and cell death in response to cell stress and DNA damage.
ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3 related; CDK,
cyclin-dependent kinase; CHK, checkpoint kinase.
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Figure 2. The Regulation and Function of miR-34a During Tissue Differentiation
(A) In mouse embryonic stem cells (mMESCs) in the canonical differentiation model of

leukemia inhibitory factor (LIF) withdrawal and retinoic acid (RA) addition, the absence of
miR-34a results in high levels of BCL2 thereby reducing the frequency of apoptosis. Given
mMESCs are TP53-WT the loss of miR-34a presumably abrogates the pro-apoptotic effects of
TP53 under states of differentiation. (B) Additional transcriptional networks that can
promote miR-34a expression during the differentiation of K562 cells. Blue: TPA-induced
megakaryocytic differentiation of K562 cells activates unknown factors that bind to a
promoter region distal to the canonical TP53 binding site (grey box, E1”). Enhanced
miR-34a levels result in the loss of CDK4, CDK®6, and c-MYB target genes. Orange: PMA-

nduced megakaryocytic differentiation of K562 cells. The activation of the MAPK pathway,

subsequently promotes c-JUN and c¢-FOS binding to an AP-1 binding site in a promoter
region proximal to the canonical TP53 binding site (grey box, AP-1). miR-34a targets
MEKZ, establishing a negative feedback mechanism to stall cell proliferation and allow for
megakaryocytic differentiation. Red: K562 cells provided with exogenous TP53-WT, where
TP53 activates miR-34a transcription. Green: K562 cells treated with RA or stably
expressing C/EBPa results in high levels of miR-34a, which stimulates granulopoiesis via
targeting of E2F3. C/EBPa binds near the proximal promoter (grey box, E2”). TPA,
tetradecanoyl phorbol acetate; PMA, phorbol 12-myristate 13-acetate; ; sites of transcription

nitiation; TBP, TATA-binding protein; TFIID, transcription factor 11 D, yellow box within

pri-miR-34a indicates location of pre-miR-34a.
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Figure 3. The Dysregulation and Suppressive Functions of miR-34a During Tumorigenesis
(A) Numerous mechanisms are utilized during tumorigenesis to reduce the levels and

activity of miR-34a. CpG islands found upstream of the pri-miR-34a gene are recognized by
the enzyme DNA methyltransferase (DNMT1/3), which converts them to Me-CpG and
ultimately results in the inactivation of the miR-34a promoter. In malignancies such as
neuroblastomas and those with MY CN-amplification, chr:1p36.2 , on which miR-34a
resides, is commonly deleted. Additionally, tumors harboring a chr:17p deletion or TP53
mutation, loose the transcriptional TP53-miR-34a feed forward loop described above.
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Epithelial-to-mesenchymal-transition (EMT) promoting transcription factors such as ZEB
and SNAIL can negatively regulate miR-34a. Signaling pathways activated by external cues
such as hypoxia and NOTCH signaling also feedback on miR-34a and inhibit its expression.
(B) Additional miR-34a targets control many cellular processes including growth, survival,
stemness, and potentially immune responses[103]. When miR-34a is lost, these target genes
become aberrantly expressed and support tumorigenesis. Also highlighted is the unique
interplay of hormones, which can alter miR-34a levels during tumorigenesis.
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Experimentally Verified miR-34a Targets

miR-34a Targets

Citations

SIRT1 [18 25 34 79 80]
SNAIL [26]
IL-6R [27]
MYB [28]
CDK4 [28]
CDK6 [28]
MEK1 [29]
E2F3 [31]
MYC (23]
MET [25'57 64:70:78]
BCL2 [25/62:70:80:81]
c-Kit [25]
LMTK3 [43]
MDM4 [25]
AXl [25 41]
PNUTS [25:95]
Notchl [45:54]
HDACL [46]
HDACT [46]
Fra-1 [49:55]
VEGF [50]
CD44 [88]
BCL6 [63]
ZFHX1B [63]
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Table 2

Combinatory Effect of miR-34a with Other Anti-cancer Therapeutics

Therapeutic Cancer System Combined with miR-34a Citation
Ad(rAaSg)c n ERa* breast cancer cells (MCF7) Sensitized to treatment [44]
- ADR resistant-ERa+ breast cancer cells .
Doxorubicin (MCF7/ADR) Sensitized to treatment [45]
Paclitaxel Breast cancer cells Sensitized to treatment Unpub.
Obs.
Dasatinib Breast cancer cells Sensitized to treatment Unpub.
Obs.
Doxorubicin Triple negative breast cancer mouse model Sensitized to treatment 189]
(MDA-MB-231 cells)
Docetaxel ERa+ breast cancer cells (MCF7) Antagonized treatment [47]
5-fluorouracil ERa* breast cancer cells (MDA-MB-231 .
(5-FU) and MDA-MB-435 cells) Sensitized to treatment [48]
Erlotinib
Non-small cell lung cancer cells (H549, .
(EGFR-RTK H1299, H460, and H226) Sensitized to treatment [76]
inhibitor)
Erlotinib
(EGFR-RTK Non-small cell lung cancer cells Further sensitized to treatment than [77]
inhibitor) + /et (KRAS; TP53 mutant cells) Erlotinib alone
7
Gefitinib Non-small cell lung cancer cells and
(EGFR-RTK NSCLC mouse model (HGF-induced Sensitized to treatment [78]
inhibitor) Gefitinib resistant)
Camptothecin Prostate cancer cells (7P53null PC3) Sensitized to treatment [79]
Paclitaxel Prostate cancer ceélég))aclltaxel-remstant Sensitized to treatment 80]
Daunorubicin Prostate cancer ceFI’I(s:g))aclltaxel—reastant Sensitized to treatment [80]
Etoposide Prostate cancer cegég))aclltaxel—resmtant Sensitized to treatment [80]
Cisplatin + “epr .
Kras SIRNA Lung cancer mouse model (“KP”) Sensitized to treatment [83]
let-7 Lung cancer mouse model (“KP™) More effectlveatlr;ir;elther MIRNA [85]
Sorafenib Hepatocellular carcinoma cells (Huh-7) Sensitized to treatment [62]
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