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Neither miR-7-5p nor miR-141-3p is a major mediator of
iron-responsive transferrin receptor-1 mRNA degradation
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ABSTRACT

The transferrin receptor (TfR1) is the principal means of iron importation for most mammalian cells, and regulation of
mRNA stability is a major mechanism through which TfR1 expression is controlled in response to changing intracellular
iron levels. An endonuclease activity degrades the TfR1 mRNA during iron-repletion, which reduces iron importation
and contributes to the restoration of homeostasis. Correct identification of the TfR1 mRNA endonuclease activity is impor-
tant as it has the potential to be a pharmacological target for the treatment of several pathologies in which iron homeo-
stasis is perturbed. A recent RNA article identified both miR-7-5p and miR-141-3p as mediators of TfR1 mRNA degradation
during iron-repletion. However, the proposed TfR1 microRNA binding sites are inconsistent with several earlier studies. To
better understand the discrepancy, we tested the proposed sites within an assay developed to detect changes to TfR1
mRNA stability. The complete disruption of both proposed binding sites failed to impact the assay in all cell lines tested,
which include cell lines derived from mouse connective tissue (L-M), a human colon adenocarcinoma (SW480), and a human
ovarian carcinoma (A2780). The overexpression of a miR-7-5p mimic also failed to decrease expression of both the endog-
enous TfR1 mRNA and a luciferase-TfR1 reporter under conditions in which the expression of a previously identified mir-7-
5p target is attenuated. As a result, it is unlikely that the microRNAs are directly mediating iron-responsive degradation of
the TfR1 mRNA as recently proposed. Instead, three short hairpin loops within the TfR1 3’-UTR are shown to be more con-
sistent as endonuclease recognition elements.
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INTRODUCTION Transferrin is the principal carrier of iron in the plasma,
and the transferrin receptor (TfR1) is the primary means
of iron importation for most mammalian cells. The regula-
tion of mRNA stability in response to changing intracellular
iron is a major mechanism through which TfR1 expression
is controlled. Iron regulatory proteins (IRPs) protect the
TfR1T mRNA from an endonuclease activity during iron
depletion through binding to iron-responsive elements
(IREs), which are specialized stem—loop structures located
within the 3’-UTR of the TfR1 mRNA. However, IRP binding
is attenuated during iron-repletion resulting in unimpeded
TfR1 mRNA degradation, which contributes to the restora-
tion of homeostasis by reducing iron importation (for re-
view, see Wang and Babitt 2019). The endonuclease
catalyzing the mRNA degradation during iron-repletion
has potential as a therapeutic target to correct for iron im-
balances associated with multiple pathologies, making its
correct identification important.

The coordination chemistry and redox potential of iron, in
its ferrous and ferric forms, is integral to several proteins in-
cluding those involved with DNA replication, energy gen-
eration, and oxygen transport. In addition to inadequate
nutrition, iron deficiency anemia can also result from ag-
ing, chronic inflammation, chronic kidney disease, and sev-
eral inborn genetic errors. It can cause congenital
disorders, immune dysfunction and is associated with the
progression of a large number of diseases (for review,
see Weiss et al. 2019). Conversely, high concentrations
of iron can generate reactive oxygen species resulting in
tissue damage. Iron overload, typified by hemochromato-
sis, can be caused by several inborn genetic errors (for re-
view, see Katsarou et al. 2019). If left untreated, iron
overload can lead to cardiomyopathy, diabetes mellitus
and liver cirrhosis. As a result, understanding iron homeo-
static mechanisms at both the cellular and organismal lev-
els is highly significant to both basic science and public

health.
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A recent RNA article identified the miR-7-5p and
miR-141-3p microRNAs as mediators of TfR1 mRNA deg-
radation during iron-repletion (Miyazawa et al. 2018). The
putative binding sites for these microRNAs overlap with
two IREs within the TfR1 3’-UTR, which suggested a com-
pelling model where direct competition with the IRPs
could account for iron-responsive regulation. However,
the proposed binding site for miR-141-3p is not within a
minimized region previously identified by two indepen-
dent groups as sufficient to impart iron-responsive degra-
dation at a level similar to that of the full-length TfR1
mRNA sequence (see, e.g., mutation pTR-90 in Millner
and Kiihn 1988 and construct TRS1 in Casey et al. 1989).
Although the proposed miR-7-5p binding site within the
TfR1 3’-UTR falls within this essential region, the earlier
studies are also difficult to reconcile
with miR-7-5p having a direct role in

S5p was attenuated. As a result, it is unlikely that the
microRNAs could be directly mediating iron-responsive
TfR1T mRNA degradation as proposed.

RESULTS

Mutation of the proposed miR-7-5p binding site has
no impact on TfR1 mRNA stability within a mouse
fibroblast cell line

The proposed miR-7-5p binding site within the TfR1
3-UTR was tested within an assay that had been devel-
oped and validated for the identification of sequence ele-
ments impacting iron-responsive stability of the TfR1
mRNA (Rupani and Connell 2016). The 3’ TfRT mRNA
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an assay that was earlier developed
to detect changes to TfRT mRNA
stability. If the proposed role for the
microRNAs is correct, mutation of
the postulated binding sites should
result in increased stabilization of the
TfR1 mRNA under iron-replete condi-
tions when IRP protection is minimal.
However, mutations to the proposed
binding sites that should have inhibit-
ed miR-7-5p and miR-141-3p interac-
tions had no significant impact in all
cell lines tested. Furthermore, overex-
pression of a miR-7-5p mimic had no
significant impact on the endogenous
TfR1 mRNA or on a luciferase-TfR1 re-
porter even though the abundance of
a previously defined target of miR-7-
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FIGURE 1. The proposed miR-7-5p binding
(A) Secondary structure of the minimized TfR1T mRNA previously determined to be required
for efficient iron-responsiveness (Casey et al. 1989). Brown, sites of point mutations to the three
5 bp stem-loops (1, 1ll, and V) that were previously identified as essential for iron-responsive
degradation in mouse L-M cells (Rupani and Connell 2016); blue, the proposed miR-7-5p bind-
ing site. The RNA structure and labeling are based on earlier established convention (Horowitz
and Harford 1992; Schlegl et al. 1997). Inset shows the predicted secondary structure of IRE C
resulting from the mutations (red) used to disrupt the proposed miR-7-5p binding site; IRE C
mut #1 is the Miyazawa et al. mutation. (B) Predicted base-pairing between the miR-7-5p
seed sequence and the proposed TfRT mRNA binding site should be disrupted by both IRE
C mut #1 and #2. (C) Mutation of the proposed miR-7-5p binding site (blue) has no significant
impact on mMRNA stabilization when assayed in mouse L-M cells. Representative earlier muta-
tions that do not overlap with the proposed binding site but impede TfR1T mRNA degradation
were assayed in parallel (orown). (D) Although IRE C mut #1 appears to stabilize the reporter
RNA in SW480 cells, neither IRE C mut #2 nor the complete deletion of the binding site
(A149-177) has a significant effect. (E) IRE C mut #1 has no effect when assayed within
A2780 cells. All error bars represent +SEM of three biological replicates.
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Mediation of TfR1T mRNA degradation

sequence that was earlier demonstrated to be sufficient
and essential for efficient iron-responsive degradation
was cloned behind a firefly luciferase reporter (Fig. 1A),
which results in the luciferase activity becoming iron-re-
sponsive. Cells expressing the reporter are treated with
iron-replete media to minimize potential complications
from IRP binding and protection. The assay is a good proxy
for monitoring mRNA levels, as mutations to the TfR1
sequence that increase mRNA abundance also result in a
corresponding increased luciferase activity.

The mutation to the proposed miR-7-5p binding site
that was used to support a functional role was initially re-
tested in the luciferase assay (IRE C mut #1 in Fig. 1AB;
Miyazawa et al. 2018). If the proposed miR-7-5p binding
site was functional, the mutation should have increased
the mRNA abundance relative to the parental sequence,
resulting in increased firefly luciferase activity. However,
the mutation had no significant impact when assayed with-
in L-M cells, a mouse fibroblast-like cell line (compare IRE
C mut #1 with wt in Fig. 1C). This cell line was chosen
because it had been exploited for much of the pioneering
work on the identification of the TfR1 gene and the subse-
quent characterization of the iron-responsive mRNA insta-
bility (Kiihn et al. 1984; Casey et al. 1988).

The lack of an effect from IRE C mut #1 is in contrast to
several previously described mutations that significantly
impact iron-responsive stability but are not part of the pro-
posed miR-7-5p binding site (Mdllner and Kiihn 1988;
Casey et al. 1989; Rupani and Connell 2016). Two repre-
sentatives from these earlier mutations were reassayed in
parallel with the miR-7-5p binding site mutation in Figure
1C. A single nucleotide change disrupting one of the
non-IRE loops (loop Il in Fig. 1A) increased the luciferase
signal by ~50% relative to the parental sequence (contrast
C78G with wt in Fig. 1C). This is consistent with an earlier
compensatory mutagenesis study that identified loops |,
I, and V as being critical for iron-responsive degradation
(Rupani and Connell 2016). A deletion that encompasses
both loops | and Ill but is outside of the proposed miR-7-
5p binding site was earlier shown to prevent iron-respon-
sive TfR1 changes at both the protein and mRNA levels
(see mutation pTR-82 in Millner and Kihn 1988 and
A31-108 in Rupani and Connell 2016). This deletion also
increased luciferase activity when reassayed here (contrast
A31-108 with wt in Fig. 1C). As a result, the proposed miR-
7-5p binding site is neither consistent with the lack of an
effect from mutations that should disrupt the miR-7-5p in-
teraction nor with the effect of mutations that are well out-
side of the proposed miR-7-5p binding site.

The mRNA requirements for iron-responsive
degradation are similar in mouse and human cell lines

It is expected that the major mechanism for iron-respon-
sive TfR1 mRNA degradation should be similar among ver-

tebrates because the minimized region that is essential
and sufficient for degradation is highly conserved
(Koeller et al. 1989). However, the possibility of redundant
activities that could be of greater importance in some spe-
cies and/or cell lineages cannot be excluded. To initially
test this possibility, the assay of the miR-7-5p binding
site mutation was repeated using SW480 cells, a cell line
that was derived from a human colon adenocarcinoma
and which was used for the Miyazawa et al. study. The as-
say in the SW480 cells is sensitive to mutations within the
three non-IRE stem—loops (loops |, Ill, and V) as well as
the A31-108 mutation (Fig. 1D), which is consistent with
what was demonstrated earlier for the mouse L-M cells
(Rupani and Connell 2016). These results suggest that
the major mechanism mediating TfR1T mRNA stability is
similar in the two species and cell lineages. Despite this un-
derlying similarity, the mutation that was utilized by
Miyazawa et al. to support a role for miR-7-5p (IRE C mut
#1), has different effects in the two cell lines. Whereas
the mutation has no significant impact in the mouse fibro-
blasts, it does appear to stabilize the TfR1 reporter mRNA
within the SW480 cell line (contrast IRE C mut #1 to wt in
Fig. 1C,D).

Additional mutations to the proposed miR-7-5p binding
site were evaluated to assess the mechanism through
which the Miyazawa et al. mutation was impacting TfR1
mRNA stability within the SW480 cells. A second mutation
was made in a manner that should disrupt pairing with the
microRNA seed sequence (Grimson et al. 2007; Kim et al.
2017), but it was designed to also minimize disruption of
the IRE C structure (IRE C mut #2 in Fig. 1A). This was ac-
complished by making compensatory mutations to the op-
posite side of the helix to preserve the potential for base-
pairing throughout the upper stem of the IRE, unlike with
IRE C mut #1 (contrast mut #1 and #2 within inset of Fig.
1A). This second mutation to the proposed miR-7-5p bind-
ing site did not significantly differ from the parental se-
quence in the luciferase assay (compare IRE C mut #2
with wt in Fig. 1D). Moreover, deletion of the entire pro-
posed miR-7-5p binding site also did not have a significant
impact on the assay (compare A149-177 with wt in Fig.
1D), which argues strongly against the miR-7-5p binding
site having a significant role in SW480 cells. As a result, it
is likely that IRE C mut #1 is impacting the luciferase assay
in the SW480 cells through a mechanism that is unrelated
to the proposed miR-7-5p interaction.

To assess whether the different effect of IRE C mut #1 in
the human SW480 and mouse L-M cells is a result of the
species difference, the assay was repeated in the A2780
cell line, which is derived from a human ovarian carcinoma.
As with the mouse L-M cells, IRE C mut #1 did not signifi-
cantly impact the assay in the A2780 cells (Fig. 1E), indicat-
ing that the different behavior of the IRE C mut #1 in the
SW480 cells is not an inherent characteristic of the species.
In contrast, the assay in the A2780 cells is sensitive to
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mutation of the non-IRE stem-loops (Fig. 1E), which is con-
sistent with these loops being part of a highly conserved
regulatory mechanism.

Neither the proposed miR-7-5p nor miR-141-3p
binding sites are functional within the context
of an extended 3’-UTR

The proposed miR-141-3p binding site on IRE E is not
within the minimized 3'-UTR region that two independent
studies had earlier determined to be sufficient to impart
iron-responsive degradation at a level similar to that of
the full-length TfR1T mRNA sequence (Mdllner and Kihn
1988; Casey et al. 1989). To investigate this discrepancy,
alarger ~700 nt sequence from the TfR1 3’-UTR which con-
tains all five IREs was cloned behind the luciferase reporter.
Repeating the assay with the extended 3'-UTR also provid-
ed the opportunity to test whether the proposed miR-7-5p
binding site behaves differently in the context of the larger
sequence.

A Extended 3’ UTR

Mutations to both proposed microRNA binding sites
within the context of the extended 3'-UTR were designed
to prevent interaction of the microRNAs in a manner that
did not destabilize the hairpin loops of IRE C and E or
the overall structure. This was accomplished both through
the appropriate compensatory changes to maintain the
potential for base-pairing and also through the substitu-
tion of the CAGUGU IRE loop sequence with a UAAC
tetraloop (IRE C mut #3 and IRE E mut #1 within insets to
Fig. 2A). In other systems, the UAAC tetraloop provides ad-
ditional stability with minimal interference with tertiary
structure (Zhao et al. 2012). The mutation of the IRE C
loop has also previously been shown to increase degrada-
tion of the TfR1T mRNA (Casey et al. 1989; Rupani and
Connell 2016), possibly through the disruption of residual
IRP interactions that are maintained even during iron-re-
plete conditions. In spite of the miR-7-5p binding site being
disrupted by the mutation (IRE C mut #3 in Fig. 2B), the
RNA appears less stable within both the L-M and SW480
cell lines (contrast IRE C mut #3 with wt in Fig. 2C,D). The
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FIGURE 2. The proposed miR-7-5p and miR-141-3p binding sites are not functional within the context of an extended 3’-UTR from TfR1.
(A) Approximately 700 nt of the TfR1 3'-UTR, containing all five IREs (nt 3445-4135 in NM_003234.3), was cloned behind a firefly luciferase re-
porter. Insetsindicate the predicted secondary structures of IRE C and IRE E resulting from the mutations (red) used to disrupt the proposed miR-7-
5p (blue) and miR-141-3p (green) binding sites. (B) The interactions of miR-7-5p and miR-141-3p with their proposed binding sites should be dis-
rupted by the indicated mutations. (C) The expression of the reporter mRNA within L-M cells was not increased by disruption of either proposed
microRNA binding site. A point change within stem-loop Ill is shown for comparison (brown); this mutation is within the context of the extended
3-UTR but numbering corresponds to C78G in Figure 1A. (D) Mutation of the proposed microRNA binding sites failed to increase the luciferase
within the SW480 cells. The AIRE E deletion (nt4017-4045 in NM_003234.3), which includes the entire proposed microRNA binding site, also had
no impact. Luciferase was measured after 14 h treatment with FAC. All error bars represent £SEM of three biological replicates.
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proposed miR-141-3p binding site is also not consistent
with being functional as the substitution mutation at the
site did not have a significant impact on the reporter in
both the L-M and SW480 cells (IRE E mut #1 in Fig. 2C,
D). The complete deletion of the site likewise failed to
have an impact when assayed within the SW480 cells
(AIRE E in Fig. 2D). In contrast, the disruption of non-IRE
loop IIlin the extended context still resulted in increased lu-
ciferase activity in both tested cell lines (C78G in Fig. 2C,D),
consistent with degradation of the mRNA being impeded.

Evaluation of the proposed miR-7-5p binding site
within an optimized substrate

The proposed miR-7-5p binding site was further evaluated
in the context of a minimized TfR1 3’-UTR reporter that had
been previously optimized for instability (Rupani and Con-
nell 2016). IRP binding to the optimized reporter is inhibit-
ed through the deletion of the 5" C within each of the IRE
loops (Fig. 3A). This has the advantage of unambiguously
eliminating potential complications resulting from differ-
ences in iron-responsive protection. Even though the larg-
er dynamic range of the optimized reporter increased the
assay sensitivity in the SW480 cells, there was no significant
effect of the IRE C mut #3 mutation within the optimized re-
porter (compare IRE C mut #3 with optimized in Fig. 3B). In
contrast, point mutations within each of the three non-IRE
hairpin loops increased luciferase activity to the level of
the A31-108 mutation (compare mut loops I, lll, V with
A31-108 in Fig. 3B). A similar result was reported earlier
when the loop mutations were assayed within the mouse
L-M cells (Rupani and Connell 2016). The result suggests
that most, if not all, of the iron-responsiveness can be ac-

counted for by the three non-IRE loops because the A31-
108 mutation was earlier shown to prevent iron-responsive
instability (see mutation pTR-82 in Miillner and Kithn 1988
and A31-108 in Rupani and Connell 2016). It was not pos-
sible to reevaluate the proposed miR-141-3p site in this
context because it is not included within the optimal se-
quence that was earlier determined to be necessary and
sufficient for efficient iron-responsiveness degradation
(Millner and Kiihn 1988; Casey et al. 1989).

Overexpression of a miR-7-5p mimic does not impact
the endogenous TfR1T mRNA levels or a luciferase
reporter

A miR-7-5p mimic was used to further assess the proposed
role for the microRNA in the regulation of endogenous
TfR1T mRNA stability. The miR-7-5p mimic was adjusted
to a concentration at which there was specific attenuation
of the EGFR mRNA (Fig. 4A), which is a previously identi-
fied miR-7-5p target in SW480 cells (Suto et al. 2015).
While the relative abundance of the EGFR mRNA was de-
creased approximately twofold, the miR-7-5p treatment
did not affect the abundance of the endogenous TfR1
mRNA (Fig. 4B), which is inconsistent with the proposed
binding site on the TfR1T mRNA being critical for degrada-
tion. Overexpression of the miR-7-5p mimic should like-
wise have decreased expression of the luciferase-TfR1
reporter, but this was also not observed (Fig. 4C).

DISCUSSION

The proposed miR-7-5p and miR-141-3p binding sites
overlap with IRP-binding sites on the TfRT mRNA
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FIGURE 3. The proposed miR-7-5p binding site has no significant effect in the context of the TfR1 3'-UTR that had been optimized for instability.
(A) Deletion of the 5 C within each IRE hairpin loop (green) eliminates potential complications arising from IRP interactions and variations in
iron-responsive protection. Brown, sites of point mutations within the three non-IRE hairpin loops that were earlier demonstrated to impede deg-
radation. (B) IRE C mut #3 (Fig. 2A) in the context of the optimized 3'-UTR (opt) has no significant impact on the assay (ns, P>0.1). Combined
mutations (C54G, 81-82 GU and 197-200 AAAC) to the three non-IRE hairpin loops (I, Ill, and V) negate iron-responsiveness in SW480 cells
to the same extent as the A31-108 mutation, which was earlier demonstrated to prevent iron-responsive degradation in the mouse L-M cells
mRNA (see mutation pTR-82 in Mullner and Kuhn 1988 and A31-108 in Rupani and Connell 2016). Luciferase was measured after 14 h treatment

with FAC. All error bars represent £SEM of three biological replicates.
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relative to the nontransfected (vehicle only) control using an HPRT amplicon as the reference (Table 1). (B) The endogenous TfR1T mRNA is not
significantly impacted by the same miR-7-5p treatment that attenuates the EGFR mRNA (ns, P=0.7) (C) Overexpression of the miR-7-5p mimic
failed to decrease the activity of the luciferase-TfR1 reporter, as would have been expected if the proposed site were functional. The luciferase
reporter with the extended TfR1 3’-UTR (Fig. 2A) was used for the assay. Mutation of the proposed miR-7-5p site (IRE C mut #3) has no impact on
the assay, regardless of whether the miR-7-5p mimic is present. Luciferase was measured after 5 h treatment with 65 pg/mL FAC. The activity of the
miR-7-5p and negative control mimics is relative to the corresponding minus mimic (vehicle only) transfection. All error bars represent +SEM of

three biological replicates.

(Koelleretal. 1989; Connell etal. 2018), which suggested a
potential mechanism for the iron-responsive regulation of
TfR1 mRNA stability if the sites were functional (Miyazawa
et al. 2018). MicroRNA mimic and antagomir overexpres-
sion strategies that are often exploited to test potential
binding sites are highly vulnerable to indirect effects and
to the formation of low-affinity interactions that become fa-
vored at high concentrations (for review, see Elton and
Yalowich 2015). A widely used strategy to address these
limitations is to assess the impact of the target's 3’-UTR
when cloned behind a reporter. We demonstrated
here that disruption of both the proposed miR-7-5p and
miR-141-3p sites with several different mutations failed
to have a significant impact on the reporter’s expression
in all cell lines tested (Figs. 1-3). This makes it unlikely
that the proposed microRNA binding sites could be func-
tional. The proposed miR-141-3p site is also not included
within the minimal TfR1 3’-UTR sequence previously deter-
mined to be necessary for efficient iron-responsive degra-
dation (Mdllner and Kihn 1988; Casey et al. 1989). While
the proposed miR-7-5p site is within the minimized region,
the site is also not consistent with the earlier mutagenesis
nor with the failure of the miR-7-5p mimic to impact either
the endogenous TfR1 mRNA or a reporter (Fig. 4).
Although miR-7-5p does not appear to be directly in-
volved with the iron-responsive TfR1T mRNA degradation,
the mutation to the proposed binding site that initially sup-
ported a possible role in SW480 cells is interesting
(Miyazawa et al. 2018). IRE C mut #1 has no significant im-
pact when assayed in the mouse L-M and human A2780
cells (Fig. 1C,E), indicating that the effect observed in
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SW480 cells is not an inherent characteristic of the muta-
tion or the species. The mutation, unlike the other substi-
tutions, does not preserve the potential for base-pairing
within the upper stem of the IRE (contrast IRE C mut #1
with IRE C mut #2 and IRE C mut #3 within insets to Figs.
1A, 2A). This is relevant because the apparent complexity
of the TfRT mRNA structure required for iron-responsive
degradation increases the likelihood that mutations de-
signed to test potential microRNA binding sites could in-
advertently impede degradation by favoring alternative
conformations. Interference with correct folding would
also be consistent with the iron-responsiveness of com-
bined mutations to both proposed microRNA binding sites
having only a small apparent difference from the singly
mutated sites used in the Miyazawa et al. study (compare
mutC and mutE with mut C/E in Fig. 3C of Miyazawa
et al. 2018). This result from the Miyazawa et al. study is
otherwise difficult to explain as the effects from the pro-
posed microRNA interactions would have been expected
to be additive. It is unclear why the SW480 cells would
be more sensitive to misfolding than the other two tested
cell lines. Whatever the cause, the effect of IRE C mut #1 is
not directly related to miR-7-5p as three other mutations
that should have disrupted its proposed interaction, in-
cluding the complete deletion of the site, failed to have
an impact in the SW480 cells (IRE C mut #2, IRE C mut
#3 and A149-177 in Figs. 1-3).

Three non-IRE hairpin loops were previously identified
within the 3’-UTR of the TfR1T mRNA that are essential for
iron-responsive degradation in all cell lines tested and
are also highly conserved among vertebrates (Rupani
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TABLE 1. Amplicons used for gPCR

Amplicon NCBI reference Location PCR primers

HPRT NM_000194.2 603-687 TTGCTTTCCTTGGTCAGGCA
ATCCAACACTTCGTGGGGTC

EGFR NM_005228.4 124-219 CGGACGACAGGCCACC
AATACTGGACGGAGTCAGGGG

TFR1 NM_003234.3 4442-4528 AGAGTCCCCTGAAGGTCTGACA

CTCACGGAGCTTCGAACTTATTC

and Connell 2016). Their importance is supported by the
earlier mutagenesis studies (Mullner and Kihn 1988;
Casey et al. 1989), making it likely that one or more of
the hairpins function as the major recognition element
for the endonuclease activity. Stem-loops | and Il fit the
general consensus sequence for constitutive decay ele-
ments (CDEs) which are found within several inflammatory
mRNAs (for review, see Kim and Maquat 2019). The canon-
ical CDE consists of a stem capped with a YRY trinucleotide
loop (Leppek et al. 2013; Mino et al. 2015; Braun et al.
2018; Wilamowski et al. 2018), and it is recognized by sev-
eral proteins that include Regnase/MCPIP-1 (Zc3h12a),
Roquin-1 (Zc3h1) and its close paralog Roquin-2 (Zc3h2).
Although the U-rich sequence of stem-loop V does not
fit the consensus for the canonical CDE, it has similarities
to noncanonical stem-loops that interact with Roquin
and destabilize mRNA (Murakawa et al. 2015; Janowski
et al. 2016; Braun et al. 2018; Rehage et al. 2018).

Regnase and Roquin function through distinct mecha-
nisms even though there is some overlap in the mRNA se-
quence elements that are recognized (Mino et al. 2015).
Regnase is an endonuclease that degrades CDE-contain-
ing mRNAs that are translationally active, and ithas recently
been proposed to recognize stem-loop lll and degrade the
TfR1 mRNA during iron-repletion (Yoshinaga et al. 2017).
There are also several closely related endonucleases within
the same family as Regnase (Zc3h12) that potentially could
interact with the TfR1 mRNA hairpin loops. In contrast to
Regnase, Roquin has no intrinsic endonuclease activity
but interacts with nontranslated mRNAs and facilitates re-
cruitment of deadenylation and decapping complexes
within processing-body/stress granules (Glasmacher et al.
2010; Leppek etal. 2013). Although Roquin has been impli-
cated in the regulation of TfR1 mRNA stability (Braun et al.
2018), its role and relative importance to iron-responsive
TfR1 mRNA degradation has not yet been defined.

MATERIALS AND METHODS

Luciferase assay

The TfR1 reporters and mutations were synthesized at GenScript
and cloned into the pMIRGLO luciferase vector (Promega), as pre-

viously described (Rupani and Connell 2016). The mouse L-M cell
line (ATCC, CCL-1.3) was grown in DMEM, the SW480 colon ade-
nocarcinoma cell line (ATCC, CCL-228) in L-15 and the human
A2780 ovarian carcinoma cell line (provided by S. Ramakrishnan,
University of Minnesota) in RPMI. All media were supplemented
with 10% fetal bovine serum (Life Technologies, 16000-044).
L-M cells were plated at 2000 per well, SW480 cells at 10,000
perwell and the A2780 cells at 5000 per well within 96 well plates.
Cells were transfected 20 h later with 30 ng of plasmid using 0.3 pL
Lipofectamine 2000 (Life Technologies) in a 75 pL volume. Fresh
media containing ferric ammonium citrate (FAC) was added after
24 h and the plates incubated a further 17 h; the L-M cells were
treated with 100 pg/mL FAC, the SW480 cells with 65 pg/mL
FAC, and the A2780 cells with 45 pg/mL FAC. Variation in transfec-
tion efficiency was controlled for in the assay through normaliza-
tion to a Renilla luciferase, encoded on the same plasmid as the
firefly luciferase reporter. Dual-Glo (Promega) reagents were
used to assay luciferase activity and measurements were made
with a luminometer (Tecan). Each TfR1 construct was assayed
with a minimum of three independent sets of transfections, and
each set was assayed in at least triplicate.

Effect of microRNA mimics on endogenous mRNA

SW480 cells were plated within 3.5 cm dishes at a density of
150,000 cells per plate. The cells were transfected 24 h later
with either the hsa-miR-7-5p Mirvana microRNA mimic
(5-UGGAAGACUAGUGAUUUUGUUGUU-3, Life Technologies
MC11755) or Mirvana microRNA mimic negative control #1 (Life
Technologies, 4464058) using 2 pL of Lipofectamine RNAIMAX
(Life Technologies) in a final volume of 1.2 mL. The mimic and
negative control mimic were at a final concentration of 30 nM.
Nontransfected cultures contained the Lipofectamine with no
RNA but were otherwise treated identically. The media was
changed after 20 h and the cells incubated for 24 h prior to adding
fresh media containing 65 pg/mL FAC and incubating for a further
5 h, similar to the Miyazawa et al. treatment (Fig. 2 of Miyazawa
etal. 2018). Cells were then briefly rinsed with cold PBS and total
RNAwas prepared after directly scraping the cells into 1 mL TRIzol
reagent (Chomczynski and Sacchi 2006).

The RT-gPCR was performed as previously described (Rupani
and Connell 2016). The AACq method was used to quantify
changes in the EGFR and TfR1 mRNAs in the mimic-treated cells
relative to the nontransfected (vehicle only) control. HPRT mRNA
was used as the reference mRNA, which was chosen because it is
the same mRNA used as a reference in the Miyazawa et al. study
(Miyazawa et al. 2018). Primers were chosen so that the amplicons
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would be of similar size (Table 1), using either Primer Express soft-
ware (Life Technologies) or NCBI Primer BLAST. The amplification
efficiencies were all measured at >95%. Minus reverse transcrip-
tase controls consistently indicated <1% genomic DNA contami-
nation. All values were calculated from three independent sets of
biological replicates, which were each assayed in triplicate.

Effect of microRNA mimics on the luciferase reporter

SW480 cells were plated at a density of 10,000 cells per well with-
in a 96 well plate and were transfected 24 h later. Transfections
were done with 0.13 pyL RNAIMAX in a 75 pL volume using the
mimic or control at a final concentration of 30 nM. This is the
same concentration of the miR-7-5p mimic that effectively inhib-
ited EGFR, a previously identified miR-7-5p target (Fig. 4A).
Nontransfected wells contained the RNAIMAX with no RNA and
were otherwise treated identically. Media was changed 24 h later
and cells were transfected with 30 ng of plasmid using 0.3 pL
Lipofectamine 2000 (Life Technologies) in a 75 pL volume. After
14 h incubation, the cells were treated with 65 pg/mL FAC for
5 h prior to the quantification of the luciferase activity.

Statistical analysis

Statistical significance was analyzed by a two-tailed Student's
t-test.
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