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Anaplastic thyroid cancer (ATC) is an aggressive, highly meta-
static cancer that expresses high levels of the microRNA (miR)-
17-92 cluster. We employ an miR inhibitor system to study the
function of the different miRs within the miR-17-92 cluster
based on seed sequence homology in the ATC SW579 cell
line. While three of the four miR-17-92 families were onco-
genic, we uncovered a novel role formiR-17 as a tumor suppres-
sor in vitro and in vivo. Surprisingly, miR-17 inhibition
increased expression of the miR-17-92 cluster and significantly
increased the levels of the miR-18a and miR-19a mature miRs.
miR-17 inhibition increased expression of the cell cycle acti-
vator CCND2, associated with increased cell proliferation
and tumor growth in transplanted SW579 cells in xenograft
mice. miR-17 regulates MYCN and c-MYC expression in
SW579 cells, and the inhibition of miR-17 increased MYCN
and c-MYC expression, which increased pri-miR-17-92 tran-
scripts. Thus, inhibition of miR-17 activated the expression
of the oncogenic miRs,miR-18a andmiR-19a. While many can-
cers express high levels of miR-17, linking it with tumorigen-
esis, we demonstrate that miR-17 inhibition does not inhibit
thyroid tumor growth in SW579 and MDA-T32 ATC cells
but increases expression of the other miR-17-92 family mem-
bers and genes to induce cancer progression.

INTRODUCTION
The miR-17-92 cluster, located on human chromosome 13, is a
polycistronic cluster encoding six mature miRs: miR-17, miR-18a,
miR-19a, miR-20a, miR-19b-1, and miR-92a-1. This highly
conserved cluster has been shown to be expressed in many different
murine tissues and is also expressed at high levels in embryonic
stem cells during embryogenesis.1–4 There are several paralogues
of this cluster found in the human genome as well. Together, this
cluster and its paralogues encode 15 mature miRs, which can be
further divided into four different families (miR-17, miR-18, miR-
19, and miR-92) based on seed sequence homology. The expression
of the cluster has been demonstrated to be activated by c-MYC as
well as by MYCN.5–11 Furthermore, the over-expression of miR-
17-92 was found to compensate for the inactivation of c-MYC
and drive cancer cell proliferation in vivo and in vitro.12 An onco-
genic role for the miR-17-92 cluster has been reported in anaplastic
thyroid cancer (ATC).13
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In many cases, thyroid cancers are well-differentiated, slow-growing
tumors that are easily treated by resection, and treatments result in
high rates (�85%) of disease-free survival in patients.14–16 However,
a small fraction of ATCs (3%) are derivatives of non-differentiated,
rapidly proliferating, and highly metastatic cells. These cases of
ATC have no currently approved treatment, and the mean survival
time after a patient is diagnosed is just over 4 months. Only 5% of
patients with ATC will survive longer than 5 years.17,18 There is a
desperate need to identify the molecular drivers of ATC and to
develop therapeutics to combat ATC tumors and metastases.

Previous work aimed at uncovering the molecular underpinnings of
ATC has utilized different cell lines obtained from ATC patients
to discover oncogenes that drive tumor proliferation. Disruption of
c-MYC, a member of the MYC family, which are commonly over-
expressed genes in many cancer types, was shown to inhibit the
proliferation of four distinct ATC cell lines, thus demonstrating its
involvement in ATC progression19.

In this study, we investigated inhibiting themiR-17-92 cluster using a
plasmid-based miR inhibitor system (PMIS) to inhibit the individual
miR families found within the cluster.20,21 We became interested in
ATC because our PMIS-miR-17-92 transgenic mice did not develop
a thyroid gland.20,21 Interestingly, while ATC SW579 cells expressing
the inhibitors for miR-18a, miR-19a, and miR-92a-1 had decreased
proliferation, the specific inhibition of miR-17 simulated growth.
While conventional hypotheses would suggest that inhibiting the
high levels of miR-17 expression in ATC cells would decrease prolif-
eration and tumor formation, we report a new mechanism suggesting
that miR-17 acts as a tumor suppressor. We further demonstrate that
miR-17 regulates the expression of c-MYC and MYCN, and that in-
hibiting miR-17 results in increased expression of these factors
driving high expression of the miR-17-92 cluster. Because many tu-
mors and cancer cells have been profiled for miR expression and
some tumors and cancers express high levels of miR-17, and in the
The Author(s).
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Figure 1. The PMIS inhibitor system inhibits miR activity in SW579 cells

(A) Schematic of themiR-17-92 cluster in the human genome. The cluster is expressed as a single transcript that is then processed into six functional miRs with three different

functional groups (color coded). (B and C) The control psiCHECK-2 reporter or the psiCHECK-2-miR-17 reporter containing an miR-17-binding site were transfected into

SW579 cells expressing PMIS vector or PMIS-miR-17. ThemiR-17 reporter was repressed by endogenousmiR-17 activity in the PMIS-vector cell line but not in SW579 cells

expressing the inhibitor to miR-17 (PMIS-miR-17), demonstrating miR-17 function was inhibited. (D and E) The experiment performed in (B) and (C) was repeated using a

reporter containing the miR-18a-binding site and the stable SW579 cell line expressing PMIS-miR-18a. (F and G) The miR-19a reporter was assayed as in (B) and (C) and

partially rescued in cells expressing PMIS-miR-19a. (H and I) The reporter containing a binding site for miR-92a-1 in SW579 cells expressing PMIS-vector was rescued in

SW579 cells expressing PMIS-miR-92a-1. (J) The activity of a control reporter was compared with the activity of reporters containing binding sites formiR-17,miR-18a,miR-

19a, and miR-92a-1 transfected in SW579 cells expressing PMIS-miR-17 to demonstrate that PMIS-miR-17 did not rescue the function of miR-18a, miR-19a, or miR-92.

**p < 0.01; ***p < 0.005; ****p < 0.001 (N = 5–10).
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ATC cells we tested with high levels ofmiR-17, inhibitingmiR-17 had
an adverse effect on tumor formation and is a cautionary tale for miR
inhibition used in therapeutic applications.

RESULTS
The PMIS system specifically inhibits each miR within the miR-

17-92 cluster

The miR-17-92 cluster in human chromosome 13:miR17HG is ex-
pressed as a single transcript that is then processed into six mature
microRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and
miR-92).miR-17 andmiR-20a have an identical seed region sequence,
as do miR-19a and miR-19b, while miR-18a and miR-92a-1 are
unique (but encoded redundantly in other locations of the genome)
(Figure 1A). The PMIS system can be used to specifically inhibit target
miR function through seed sequence recognition.20–23 In order to
inhibit the different miRs in the miR-17-92 cluster, different PMIS
constructs were designed to target the seed region of miR-17, miR-
18a,miR-19a, andmiR-92a-1, and stable cell lines were created by in-
fecting SW579 with PMIS lentivirus constructs expressing GFP. As a
control, we used the SW579 cell line expressing a PMIS empty vector,
which does not inhibit miR function.

Luciferase reporters were constructed to measure the activity of the
miR-17-92 members by cloning their binding sites into the 30 UTR of
the psiCHECK-2 luciferase reporter. The SW579 cell line endogenously
expresses themiR-17-92 cluster and individual family members at high
levels. The addition of the miR-17-binding site to the reporter resulted
in an �90% reduction in normalized signal compared with a reporter
lacking the miR-17-binding site (Figure 1B) in SW579 cells expressing
the non-specific PMIS-vector. However, when the experiment was
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Figure 2. InhibitingmiR-17 alters the morphology of

SW579 cells

(A and D) The morphology of wild-type SW579 cells

cultured in L-15 media after 12 h and 96 h, respectively.

(B and E) The morphology of SW579 cells stably ex-

pressing the PMIS-vector construct after 12 h and 96 h,

respectively. (C and F) SW579 cells transduced with and

stably expressing PMIS-miR-17, after 12 h and 96 h,

respectively, and these cells had an altered cell

morphology growing in clusters. (G) A stable SW579 cell

line expressing PMIS-miR-18a. (H) SW579 cells stably

expressing PMIS-miR-19a. (I) An SW579 cell line stably

expressing PMIS-miR-92a-1. (J) Cells stably expressing

PMIS-vector or specific inhibitors for miR-17, miR-18a,

miR-19a, and miR-92a-1 were plated, and cell number

was quantified after 48, 72, and 96 h. PMIS-miR-17-ex-

pressing cells proliferated significantly faster than the

other cell lines. Cells expressing the PMIS-miR-18a,

PMIS-miR-19a, and PMIS-miR-92a-1 proliferated more

slowly than cells expressing the control PMIS-vector.

Cells are shown after 96 h of growth, and all cells were

plated at 5� 105. (K) The rate of proliferation of MDA-T32

cells was examined by plating wild-type cells and cells

expressing either PMIS-vector or PMIS-miR-17a at 5 �
105 and counting cells at 24, 48, and 72 h *p < 0.05; **p <

0.01; ***p < 0.005 (N = 3–5).
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repeated in SW579 expressing PMIS-miR-17, no significant loss in re-
porter activity was detected in the reporter with the miR-17-binding
site (Figure 1C), demonstrating inhibition of miR-17 function by the
PMIS inhibitor.

The experiment was repeated to test the function of the other miRs
found in the miR-17-92 cluster. The luciferase signal obtained from
transfecting each of the reporter constructs containing an miR-bind-
ing site was decreased in the cells expressing PMIS-vector only (Fig-
ures 1D, 1F, and 1H). However, in cell lines expressing PMIS inhibitor
constructs targeting either miR-18a, miR-19a, or miR-92a-1, there
was no decrease in reporter activity compared with a control lucif-
erase construct lacking miR-binding sites (Figures 1E, 1G, and 1I).
This demonstrates that the PMIS system can functionally inhibit
each member of the miR-17-92 cluster.

To determine if inhibiting miR-17 affected the activity of other cluster
members, we transfected the control reporter and reporters containing
binding sites for othermiR-17-92 cluster members into SW579-PMIS-
miR-17 cells (Figure 1J). The biological activity ofmiR-17was inhibited
in SW579-PMIS-miR-17 cells, but the activities of the othermiRs were
unaffected, thus demonstrating the specificity of PMIS-miR-17 for its
target (Figures 1C and 1J). These data confirmed the specificity of
the PMIS-miR-17-92 constructs as previously reported (20).

miR-17 inhibition in SW579 cells results in altered cell

morphology, increased proliferation, and decreased migration

After confirming miR inhibition in each stable cell line, the
morphology of each line was compared with the SW579 cells express-
ing the non-specific PMIS-vector (Figures 2A–2I). As a control for
1150 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
growth, SW579, SW579-PMIS-vector, and SW579-PMIS-miR-17 cells
are shown after 12 h of growth (Figures 2A–2C). Cells expressing
PMIS-vector, PMIS-miR-18a, PMIS-miR-19a, and PMIS-miR-92a-1
had unaltered cellular morphology after 96 h in culture (Figures 2E,
2G, 2H, and 2I). However, miR-17 inhibition altered the appearance
of the SW579 cells, which had smaller somas and formed clusters after
96 h in culture (Figure 2F). These cells appear to be undifferentiated,
similar to reports for the miR-17-92 cluster in cancer stem cell
biology.24

In order to determine if miR-17-92 members regulated cell prolifera-
tion, equal cell numbers (7� 105) were plated and the number of cells
weremeasured at 48, 72, and 96 h (Figure 2J). ThemiR-18a-,miR-19a-,
andmiR-92a-1-inhibited cells proliferated at a slower rate than SW579
cells expressing PMIS-vector. However, the PMIS-miR-17-expressing
cells proliferated approximately three times faster than the other cell
types. It appears that the oncogenic function (proliferation) of the
miR-17-92 cluster was specific for the miR-18, miR-19, and miR-92
families, while miR-17 functions as a tumor cell growth suppressor.

To determine if the effect of inhibitingmiR-17was specific for SW579
cells, we also generated anMDA-T32 papillary thyroid carcinoma cell
line with stable expression of either PMIS-vector or PMIS-miR-17.
Proliferation experiments revealed that inhibiting miR-17 in MDA-
T32 cells also resulted in increased cell proliferation, while the stable
line expressing PMIS-vector had no difference in proliferation
compared with parental cells (Figure 2K).

BecausemiR-17 has been shown to target BCL2L11 (Bim) and PTEN,
we determined their expression in SW579 cells stably expressing



Figure 3. miR-17 regulates BIM, PTEN, and cell

migration

(A and B) BCL2L11 transcripts and protein were

increased in SW579 cells expressing the PMIS-miR-17

inhibitor, respectively. (C and D) PTEN transcripts and

protein were increased in SW579 cells expressing the

PMIS-miR-17 inhibitor, respectively. (E–G) SW579 cells,

cells stably expressing the PMIS vector or PMIS-miR-17

were grown to confluency and an approximately 2-cm

scratch was made to remove cells, denoted by orange

lines, respectively. (H–J) The cells as in (E)–(G) were

visualized after 20 h for growth/migration into the cell-free

area. ***p < 0.005 (N = 3).
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PMIS-miR-17.12,13,25–28 The inhibition of miR-17 in SW579 cells up-
regulated the expression of BCL2L11 transcripts and protein levels
compared with controls (Figures 3A and 3B). The inhibition of
miR-17 also increased PTEN transcripts and protein levels (Figures
3C and 3D). miR-17 has been implicated in the regulation of cell
migration in several tumor cell lines. To understand the effect of
miR-17 on cell migration, we removed an area of SW579 cells and
measured their ability to migrate into the cell void region after 20 h
in culture. The SW579 cells expressing the PMIS-miR-17 inhibitor
did not fill in the cell void area after 20 h, whereas the wild-type
and control PMIS-vector cells completely migrated into the cell
void area (Figures 3E–3J). Thus, the inhibition ofmiR-17 in these cells
inhibits cell migration. It is not clear how PMIS-miR-17 SW579 cells
can show increased proliferation, and decreased migration, although
Bim has previously been demonstrated to act as a negative regulator of
cell migration.29 We have previously shown that miR-17 inhibition
increased Bim expression, which may decrease migration.20 We spec-
ulate that these cells form clusters of undifferentiated cells (Figure 2C),
similar to the role of the miR-17-92 cluster in embryonic stem cells,
and thus do not migrate as a monolayer of cells.30

To determine if the rapid proliferation phenotype observed in the
PMIS-miR-17 SW579 cell line was relevant in vivo, we injected these
cells as well as the parental cells into immunocompromised Foxn1nu/j

mice and assayed for tumor growth (Figure 4). After 3 weeks, tumors
derived from SW579 cells or SW579 cells expressing PMIS-vector
Molecular Therapy
were small and not well formed (Figures 4A
and 4B, arrows bottom row). However, tumors
derived from the SW579 cell line expressing
PMIS-miR-17 had formed rapidly at this stage
(Figures 4A and 4B, top row). Control and
PMIS-miR-17 SW579 tumors had similar
morphology, with the PMIS-miR-17 tumors
being larger and denser (Figures 4C and 4D,
respectively). Tumors derived from SW579
PMIS-miR-17 cells had a mean weight of 0.5 g
(Figure 4E), and RT-qPCR confirmed that these
tumors had high expression levels of PMIS-
miR-17 (Figure 4F). Cell proliferation was as-
sayed in PMIS-vector and PMIS-miR-17 tumors
by Ki67 staining, and the PMIS-miR-17 tumors contained more pro-
liferative cells than control tumors (Figures 4G and 4H).

Previous studies have demonstrated that Cyclin D2 (CCND2) is an
miR-17 target.31 CCND2 is required for cell cycle G1/S transition,
and high levels of expression correlate with several tumors.
Comparing CCND2 expression in SW579 PMIS-vector cells and
SW579 PMIS-miR-17 cells revealed that inhibiting miR-17 resulted
in significantly increased expression of CCND2 (Figure 4I).
Conversely, over-expression of miR-17 resulted in a decrease in
CCND2 transcripts (Figure 4J). Western blot analyses demonstrated
an increase in CCND2 protein expression whenmiR-17 was inhibited
by PMIS-miR-17 (asterisk, Figure 4K).

miR-17 expression negatively regulates expression of the other

cluster members

We were surprised by the in vivo results showing that inhibition of
miR-17 increased tumor growth. It has been suggested that high
expression ofmiR-17 causes tumors and has been used as a biomarker
for cancer.24 However, it has also been shown that other miR-17-92
family members are associated with cancer progression.12,13,25–28

To determine if other miRs in the miR-17-92 cluster were increased
by inhibition of miR-17, primers were designed to probe different re-
gions of pri-miR-17-92 cluster transcript (Figure 5A).30 Interestingly,
in SW579 cells expressing PMIS-miR-17, greater amounts of the pri-
miR-17-92 cluster were detected by each of the primer sets designed to
: Nucleic Acids Vol. 26 December 2021 1151
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Figure 4. Inhibiting miR-17 results in increased tumorigenesis in xenograft nude mice

(A) NU/J mice were injected on each flank with either SW579 cells expressing PMIS-vector or PMIS-miR-17. After 3 weeks, the animals were euthanized, and the tumors

were harvested (arrows denote control tumors). (B) Similar to (A), but the parental SW579 cell line was injected as a control (arrows denote control tumors). Overall, eight

SW579 PMIS-miR-17 tumors were analyzed (A and B). (C) H&E staining for sections from SW579 PMIS-vector tumor. (D) H&E staining for sections from SW579 PMIS-miR-

17 tumor. (E) Average tumor weight after 3 weeks. (F) RT-qPCR was used to detect PMIS-miR-17 expression in the isolated tumors. (G and H) Ki67 staining in sections from

SW579 PMIS-vector (G) and SW579-PMIS-miR-17 (H) tumors (N = 4). (I) RT-qPCR was used to measure levels of the CCND2 mRNA in PMIS-vector and PMIS-miR-17

SW579 cell lines. ***p < 0.005 (N = 3). (J) The expression of CCND2 upon over-expression ofmiR-17 (OE-miR-17) on the mRNA level was analyzed with specific primers for

CCND2 by qPCR. Expression is shown as fold change compared with the empty vector control. Error bars represent the standard deviation from three experiments. The p

values have been calculated by two-tailed t test. **p < 0.01; ***p < 0.005 (N = 3). (K) Western blot of CCND2 in SW579 cells, expressing the PMIS vector and PMIS-miR-17,

asterisk (*) denotes CCND2 protein. GAPDH is used as a loading control and the CCND2 blot was stripped and re-probed for GAPDH.
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measure its expression (Figure 5B), which indicates that miR-17 reg-
ulates the transcription of the pri-miR-17-92 cluster. Furthermore, in-
hibiting the activity ofmiR-17 results in a higher expression of mature
miR-18a and miR-19a as well as miR-92a (Figure 5C).

In order to determine if the upregulation of themiR-17-92 cluster de-
pended on the biological activity of miR-17, or if it was also linked
with other cluster members, we examined levels of mature miRs in
SW579 cells expressing inhibitors for either PMIS-miR-18a, PMIS-
miR-19a, or PMIS-miR92a-1 (Figures 5D–5F). Interestingly, in these
other cell lines, the expression of the miR-17-92 cluster was not
increased, and we observed a reduction in the miR targeted by the
PMIS inhibitor system, as we have previously reported.20 However,
1152 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
inhibition of miR-18a also decreased miR-19a levels (Figure 5D),
but inhibition of miR-19a did not affect the levels of mature miR-
18a (Figure 5E). We have previously shown using luciferase assays
and binding sites for each miR that inhibition of miR-18a did not
affectmiR-19a binding, activity, or function.20,21 Thus,miR-18a inhi-
bition appears to affect the processing ofmiR-19a and this may influ-
ence tumor growth and progression. The inhibition of miR-92a
(PMIS-miR-92a-1) did not affect the levels of the other mature
miRs in the cluster (Figure 5F).

MYCN is regulated by miR-17 in SW579 cells

The miR-17-92 cluster is a well-established oncogene and has been
shown to act downstream of MYCN in different cancer types.8,9 Since



Figure 5. The inhibition of miR-17 regulates miR-17-92 expression

(A) A schematic of the primer sets used to detect different regions of the pri-miR-17-92 cluster transcript. The two repression domains identified by Du et al.30 are shown in the

pri-miR-17-92 transcript. (B) When pri-miR-17-92 expression was measured with RT-qPCR in PMIS-vector cells (black) and PMIS-miR-17-92 SW579 cells, the levels of pri-

miR expression were greatly increased in the miR-17 inhibitor cell line as shown by each primer set. ***p < 0.005 (N = 4). (C) Using RT-qPCR to measure the levels of the

mature miRs processed from the pri-miR-17-92 cluster in PMIS-vector cells (black bars) and PMIS-miR-17 SW579 cells (gray bars) revealed that the mature levels of each

miR were increased in the inhibitor cell line. ***p < 0.005 (N = 4). (D–F) Levels of the mature miRs encoded by the cluster were examined in SW579 cells expressing PMIS

constructs inhibitingmiR-18a,miR-19a, andmiR-92a-1, respectively. Inhibiting these othermiRs did not increase pri-miR-17-92 cluster expression but resulted in decreased

levels of the target miR. **p < 0.01; ***p < 0.005 (N = 4).
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transcription of the miR-17-92 cluster is increased when the function
of miR-17 is inhibited in SW579 cells, we hypothesized that MYCN
expression would be increased as well. To test ifMYCN was increased
in SW579-PMIS-miR-17 cells, MYCN transcript levels were detected
using RT-qPCR in PMIS-vector and PMIS-miR-17-expressing SW579
cells. MYCN was increased in the PMIS-miR-17 SW579 cells
(Figure 6A). MYCN protein levels were also increased in SW579 cells
expressing the PMIS-miR-17 inhibitor (Figure 6B). The proto-onco-
gene, c-MYC is activated in different tumors,32 and it appears that
the miR-17-92 cluster and miR-17 inhibition regulates c-MYC tran-
scripts and protein levels (Figures 6C and 6D). Furthermore,
MYNC and c-MYC are known to activate expression of the miR-
17-92 cluster.9
RNA sequencing (RNA-seq) experiments (three biological replicates,
N = 3) revealed a known link between Collagen genes and Matrix
Metalloproteases (MMPs) as well as thrombospondin-1 (THBS-1)
and thrombospondin-2 (THBS-2) genes in cancer and are increased
in SW579 cells expressing PMIS-miR-17 (Figure 6E). The RNA-seq
data reveal multiple levels of thyroid cancer cell gene expression asso-
ciated with thyroid tumors and now linked with miR-17 inhibition.

Mechanisms of miR-17 are similar in the papillary thyroid

carcinoma MDA-T32 cell line

While we make no claim that all thyroid tumors will respond tomiR-
17 inhibition the same as the SW579 cells, we tested the role ofmiR-17
in the thyroid carcinoma MDA-T32 cell line, which we showed had
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1153
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Figure 6. miR-17 regulates MYCN and c-MYC expression in SW579 cells

(A and B)MYCN transcripts and protein were increased in SW579 cells expressing the PMIS-miR-17 inhibitor, respectively. *p < 0.05 (N = 3). (C and D) c-MYC transcripts and

protein were increased in SW579 cells expressing the PMIS-miR-17 inhibitor, respectively. ****p < 0.001 (N = 4). (E) Selected data from RNA-seq experiments showing an

increase in gene expression of Collagen genes, MMP genes, and THBS genes in PMIS-miR-17 SW579 cells (N = 3).
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increased proliferation upon inhibition of miR-17 (Figure 2H). The
MDA-T32 cell line expresses miR-17 measured by luciferase activity
(Figure 7A) as shown for the SW579 cell line. The biological activity
ofmiR-17 was inhibited in MDA-T32-PMIS-miR-17 cells, but the ac-
tivities of the other miRs were unaffected, thus demonstrating the
specificity of PMIS-miR-17 for its target (Figure 7B), also shown for
SW579 cells (Figure 1J). In addition, inhibiting the activity of miR-
17 results in a higher expression of mature miR-18a and miR-19a
as well asmiR-92a (Figure 7C), also correlating with SW579 cells (Fig-
ure 5C). Lastly, bothMYC andMYCN transcripts are increased upon
miR-17 inhibition in MDA-T32 cells (Figure 7D), as in SW579 cells
(Figures 6A and 6C). In both thyroid cancer cell lines, the mecha-
nisms of miR-17 expression and regulation appear similar.

The PMIS-miR-17 inhibitor bindsmiR-17with a high affinity, and the
resulting complex of the inhibitor and the miR is very stable. Thus,
when miR-17 levels are determined by qPCR in the presence of the
inhibitor, they appear to be only reduced 50%. This is due to the
1154 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
maturemiR-17 complexed to the inhibitor and released when the cells
are lysed. However, the luciferase reporter assays demonstrate that
the PMIS-miR-17 inhibitor effectively inhibits 90% ofmiR-17 activity.

DISCUSSION
Investigating the function of individual miRs within the miR-17-

92 cluster reveals specific alternate functions formiR-17 versus

other cluster members

Previous studies have examined the role of the miR-17-92 cluster in
different types of cancer, including thyroid cancer,3,8,13,33–35 and
have shown that the cluster is an oncogene. These previous studies
relied upon either the over-expression of the cluster as a whole or
the inhibition of the miRs produced by the cluster. In this study, we
adopted a new technology that offers the advantage of specifically in-
hibiting individual miRs within the cluster, and using cells that stably
express miR inhibitors re-affirmed the findings of previous studies
that have demonstrated the oncogenic role of miR-18a, miR-19a,
and miR-92a-1, but not miR-17.



Figure 7. miR-17 inhibition increases miR-18a, miR-19a, miR-92a-1, c-MYC, and MYCN in MDA-T32 cells

(A) The control psiCHECK-2 reporter or the psiCHECK-2-miR-17 reporter containing anmiR-17-binding site were transfected into MDA-T32 cells expressing PMIS vector or

PMIS-miR-17. The miR-17 reporter was repressed by endogenous miR-17 activity in the PMIS-vector cell line but not in MDA-T32 cells expressing the inhibitor to miR-17

(PMIS-miR-17), demonstratingmiR-17 function was inhibited. (B) The activity of a control reporter was compared with the activity of reporters containing binding sites formiR-

18a andmiR-19a transfected inMDA-T32 cells expressing PMIS-miR-17 to demonstrate that PMIS-miR-17 did not rescue the function ofmiR-18a ormiR-19a. (C) Using RT-

qPCR to measure the levels of the mature miRs processed from the pri-miR-17-92 cluster in PMIS-vector cells (black bars) and PMIS-miR-17 MDA-T32 cells (gray bars)

revealed that the mature levels of eachmiRwere increased in the inhibitor cell line. (D)MYCN and c-MYC transcripts were increased in SW579 andMDA-T32 cells expressing

the PMIS-miR-17 inhibitor. Expression was normalized to a non-oncogenic GMSMK human oral epithelial cell line. *p < 0.05 (N = 3).
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Interestingly, while the inhibition of themiR-18,miR-19, andmiR-92
families in SW579 cells resulted in the reduction of cell proliferation
compared with the control, inhibitingmiR-17 in SW579 cells had the
opposite effect. PMIS-miR-17 SW579 cells had altered morphologies
and proliferated rapidly when maintained in vitro as well as forming
large tumors when they were injected into nudemice. The PMIS-miR-
17 SW579 cell line established rapidly growing tumors compared with
wild-type SW579 cells and SW579 cells expressing the non-specific
PMIS vector. Upon examination, the number of proliferative cells
in tumors derived from PMIS-miR-17 SW579 cells was increased
compared with control tumors.

Taken together, these data indicate that the role formiR-17 is distinct
from the other families represented by themiR-17-92 cluster in ATC.
This finding differs from the results of a previous group that showed
miR-17 is oncogenic in ATC13; this group used a different ARO cell
line, and it is possible that SW579 cells are controlled by a different
gene regulatory network. However, they also did not use cells stably
expressing the PMIS-miR-17 inhibitor, which allows for the dissection
of miR function. Similarly, we also demonstrate that the inhibition of
miR-17 in MDA-T32 cells results in increased cell proliferation.
Interestingly, these cells express high levels of endogenous miR-17
and we show that miR-17 targets CCND2, decreasing cell prolifera-
tion. Over-expression of miR-17 by plasmid DNA in SW579 cells
had a significant but small effect on CCND2 transcript levels. Further-
more, over-expression ofmiR-17 in a background of high endogenous
miR-17 expression had little effect on cell morphology and prolifera-
tion. However, using our system, we found that the upregulation of
miR-17 in the ATC lines does not correlate with increased oncogenic
function.

The biogenesis of miRs from the pri-miR-17-92 transcript

ThemiR-17-92 cluster is also regulated by specific cis-acting sequences
within the pri-miR-17-92 transcript.30 Two complementary repression
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 1155
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Figure 8. miR-17 acts as a rheostat to regulate the expression of the miR-
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MYCN. The increase in c-MYC and MYCN then directly stimulates miR-17-92

cluster expression and the other oncogenic miRs drive tumor growth.
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domains (RDs) are located in the pri-miR-17-92 transcript (shown in
Figure 5A).30 These two domains may interact to form a compact
RNA structure that regulates or represses the processing of the pri-
miR-17-92 transcript except for miR-92. Furthermore, the 50 flanking
RD inhibits production ofmostmiRs except formiR-92.30 Interestingly,
inhibition ofmiR-17 in SW579 cells decreases maturemiR-17 levels but
increases maturemiR-18a andmiR-19a levels, whilemiR-19b andmiR-
20a are unaffected. We speculate that miR-17 may be involved in the
processing of the pri-miR-17-92 cluster.30 miR-17 could be regulating
processing factors or interacting with sequences within the pri-miR-
17-92 transcript. More detailed experiments are required to determine
ifmiR-17 interacts with the pri-miR-17-92 transcript.

The expression of miR-17 driven by c-MYC and MYCN forms a

negative feedback loop

Upon inhibiting miR-17 in SW579 cells, the oncogene MYCN was
found to be highly upregulated both transcriptionally and translation-
ally, while the over-expression of miR-17 resulted in a decrease of
MYCN transcripts. Furthermore, c-MYC (a proto-oncogene) expres-
sion was also found to be increased when miR-17 was inhibited in
SW579 cells. Both MYCN and c-MYC are known targets of miR-17
and are associated with tumorigenesis.
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c-MYC andMYCN have been shown to bind directly to the promoter
sequence of themiR-17-92 cluster,8,9,36 and, indeed, the expression of
the cluster is highly upregulated in PMIS-miR-17-expressing cells.
Therefore, high levels of miR-17 act to decrease c-MYC and MYCN
levels which reduce activation of themiR-17-92 cluster. This feedback
loop regulates the levels of the oncogenes and the miR-17-92 cluster.
However, other factors and mechanisms also regulate miR-17-92
levels, including NOTCH signaling, which is activated at higher levels
in thyroid cancer.37 These other mechanisms contribute to increased
expression of themiR-17-92 cluster and the oncogenic effects ofmiR-
18a, miR-19a, and miR-92a-1.

We have uncovered a new mechanism by whichmiR-17 regulates the
expression of the entiremiR-17-92 cluster by regulating transcription
factors promoting cluster expression (Figure 8). We show that inhibi-
tion of miR-17 increases CCND2, c-MYC, and MYNC expression,
which activates cell proliferation, and miR-17-92 expression, which
leads to thyroid tumor progression (Figure 8). In addition, miR-17
may play a role in the processing of the pri-miR-17-92 transcript to
pre-miRs. This novel regulatory scheme might be utilized by other
miR clusters as well.

miR-17 expression appears to negatively regulate thyroid tumor

growth

This work clearly demonstrates that the miR-17 family plays a tumor
suppressor role in at least two ATC models by negatively regulating
the expression of MYCN, c-MYC, and other oncogenic miRs found
in the miR-17-92 cluster. The identification and use of miRs as bio-
markers for diseases such as cancer are valuable; however, using
miR expression levels to design therapeutic treatments must be care-
fully analyzed prior to treatments. Effective treatments for ATC are
required, and currently there are few options.18 The data shown in
these studies demonstrate that inhibiting an miR whose high expres-
sion is associated with cancer can have deleterious effects. Further-
more, the PMIS can determine the role of each miR within a cluster
and by inhibiting miR-17 we demonstrate an increase in thyroid
tumorigenesis. Therefore, inhibiting miR-17 does not appear to be a
therapeutic response as a treatment for ATC.

MATERIALS AND METHODS
Animals

Animals were housed with the Program of Animal Resources at the
University of Iowa, and the procedures followed guidelines deter-
mined by the University of Iowa Institutional Care and Use Commit-
tee. Nude mice (Foxn1nu/j) were obtained from Jackson Laboratories
(stock number 002019) for tumor studies.

Construction of stable cell lines expressing PMIS inhibitor

molecules

To establish stable cell lines, we used PMIS inhibitor plasmids PMIS-
miR-17, PMIS-miR-18a, PMIS-miR-19a, and PMIS-miR-92a-1, and
the construction of these vectors has been previously described.20

To produce lentivirus, 100-mm dishes of HEK293FT cells were trans-
fected with a mix of psPAX2, pMD2.G, and the desired inhibitor
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construct using PEI (3:1 PEI:DNA ratio). After 48 h, cells and media
containing the virus were harvested. Cells were pelleted and lysed and
the filtered supernatant was used to infect ATC SW579 and MDA-
T32 cells. Both cell lines were successfully transduced and expressed
the PMIS inhibitor construct and GFP several days after infection.
These cells were purified by fluorescence-activated cell sorting
(FACS) sorting and puromycin (1 mg/mL) selection and maintained
in L-15 medium according to the American Type Culture Collection
(ATCC) protocol. MDA-T32 cells (ATCC, CRL3351) were cultured
in RPMI with 10% FBS serum.

Proliferation and migration assays

Control and cells expressing the different PMIS inhibitor constructs
were plated in equal amounts (7 � 105 cells) in 60-mm dishes and,
at the given timepoints, were trypsinized and counted using a hemo-
cytometer. Cells were plated at high density and a scratch wasmade in
the �80% confluent cells using a sterile 200-mL pipette tip, the cells
were washed twice in media to remove free cells and cell debris,
and photos were taken at time 0 and after 20 h. Scratch photos
were analyzed by ImageJ and the closure distance of the scratch
was calculated. Cell proliferation assays started with 5 � 105 cells at
0 h and cell proliferation measured by cell counting at 24 h, 48 h,
and 72 h for MDA-T32 cells and 96 h for SW579 cells.

Tumor injections

To form solid tumors (5� 106), cancer cells were injected subcutane-
ously in the flanks of NU/J mice. After 3 weeks, tumors expressing
PMIS-miR-17 reached a critical size and the experiment was stopped
by euthanizing the mice. Tumors were collected, weighed, and pre-
pared for RNA, protein, and tissue sections for analysis by qPCR,
western blot, and immunofluorescence, respectively.

RT-qPCR

RNA was isolated using the Qiagen miRNA-easy kit and protocol.
RNA quality was assessed by gel electrophoresis. Reverse transcrip-
tion for mRNA used the Takara RT kit (RR036A-1). Reverse tran-
scription for miRNA used the Qiagen miScript II RT Kit (catalog
no. 218161). Quantitative PCR reactions were performed using the
Takara TB Green Premix Ex Taq (RR420L).

Western blotting

Protein was isolated from cells by lysing with reporter lysis buffer
(Promega E397A). Protein concentration was measured using the
Bradford assay, 0 mg of protein was loaded per well, and 10%–12%
SDS-polyacrylamide gels were cast. After running the gel, gels were
transferred to polyvinylidene fluoride (PVDF) and blocked for 1 h at
room temperature (RT) using 5% milk. After blocking, primary anti-
body was applied overnight at 4�C. Membranes were washed three
times using 1� PBST (Phosphate buffered saline with Tween) and
the secondary antibody was applied in milk (1:10,000) for 1 h at RT.
Membranes were washed three times using 1� PBST and primed
for development using enhanced chemiluminescence (ECL). In some
experiments, the blots were stripped and re-probed for glyceraldehyde
3-phosphate dehydrogenase (GAPDH); in others, duplicate samples
were run side by side on the same gel, transferred to PVDF mem-
branes, cut in half, and probed separately for each protein.

Immunofluorescence assays

Approximately 7-mm sections were cut from paraffin-embedded
samples and attached to slides by baking for several hours. After
attachment, sections were de-paraffinized with two changes of
xylene and rehydrated through a reverse ethanol gradient. Antigen
retrieval was performed by placing the slides in a chamber con-
taining citrate buffer and placing the chamber in a flask of boiling
water for 20 min. After antigen retrieval, slides were allowed to
cool to RT over several hours, permeabilized with PBST, washed
twice with PBS, and blocked with 20% donkey serum for 1 h at
RT. After blocking, primary antibody was incubated with the sec-
tions overnight at 4�C. Slides were then washed three times in PBS,
and incubated with secondary antibody for 1 h at RT. After
washing three times, slides were incubated with DAPI solution
for 10 min at RT.

Statistical analysis

For each condition, at least three experiments were performed and the
results are presented as the mean ± SEM. The differences between two
groups of conditions were analyzed using an independent, two-tailed
t test.
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