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receptor-1 mRNA stability

Victor M. Corral,1,3 Eric R. Schultz,1,3 Richard S. Eisenstein,2 and Gregory J. Connell1,4,*

SUMMARY

Transferrin receptor-1 (TfR1) has essential iron transport and proposed signal
transduction functions. Proper TfR1 regulation is a requirement for hematopoie-
sis, neurological development, and the homeostasis of tissues including the intes-
tine and muscle, while dysregulation is associated with cancers and immunodefi-
ciency. TfR1 mRNA degradation is highly regulated, but the identity of the
degradation activity remains uncertain. Here, we show with gene knockouts
and siRNA knockdowns that two Roquin paralogs are major mediators of iron-
regulated changes to the steady-state TfR1 mRNA level within four different
cell types (HAP1, HUVEC, L-M, and MEF). Roquin is demonstrated to destabilize
the TfR1 mRNA, and its activity is fully dependent on three hairpin loops within
the TfR1mRNA 30-UTR that are essential for iron-regulated instability. We further
show in L-M cells that TfR1 mRNA degradation does not require ongoing transla-
tion, consistent with Roquin-mediated instability. We conclude that Roquin is a
major effector of TfR1 mRNA abundance.

INTRODUCTION

The transferrin receptor (TfR1, TFRC) is the major mechanism for iron importation in proliferating mamma-

lian cells. It also has roles that are independent of Fe(III)-transferrin interactions and possibly involve several

different signal transduction pathways (Chen et al., 2015; Coulon et al., 2011; Pham et al., 2014; Salmeron

et al., 1995; Senyilmaz et al., 2015). The importance of TfR1 is supported by the non-viability of Tfrc �/� null

mice (Levy et al., 1999) as well as by rare anemias that can result in patients that either express autoanti-

bodies to the receptor (Larrick and Hyman, 1984), have reduced TfR1 expression (Hao et al., 2015), or

have a TfR1 missense mutation that disrupts receptor internalization (Jabara et al., 2016). The missense mu-

tation also results in chronic immunodeficiency, further emphasizing the importance of the receptor, partic-

ularly in proliferating cells. TfR1 is also essential for cardiac and skeletal muscle (Barrientos et al., 2015; Xu

et al., 2015), dopaminergic neurons (Matak et al., 2016), intestinal epithelium (Chen et al., 2015), and most

likely insulin synthesis (Santos et al., 2020). In contrast, elevated TfR1 expression contributes to iron over-

load in b-thalassemia (Li et al., 2017) and has long been associated with cancers (reviewed in Shen et al.,

2018).

Although TfR1 regulation can occur transcriptionally (Casey et al., 1988a; Lok and Ponka, 1999; Tacchini

et al., 1999), control of mRNA stability is the major mechanism through which TfR1 mRNA levels are

altered in response to cellular iron requirements (Bayeva et al., 2012; Casey et al., 1988a; Owen and

Kuhn, 1987). TfR1 mRNA stability is modulated through the interaction of iron regulatory proteins (IRPs)

with iron-responsive elements (IREs), which are conserved bulged hairpin loop structures (reviewed in

Galaris et al., 2019; Ghosh et al., 2015). TfR1 mRNA contains five IREs within its 30-UTR that are labeled

A-E (Casey et al., 1988b), and the binding of the IRPs (ACO1 and IREB2) to these elements in some manner

protects the mRNA from an endonuclease activity, leading to increased iron uptake. In the presence of

iron, the RNA binding of the IRPs is attenuated through either modification or degradation. This results

in increased TfR1 mRNA degradation and decreased iron uptake. A�200 nt sequence within the 30-UTR of

TfR1 mRNA, which includes IREs B-D, was found to be sufficient to induce iron-regulated instability equiv-

alent to that of the full-length mRNA (Casey et al., 1989; Mullner and Kuhn, 1988). Three non-IRE hairpin

loops (I,III,V) were subsequently identified within this region that can account for most of the instability

that occurs in the absence of IRP binding to the IREs. This suggested that the three non-IRE hairpin loops
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could be functioning as recognition elements for the iron-regulated degradation activity (Rupani and

Connell, 2016).

Members of the Roquin and Regnase/MCPIP families of RNA binding proteins have the specificity for hairpin

loops that is expected of a mediator of TfR1 mRNA instability (Braun et al., 2018; Wawro et al., 2019; Yoshinaga

et al., 2017). The Roquin family consists of two highly similar paralogs, Roquin-1 (RC3H1) and Roquin-2 (RC3H2),

that were initially identified as inducing the instability ofmRNAs encoding components of the adaptive immune

system and have since been suggested tomodulate a large number of othermRNAs (Braun et al., 2018; Vinuesa

et al., 2005). Neither Roquin paralog is an endonuclease but rather induces mRNA decay by recruiting deade-

nylation and decapping complexes within processing bodies (Glasmacher et al., 2010; Mino et al., 2015). Ro-

quin-induced mRNA decay is dependent upon an interaction with either trinucleotide loops (Leppek et al.,

2013), referred to as constitutive decay elements, or with uridine-rich loop sequences (Janowski et al., 2016;Mur-

akawa et al., 2015; Rehageet al., 2018). In contrast to the Roquin family, Regnase-1 (ZC3H12A) has intrinsic endo-

nuclease activity anddegrades translationally activemRNAs (reviewed in Yoshinaga andTakeuchi, 2019). It is the

best characterizedmember of the Regnase/MCPIP family, which contains fourmembers (Liang et al., 2008;Mat-

sushita et al., 2009): Regnase1-4/MCPIP1-4 (ZC3H12A-D). Regnase-1 and Roquin regulate overlapping subsets

of mRNAs, but they are structurally different and interact with the RNA stem loops through distinct mechanisms

(Tan et al., 2014; Yokogawa et al., 2016), resulting in some unique specificities (Jeltsch et al., 2014; Mino et al.,

2015). Although Regnase-1 was proposed to be a major mediator of iron-regulated TfR1 mRNA degradation

(Yoshinaga et al., 2017), we demonstrate here that the majority of the regulation is instead mediated by the

two Roquin paralogs in each of the four cell types that were tested. The identification of the mechanism of

iron-responsive TfR1 mRNA instability is critical to understanding iron homeostasis and to the hematological,

neurological, oncological, and other pathologies related to aberrant TfR1 expression (reviewed in Nakamura

et al., 2019).

RESULTS

Testing the relevance of ZC3H12A-C and RC3H1-2 to the steady-state level of TfR1 mRNA

A clustered regularly interspaced short palindromic repeats (CRISPR) knockout (KO) was made to each of

the ZC3H12A-C and RC3H1-2 family members to initially assess whether the proteins impact TfR1 mRNA

abundance (Figure 1). The KOs were made in the HAP1 cell line, which was derived from a patient with

chronic myelogenous leukemia and is near haploid (Essletzbichler et al., 2014). Sequencing confirmed

that each open reading frame was disrupted as intended by the CRISPR KO (transparent methods). The

expression of Regnase-1 within the ZC3H12A KO is not detectable by Western analysis (Figure 1A), even

after treatment of the cells with either deferoxamine (DFO), an iron chelator earlier shown to stimulate

ZC3H12A transcription (Yoshinaga et al., 2017), or mepazine, an inhibitor of the MALT1 protease for which

Regnase-1 is a substrate (Jeltsch et al., 2014). Western analysis also confirmed that Roquin-1 and Roquin-2

are not detectable after the respective KOs (Figure 1B). The ZC3H12B and ZC3H12C KOs could not be

confirmed by Western analysis as the proteins are not sufficiently expressed within the parental HAP1 cells,

and a KO of ZC3H12D, the remaining ZC3H12 family member, was not made as it does not appear to be

significantly expressed at the mRNA level in the HAP1 cells (Essletzbichler et al., 2014).

The KO of ZC3H12A resulted in decreased TfR1 mRNA relative to the parental cells (Figure 1C), which is the

opposite result expected for the KO of an enzyme catalyzing TfR1 mRNA degradation. The decreased TfR1

mRNA in the KO is not likely an artifact of an effect on the qPCR reference as the identical result was ob-

tained using an independent qPCR reference (Figure S1A), and there was no indication that either refer-

ence was affected by the KO. The decreased TfR1 mRNA in the KO also does not appear to result from

increased expression of the other Regnase family members or Roquin (Figure S1B). In contrast to the effect

of the ZC3H12A KO on TfR1 mRNA, there was a threefold increase in the Cox-2 (PTGS2) mRNA (Figure 1D),

which is a well-established Regnase-1 substrate (Mino et al., 2015). This result is consistent with the

increased steady-state levels of PTGS2 mRNA and other well-established Regnase-1 substrates that occur

with the ZC3H12A KO/knockdown (KD) in other cell types (Matsushita et al., 2009; Mino et al., 2015). The

result indicates that Regnase-1 is functional in the HAP1 cells and that there is not a redundant activity

able to fully compensate for its loss.

Only the CRISPR KO of RC3H1 or RC3H2 resulted in the increased TfR1 mRNA expected of a protein that

induces or catalyzes TfR1 mRNA degradation (Figure 1C). The RC3H1 KO has the greatest effect, and the

contribution of RC3H2 becomes even more apparent when a RC3H2 siRNA KD is performed in the context
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Figure 1. Testing the relevance of ZC3H12A-C and RC3H1-2 to the steady-state level of TfR1 mRNA

(A) Western analysis of Regnase-1 within the parental HAP1 (wt) and ZC3H12A KO, as described within the transparent

methods.

(B) Western analysis of the Roquin isoforms within the wt and RC3H1 and -2 KOs.

(C) Impact of the CRISPR KOs of the indicated Regnase and Roquin family members on the steady-state TfR1 mRNA level.

(D) The ZC3H12A KO increased the abundance of the PTGS2 mRNA, an established Regnase-1 substrate.

(E) The iron regulation of TfR1 mRNA abundance is eliminated by the Roquin KO/KD in HAP1 cells, as indicated by the

ratio of the TfR1 mRNA abundance under iron deplete (DFO) and rich (FAC) conditions being close to one. Values are

relative to the TfR1 mRNA in cells that had not been treated with either the DFO or FAC.

(F) The two Roquin isoforms can account for the majority of iron-regulated changes to TfR1 mRNA within the tested cell

types, as indicated by the decreased DFO/FAC ratio in the presence of the KDs; nc = negative control siRNA.

(G) Western analysis of the Roquin KD in the different cell types. KD efficiencies were calculated from 3 to 5 biological

replicates and are indicated below the representative blot. The expression of Roquin is too low in the HUVEC cells to

unambiguously quantify the KD by theWestern analysis. Cells where indicated were treated with FAC or DFO for 5 hr prior

to harvesting. Data are the mean G standard error of the mean (n = 3–5 biological replicates); **p < 0.01; ***p < 0.001.

See also Figure S1.
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of the RC3H1 CRISPR KO (Figure S1C). The increased TfR1 mRNA resulting from the RC3H2 siRNA can be

attributed to the KD of the intended target rather than to an off-target effect because the same siRNA does

not impact the RC3H2 CRISPR KO (Figure S1C). The result suggests that the two isoforms have partially

redundant roles in mediating TfR1 mRNA instability, similar to other Roquin-regulated mRNAs (Leppek

et al., 2013; Pratama et al., 2013; Vogel et al., 2013). The increased TfR1 mRNA within the Roquin KO/KD

results in a 44% increase in the TfR1 protein relative to the wildtype cells (Figures S1D and S1E). This is espe-

cially significant given that the TfR1 is expected to be already elevated in the proliferating cells (O’Donnell

et al., 2006; Sutherland et al., 1981).

The importance of the two Roquin isoforms to the iron regulation of the TfR1 mRNA was next tested in

several cell types. TfR1 mRNA in HAP1 cells is approximately fivefold more abundant when grown in the

presence of DFO than in the presence of ferric ammonium citrate (FAC), an iron source (Figure 1E). Strik-

ingly, TfR1 mRNA fails to respond to changes in iron status with the combined RC3H1 KO/RC3H2 KD (DFO/

FAC = 1.2G 0.1). The attenuation of the DFO response by the KO/KD is consistent with IRP protection not

being relevant when the degradation activity is eliminated, and the effect on the FAC response is consis-

tent with no degradation activity even while IRP protection is minimized. This is similar to the increased TfR1

mRNA stability associated with mutations encompassing stem loops I, III, and V (Casey et al., 1989; Rupani

and Connell, 2016). The results support the premise that the two Roquin isoforms can fully account for the

iron-regulated change to TfR1 mRNA in HAP1 cells and argues strongly against a role for Regnase/MCPIP

enzymes or other potential redundant activities therein. The importance of Roquin was also assessed in hu-

man umbilical vein endothelial cells (HUVECs), which are non-transformed primary cells. TfR1 mRNA is 25x

more abundant under the DFO treatment than with FAC (Figure 1F), but this regulatory response was elim-

inated by the KD of the two Roquin isoforms (DFO/FAC = 1.2 G 0.1). The majority of the iron-regulated

change to the TfR1 mRNA level is likewise blunted by Roquin KD in the two mouse cell types that were

tested (Figure 1F): mouse embryonic fibroblasts (MEFs) and L-M cells, which is a fibroblast-like cell line

used for the initial characterization of the TfR1 mRNA iron responsiveness (Casey et al., 1988b; Mullner

and Kuhn, 1988). Although the effect of the KD is least impressive in the L-M cells (Figure 1F), the increase

in TfR1 mRNA in response to DFO treatment is still blunted 1.9-fold by the KD; the decrease in response to

FAC is blunted 1.6-fold; and the DFO/FAC ratio, which reflects the overall iron-regulated range, is blunted

threefold. The efficiencies of the Roquin KDs at the mRNA level are similar in the four cell types (Figures S1F

and S1G). However, there is a good correlation between the KD efficiency at the protein level and the

impact of the KD on the iron responsiveness of the TfR1 mRNA level in the HAP1, L-M, and MEF cells.

This is evident from a comparison of the percentage KD values indicated in Figure 1G with the DFO/

FAC ratios that result from the KDs in Figures 1E and 1F. The expression of Roquin is too low in the HUVECs

to unambiguously quantify the KD by the Western analysis (Figure 1G). Taken together, these results sug-

gest that Roquin has a major role controlling cellular iron uptake.

Roquin, but not Regnase-1, decreases TfR1 mRNA stability

The half-life of the TfR1 mRNAwas measured in the context of the ZC3H12A-C and RC3H1-2CRISPR KOs to

determine whether mRNA stability was impacted as opposed to there being indirect effects on transcrip-

tion (Figure 2A). TfR1 mRNA in wildtype HAP1 cells decays with first order kinetics during the initial 5 hr of

iron treatment (Figure 2B). The t1/2 of the TfR1mRNA under these conditions is 1.1 hr (Table 1), which is com-

parable to the 1.5 hr observed in L-M cells (Mullner and Kuhn, 1988). The t1/2 was not significantly altered by

the ZC3H12A, ZC3H12B, or ZC3H12C CRISPR KOs (Figure 2B and Table 1). Because the ZC3H12A KO does

not have an impact onmRNA stability, it is likely that the decreased steady-state level observed in Figure 1C

results from an indirect effect on TfR1 mRNA transcription. In contrast to the ZC3H12 KOs, the t1/2 increased

to 3 hr in the context of the RC3H1 KO and to 8 hr in combination with the RC3H2 siRNA KD. This is not

significantly different than the 9.5 hr t1/2 measured during iron depletion and further indicates that the

two Roquin isoforms, but not Regnase-1, can fully account for the TfR1 mRNA instability under iron-rich

conditions (Table 1). Western analysis indicated that the protein level of Roquin-1 and Roquin-2 does

not significantly change during the 5 hr period in which most of the degradation occurs, regardless of

whether the cells are grown under iron-rich or deplete conditions (Figures 2C and 2D). We conclude

that IRPs and Roquins are required iron-sensing and RNA destabilizing trans-acting factors, respectively,

that control TfR1 mRNA accumulation and cellular iron uptake.

Roquin could potentially destabilize the TfR1 mRNA either directly through the recruitment of degradation

enzymes or indirectly through the attenuation of IRP-mediated protection. The latter possibility is
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suggested by a PAR-CLIP study that identified IRP-2 as potentially interacting with Roquin (Essig et al.,

2018). To assess IRP binding activity within extracts prepared from the wildtype HAP1 and RC3H1 KO/

RC3H2 KD cells (Figures 2E and 2F), a radiolabeled ferritin light chain IRE was used in an electrophoretic

Figure 2. The KO of Roquin, but not Regnase-1, increases TfR1 mRNA stability

(A) The 5-ethynyl uridine (EU) labeling strategy used to measure the TfR1 mRNA half-life, as described within the

transparent methods.

(B) Impact of the ZC3H12A-C KOs and RC3H1-2 KO/KD on the TfR1 mRNA half-life. Cells were treated with either

100 mg/mL FAC or 100 mM DFO following removal of the EU label and a brief rinse with fresh media. The TfR1 mRNA

abundance was normalized to a RPL4 reference. The t1/2 values calculated from the first order rate constants are

summarized in Table 1.

(C) Western analysis of Roquin obtained from the wildtype (wt) HAP1 cells grown in the presence or absence of iron during

the 5 hr period when the majority of the TfR1 mRNA is degraded.

(D) Quantification of the Western analysis in (C).

(E) The Ferritin light chain (FTL) IRE and a mutation (DC33, DC39) that inhibits the IRP interaction.

(F) The EMSA indicating the complex formed between the radiolabeled IRE (FTL) and the IRP within extracts prepared

from wt and Roquin KO/KD cells that had been untreated or treated for 5 hr with either DFO or FAC. A 20-fold molar

excess of unlabeled IRE but not the DC mutant effectively competes out the interaction. Representative of three

biological replicates. Data are the mean G SEM (n = 3 biological replicates).

ll
OPEN ACCESS

iScience 24, 102360, April 23, 2021 5

iScience
Article



mobility shift assay (EMSA). A shifted band that formed with both extracts and is more prominent during

iron depletion is consistent with an IRE-IRP complex (Leibold and Munro, 1988; Rouault et al., 1988); the

two human IRE-IRP complexes co-migrate in the EMSA (Guo et al., 1995; Henderson et al., 1993). This iden-

tity of the shifted band is further supported by competition with a 20-fold molar excess of unlabeled wild-

type IRE but not with the deletion of two C nucleotides that are critical for IRP binding (Figures 2E and 2F).

The IRE-IRP complex is equally iron responsive in both extracts suggesting that Roquin is not acting

through the attenuation of IRP binding (Figure 2F). The result also suggests that there is a mechanism

compensating for the increased iron importation that is expected from the elevated TfR1 expression within

the Roquin KO/KD cells (Figures S1D and S1E).

Roquin’s specificity is consistent with the known requirements for iron-regulated TfR1mRNA

instability

The specificity of Roquin-1 was tested to determine whether it is consistent with the established structural

features of the TfR1 mRNA previously identified as critical for TfR1 mRNA instability (loops I,III,V of Fig-

ure 3A; Rupani and Connell, 2016). A firefly luciferase reporter containing the minimized TfR1 mRNA insta-

bility region was used to assess the specificity, as it is a reliable surrogate of changes to mRNA abundance

(Rupani and Connell, 2016). HAP1 cells were transfected in parallel with either the wildtype luciferase-TfR1

reporter or the same reporter containing mutations to the TfR1 hairpin loops (I,III,V). Mutation of the three

loops individually or together increased firefly luciferase activity relative to the wildtype reporter when ex-

pressed in the parental HAP1 cells (Figure 3B). This is consistent with the loops being required for degra-

dation, as was found for all tested cell types (Corral et al., 2019; Rupani and Connell, 2016). Whereas the

ZC3H12ACRISPR KO had no effect on the relative luciferase activity of the mutated and wildtype reporters,

the RC3H1 CRISPR KO decreased the relative impact of the loop mutations (I,III,V) by approximately half

(Figure 3B). This decreased signal reflects increased stabilization of the reporter with the wildtype TfR1

30-UTR relative to the reporter containing the mutated TfR1 30-UTR. The combination of the RC3H1 KO

with the RC3H2 KD completely nullified the difference in luciferase activity of the wildtype and mutated re-

porters. This effect is partially reversed by co-transfection with wildtype Roquin-1 (Figure 3B), but it is not

with a mutation (K239A,R260A) that inhibits Roquin’s function (Schlundt et al., 2014). The effect of the wild-

type Roquin-1 co-transfection is probably underestimated as transfection under similar conditions with a

b-galactosidase expressing plasmid indicated that only a small percentage (<10%) of the cells are trans-

fected (transparent methods). Thus, we conclude that the two Roquin paralogs together account for the

instability associated with the three hairpin loops.

TfR1 mRNA instability under iron-rich conditions does not require ongoing translation

The impact of a block to translation on TfR1 mRNA abundance was tested to assess whether TfR1 mRNA

instability was more consistent with a Regnase-1 or a Roquin-mediated reaction. The major characterized

mechanism for Regnase-1-mediated mRNA instability requires active translation, whereas Roquin’s mech-

anism does not (Mino et al., 2015, 2019). As a result, TfR1 mRNA abundance during iron treatment would be

expected to increase when translation is inhibited if Regnase-1 has a major role. To test the importance of

translation, a strong hairpin was inserted 4 nt upstream of the AUG start codon of the firefly luciferase-TfR1

reporter (Figure 3C). This hairpin has a predicted stability of�75 kcal/mol and is known to effectively block

translation (Doma and Parker, 2006). Translation inhibition was confirmed in the context of the luciferase-

TfR1 reporter by the absence of detectable firefly luciferase activity (Figure 3D). However, the abundance of

Table 1. TfR1 mRNA half-life in response to iron and the Regnase or Roquin isoform KO/KD

Cell line/treatment Slope (h�1)a R2 TfR1 mRNA half-life (h) 95% confidence interval (h)

HAP1 (wt)/FAC �0.64 0.96 1.1 0.9-1.3

HAP1 (wt)/DFO �0.07 0.84 9.5 7.3–13.7

ZC3H12A KO/FAC �0.66 0.95 1.1 0.9-1.3

ZC3H12B KO/FAC �0.59 0.99 1.2 1.1–1.3

ZC3H12C KO/FAC �0.57 0.99 1.2 1.1–1.3

RC3H1 KO & si(neg cont)/FAC �0.21 0.96 3.3 2.9-3.8

RC3H1 KO & siRC3H2/FAC �0.09 0.88 8.2 6.6–10.7

aCalculated from Figure 2B as described within the transparent methods.
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the firefly luciferase-TfR1 mRNA was not increased by the block to translation (Figure 3E), which should

have occurred if instability were mediated by Regnase-1. In contrast, mutation of the three essential hairpin

loops (I,III,V) increased the abundance of the reporter mRNA approximately twofold, indicating the result

expected if iron-regulated instability had been inhibited. This result is consistent with a previous report that

iron-regulated TfR1mRNA instability occurs independently of translation (Posch et al., 1999). L-M cells were

chosen for the assay because this cell type had the most iron regulation of the TfR1 mRNA remaining after

the Roquin KD (Figure 1F). However, we conclude that the mechanism of TfR1 mRNA iron-regulated insta-

bility even in this cell type is not consistent with the major characterized mechanism of Regnase-1, but it is

with that of Roquin.

DISCUSSION

Wedemonstrated that the two Roquin paralogsmediate themajority of iron-regulated changes to the TfR1

mRNA in the four cell types tested, including both primary human and mouse cells (Figure 1). This role for

Roquin is consistent with previous PAR-CLIP (Essig et al., 2018; Murakawa et al., 2015) and structural

Figure 3. Roquin’s properties are consistent with the known requirements for iron-regulated TfR1 mRNA instability

(A) Secondary structure of the minimized TfR1 30-UTR instability sequence indicating mutations to the three hairpin loops (I,III,V) that inhibit degradation

(red). Potential complications from changes to IRP binding and protection are avoided through single nucleotide deletions to the IRE loops (green).

(B) Mutation of each non-IRE hairpin loop increased firefly luciferase activity relative to the wildtype (wt) reporter when expressed in HAP1 cells. KO/KD of

Roquin, but not Regnase-1, negates the instability associated with the three TfR1 mRNA hairpin loops. This can be partially rescued by co-expression of

Roquin-1 but not with a Roquin mutation (K239A, R260A) previously demonstrated to inhibit its activity. Western analysis of Roquin expression under each

condition is indicated below the bar graph.

(C) A strong hairpin was inserted 4 nt upstream of the AUG start codon of the firefly luciferase-TfR1 reporter.

(D) The hairpin completely inhibits translation of the firefly luciferase-TfR1 reporter. Values are normalized to that of a Renilla luciferase activity encoded on

the same plasmid as the firefly luciferase-TfR1 reporter.

(E) Effect of the blockage to translation on the abundance of the firefly luciferase reporter mRNA. Mutation of the three essential hairpin loops (I,III,V)

indicates the result expected if iron-regulated instability had been inhibited. The abundance of the firefly luciferase mRNA is relative to that of the Renilla

luciferase mRNA. L-M cells were treated with 100 mg/mL FAC for 14 hr prior to the assay. Data are the mean G SEM (n = 3 biological replicates); *p < 0.02;

**p < 0.01; ***p < 0.001.
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conservation (Braun et al., 2018) studies that suggested an interaction with the TfR1 mRNA. It could be

speculated that the loss of the TfR1 endonuclease activity would result in an iron overload condition

such as hemochromatosis, as elevated TfR1 expression in hepatocytes has the potential to decrease the

HFE available to stimulate hepcidin expression (Fillebeen et al., 2019; Schmidt et al., 2008). However,

studies of the impact of Roquin’s KO on iron homeostasis have not yet been reported in animal models

(Bertossi et al., 2011; Jeltsch et al., 2014; Schaefer et al., 2013), and there are only two RC3H1 loss-of-func-

tion mutations that have been described in humans. The first is in a patient that is hemizygous for a large

deletion in chromosome 1 that encompasses three genes including most of RC3H1 (Kato et al., 2014). It

results in clotting and autoimmunity disorders, but the diagnostic criteria that could be used to assess

the presence of dysregulated iron metabolism were not reported. The second is a homozygous RC3H1

nonsense mutation identified in a patient with elevated serum ferritin and hepatomegaly (Tavernier

et al., 2019), which can be characteristics of iron overload. However, this attribution is complicated by a hy-

perinflammatory syndrome that has overlapping effects. A further complication is that the impact of the

RC3H1 mutations could be partially compensated by RC3H2 as suggested by the effect of the RC3H2

KD in the RC3H1 CRISPR KO (Figures S1C and 2B). As a result, there is not yet any in vivo evidence to sup-

port Roquin’s role in TfR1 mRNA regulation.

The major evidence in support of a direct role for Regnase-1 as a mediator of TfR1 mRNA degradation is the

increased TfR1 that is apparent in cells obtained from Regnase-1�/� null mice (Yoshinaga et al., 2017). However,

an alternative explanation is that the increased TfR1 is an indirect effect of the decreased transcription of

Cybrd1, Slc11a2, and Slc40a1, which also occurs with the Regnase-1�/� null mice (Yoshinaga et al., 2017). In

addition to these proteins being critical for duodenal iron absorption, Slc11a2 (DMT1) is also important for

the transport of iron out of the endosomes formed through the internalization of the transferrin-TfR1 complex

(reviewed in Yanatori and Kishi, 2019). As a result of decreased cytosolic iron, the TfR1 mRNA could increase

both from enhanced IRP protection and from the TfR1 transcription that is likely stimulated by increased HIF-

a activity (Nandal et al., 2011; Schwartz et al., 2019). An indirect effect would be consistent with the Regnase-

1 KO having only an extremely modest impact on the endogenous TfR1 mRNA stability when measured in

the presence of actinomycin D (Figure 2A of Yoshinaga et al., 2017), and no significant impact when measured

by the EU labeling reported here (Figure 2B). While the overexpression of Regnase-1 suggests that there is the

potential for an interaction with TfR1 mRNA (Yoshinaga et al., 2017), it is unclear whether this interaction would

occur in the context of normal cellular protein and mRNA concentrations, which is a general limitation of over-

expression-based studies (Prelich, 2012; Saito et al., 2016; Stuart et al., 2001). This complication could also

explain an earlier report of Regnase-1 overexpression suppressing TnfmRNA levels while Regnase-1 deficiency

does not have an impact (Mino et al., 2015). The overexpression results, though, suggest that there is at least the

possibility of Regnase-1 mediating TfR1 mRNA degradation under conditions or in cell types that were not

tested, especially if there is a high level of expression.

Tristetraprolin (TTP) is another CCCH type zinc finger protein that has been proposed to mediate the iron-

regulated TfR1 mRNA degradation (Bayeva et al., 2012). It binds to AU-rich elements (AREs) within the 30-
UTR of mRNAs and mediates degradation through the recruitment of deadenylation and decapping com-

plexes, similar to Roquin. However, none of the proposed AREs are within the minimized TfR1 mRNA

sequence that supports efficient iron-regulated degradation in the tested cell types (Casey et al., 1989;

Corral et al., 2019; Rupani and Connell, 2016). Whereas Roquin induces rapid TfR1 mRNA degradation

in response to excess iron (Figure 2B), TTP is more consistent with being a later stage response of

mTOR-dependent changes to TfR1 mRNA levels during iron depletion (Bayeva et al., 2012). The existence

of at least two different TfR1 mRNA degradation activities is supported by a rapid degradation activity that

is present in the absence of TTP expression (Bayeva et al., 2012).

The minimal TfR1 mRNA 30-UTR sequence that induces efficient iron-regulated instability encompasses a�200

nt region that contains three IREs and three non-IRE hairpin loops (I,III,V). The three non-IRE hairpin loops, which

are essential for TfR1mRNAdegradation, are highly similar to structures previously identified as interacting with

Roquin. The reason for the apparent redundancy of the IREs and of the non-IRE hairpin loops has been unclear,

but there are striking similarities to several other Roquin substrates which also contain multiple non-IRE hairpin

loops (Essig et al., 2018). In these mRNAs, the redundancy is consistent with a model in which multiple simulta-

neous interactions determine the potency and robustness of the response. Roquin’s interactions with mRNAs

containing multiple non-IRE hairpin loops can directly inhibit translation, in addition to the induction of

mRNAdecay (Essig et al., 2018). As a result, graded changes toTfR1 expression could occur throughmodulation
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of both IRP protection and translation inhibition or mRNA decay, which could contribute to cell type- or situa-

tion-specific control of iron uptake. Further tuning of TfR1 expression is potentially achieved through changes to

endocytic receptor trafficking (Cao et al., 2016), microRNAs (Babu and Muckenthaler, 2019), transcription, or

TTP. In summary, we have shown that Roquin is a major mediator of iron-regulated TfR1 mRNA degradation

within each of the four cell types that were tested, suggesting that it could also be relevant to several patholog-

ical conditions associated with either dysregulation of iron metabolism or TfR1 signaling.

Limitations of the study

The relative importance of Roquin to TfR1mRNA stability ismost likely underestimated in some of the cell types

used in this study as there is significant variability in the amount of Roquin remaining after the KD (Figure 1G). As

already indicated, we cannot exclude the possibility that alternativemechanisms of TfR1mRNAdegradation are

more prominent in cell types that were not tested. However, potential alternative activities need to satisfy

several criteria: inhibition of the activity should both attenuate iron regulation of the endogenous TfR1

mRNAand significantly increase the TfR1mRNAhalf-life and the specificity of the activity needs to be consistent

with the established TfR1mRNA structural features and other obligatory requirements of iron-regulated degra-

dation. Although this study firmly establishes Roquin as a major mediator of TfR1mRNAdegradation within the

cell types that were tested, there have not yet been studies demonstrating the significance of the protein to the

organismal regulation of TfR1 and overall iron homeostasis.
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Figure S1. Testing the relevance of ZC3H12A-C and RC3H1 and -2 to the steady-state TfR1
mRNA level, related to Figure 1.
(A) Quantification of the TfR1 mRNA in the ZC3H12A KO using PGK1 as the RT-qPCR 
reference. (B) The change in abundance of the indicated mRNAs in the ZC3H12A KO cells
relative to the parental cells (wt). ZC3H12D was not included in the analysis as it is not 
sufficiently expressed in the HAP1 cells under either condition. (C) The two Roquin paralogs are
partially redundant. Neither siRNA increases the TfR1 mRNA in the context of a CRISPR KO of 
the intended target. (D) Western analysis of the impact of the Roquin KO/KD on the TfR1 
protein. (E) Quantification of the Western analysis in (D). (F) Efficiency of the siRNA KD of 
RC3H1 mRNA in the cell types used for the study. (G) Efficiency of the siRNA KD of RC3H2
mRNA. Data are the mean +/- SEM (n=3 biological replicates); *p<0.03; **p<0.01; ***p<0.001.
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Table S1 Key Resources, related to Figures 1-3 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-Actin (I-19) - goat polyclonal Santa Cruz Bio Cat # sc1616 

Anti-Flag (M2) – mouse monoclonal Millipore Sigma Cat # F1804 

Anti-Regnase-1 - rabbit polyclonal Proteintech Cat # 25009.1 

Anti-Roquin-1/2 (3F12) - rat monoclonal Millipore-Sigma Cat # MABF288 

Anti-TfR1 (H68.4) - mouse monoclonal Thermo Scientific Cat # 13-6800 

Donkey anti-goat with IR linked dye (800CW) Li-Cor Cat # 925-32214 

Donkey anti-Rabbit with IR linked dye (800 CW) Li-Cor Cat # 925-32213 

Goat anti-mouse with IR linked dye (800 CW) Li-Cor Cat # 925-32210 

Goat anti-rat with IR linked dye (800 CW) Li-Cor Cat # 925-32219 

   

Cell Lines 

Human: HAP1 parental cells Horizon Discovery C631 

Human: HAP1 RC3H1 knockout cells Horizon Discovery HZGHC007428c012 

Human: HAP1 RC3H2 knockout cells Horizon Discovery HZGHC007421c010 

Human: HAP1 ZC3H12A knockout cells Horizon Discovery HZGHC006348c002 

Human: HAP1 ZC3H12B knockout cells Horizon Discovery HZGHC007320c004 

Human: HAP1 ZC3H12C knockout cells Horizon Discovery HZGHC007322c007 

Human: HUVEC cells Lonza C2517A 

Mouse: MEF cells Millipore-Sigma PMEF-CFL-C 

Mouse: L-M (TK-) cells ATCC CCL-1.3 

   

Oligonucleotiodes 

Oligonucleotides for PCR IDT (See Table S2) N/A 

siRNA targeting RC3H1 (human): 
GAUCGAGAGUUACUAUCC 

Thermo Scientific Cat# 4427037 (s45244) 

siRNA targeting Rc3h1 (mouse):  
GGUUCUGCAUUGUCUCGGA 

Thermo Scientific Cat# 4390771 
(s117591) 

siRNA targeting RC3H2 (human): 
CAAGGACUCAGAUACCCUU 

Thermo Scientific Cat# 4427037 (s29171) 

siRNA targeting Rc3h2 (mouse): 
CCAGAAUCAUUUGCAAAGA 

Thermo Scientific Cat# 4390771 
(s232965) 

Silencer Select Negative Control #1 siRNA Thermo Scientific Cat# 4390843 

Silencer Select Negative Control #2 siRNA Thermo Scientific Cat# 4390846 

   

Recombinant DNA   

Luciferase-TfR1 parental in pMIRGLO (OPT1) (Rupani and 
Connell, 2016) 

N/A 

Luciferase-TfR1 mutation loop (I) (Corral et al., 2019) N/A 

Luciferase-TfR1 mutation loop (III) (Corral et al., 2019) N/A 

Luciferase-TfR1 mutation loop (V) (Corral et al., 2019) N/A 

Luciferase-TfR1 mutation loop (I,III,V) (Rupani and 
Connell, 2016) 

N/A 

Luciferase-TfR1 parental (OPT1) + 5’ hairpin This work N/A 

RC3H1 (human) in pSF-SMV-NEO-NH2-3xFlag This work N/A 

K239A, R260A (RC3H1) in pSF-SMV-NEO-NH2-3xFlag This work N/A 

 



Software 

Codon optimization Gensmart Codon 
Optimization 

https://www.genscript.c
om/ 

Curve fitting R version 3.6.1 https://www.r-
project.org/ 

Primer Blast (for design of qPCR primers) N/A https://www.ncbi.nlm.nih
.gov/tools/primer-
blast/index.cgi?LINK_L
OC=BlastHome 

qPCR analysis  Thermo Scientific 
StepOne software 
V2.3 

https://www.thermofishe
r.com/us/en/home/techn
ical-resources/software-
downloads/StepOne-
and-StepOnePlus-Real-
Time-PCR-System.html 

T test calculator for 2 independent means N/A https://www.socscistatis
tics.com/ 

Western and EMSA quantitation Image Studio 
version 5.2.5 (Li-
Cor) 

N/A 

 

 

 



Table S2 Oligonucleotides used for the qPCR and to validate the HAP1 cell knockouts, related to Figures 
1-3 

Amplicon NCBI reference Location PCR primers  

qPCR  

Firefly luciferase 
(pmirGLO) 

FJ376737 7117–7188 AACCATGACCGAGAAGGAGATC 
 CCACCGCGCAGCTTCTT 

PGK1 human NM_000291.4 
 

1095-1179 TGTGTGGAATGGTCCTGTGG 
 GGCTTTCACCACCTCATCCA 

PTGS2 human NM_000963.4 
 

4020-4095 GGGATCTGTGGATGCTTCGT 
 AACCCACAGTGCTTGACACA 

Renilla luciferase 
(pmirGLO) 

FJ376737 2227–2293 ATGCGGCGGCTGCATA 
 GATGCGATGTTTCGCTTGGT 

TfR1 human NM_003234.3 4442-4528  AGAGTCCCCTGAAGGTCTGACA 
  CTCACGGAGCTTCGAACTTATTC 

TfR1 mouse NM_011638.4 4382-4460  GTCACTAGGCTCTCAGGGTCTTG 
 AAACAACTCAGTGAGGCTCAAAATAA 

RPL4 human NM_000968.4 1065-1119  ACCATGCGCCGGAACA 
  CCACCCGGAGCTTGTGATT 

RPL4 mouse NM_024212.4 28-97  CTTCTCCTCTCCCCGTCATG 
  GATGACTCTCCCTTTTCGGAGTAC 

RC3H1 human NM_001300850.1 3295-3364  CCACAAAACAAGGTTCCGGC  
  AGGCTGATCCATTTGGTACATCA 

RC3H1 mouse NM_001024952.2 2971-3066  AGGAACGAGAGAGCAGAGGT 
  CGAGAGACTGTTGGTCGGTC 

RC3H2 human  NM_001100588.3 
 

3683-3753  AGACCATGTGATTCTGGAGGAG 
  CTGGGAGTGGCTGGCTAAAG 

RC3H2 mouse NM_001100591.1 1750-1828  CTCAGCTAATCCCACGAGGC 
  TTAGTGCCAACCTTCCCGAC 

ZC3H12B human NM_001010888.3 

 
2004-2075  ATTCTAAGCAAGGCCCCCAC 

  TTCCAGTTGATGGGTGCTGG 

ZC3H12C human  NM_033390.2 
 

1309-1396  ATTACCATCCCGAAAGGGGC 
  GCAGTTTTGGCTGCCGTATT 

ZC3H12D human  NM_207360.3 621-702  GCTGTTGACTGGTTCAGGGA 
   CAGCTCTTGGTGGGTCCTTC 

Validation of HAP1 cell knockouts 
 

ZC3H12A NC_000001.11 37475438- 
37475770 

 CTAACCCTGTTGGTTGTTCAGTAGG 
  TGGCTGTCCCGTGTTTCAC 

ZC3H12B NM_001010888.3 262-644  TCAGTTGAAGAAAAAGGAGATGCAC 
  CTGGCCTCAAATTGTCACTGTTATC 

ZC3H12C NM_033390.2 146-353  CGGCCACCTTTATGTGGAGA 
  GCCTGGCTCTACTGAAATGC 

RC3H1 NC_000001.11 173983327- 
173983725 

 GCAAAGAACTAGGCTTTGTACATCA 
  AGAAGAATTGCTCCTGGACTGTAAA 

RC3H2 NC_000009.12 122890211- 
122890576 

 ATATAAAGACGGGTTGAGTCTCAGG 
  TTTAGCTCCCTTTGTTTCCCTTTTC 

https://www.ncbi.nlm.nih.gov/nucleotide/NM_001300850.1?report=genbank&log$=nuclalign&blast_rank=6&RID=50G3F7CN016
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001024952.2?report=genbank&log$=nuclalign&blast_rank=2&RID=50DFX1UR014
https://www.ncbi.nlm.nih.gov/nucleotide/NM_001010888.3?report=genbank&log$=nuclalign&blast_rank=9&RID=50HG72RX016


Transparent Methods 
A description of the key resources including antibodies, cell lines, oligonucleotides, recombinant 

DNA, and software are indicated in Table S1.  
 
Cell lines and culture conditions 

HAP1 cells were grown in IMDM (Gibco, 12440-053) plus 10% FBS (Millipore-Sigma, F0926); 
HUVEC in EBM-2 (Lonza, CC-3156); and the L-M and MEF cells in DMEM (Gibco, 11995-065) plus 10% 
FBS. Growth surfaces for the HUVEC and MEF cultures were treated with 0.2% gelatin (Millipore-Sigma, 
G-2500) in PBS for 30 min immediately prior to use. The HAP1 knockout cell lines were validated by 
sequence analysis of the RT-PCR product generated from total RNA using primers flanking the region of 
the genomic change (Table S2). The RC3H1 knockout has a 1 bp insertion (A) in exon 3 (chr1: 
173983544); the RC3H2 knockout has a 1 bp insertion (C) in exon 4 (chr9: 122890422); the ZC3H12A 
knockout has a 16 bp deletion (CCGGAAGCTGGGCTAT) in exon 2 (chr1: 37475649); the ZC3H12B 
knockout has a 47 bp insertion (GGGCCACCTGCATTGGGAGCATGGAGTCAACCACTGGATCGCCAG 
GT) in exon 1 (chrX: 65489128); and the ZC3H12C knockout has a 1 bp insertion (T) in exon 2 (chr11: 
110136841). All cultures were maintained at 37 oC in a 5% CO2 environment within a humidified tissue 
culture incubator. 
 
siRNA transfections 

HAP1 and HUVEC cells were plated at 120,000 cells per 3.5 cm plate, and the L-M and MEF 
cells at 80,000 cells per plate. Cells were transfected 24 h later with 10 nM of the appropriate siRNA(s) 
using Lipofectamine RNAiMAX (Thermo Scientific,13778) in a final volume of 1.2 ml. Silencer Select 
negative controls #1 and #2 were used for the assays; both behave similarly. For assays in which siRNAs 
targeting both RC3H1 and RC3H2 were combined, the two negative controls were also combined, and 
each used at a final concentration of 10 nM. Otherwise, control #2 was used at 10 nM for all assays. After 

45 h, the transfection media was replaced with fresh media or with fresh media containing either 100 M 

DFO or FAC. The FAC concentration was adjusted for some of the cell types to limit toxicity: HAP1 and L-

M cultures contained 100 g/ml FAC; HUVEC contained 15 g/ml FAC; and MEFs contained 30 g/ml 

FAC. Total RNA was isolated after a 5 h incubation unless otherwise indicated. 
 
RNA extraction and RT-qPCR assays 

Cells were briefly rinsed with PBS (4 oC) prior to directly scraping into 1 ml TRI-reagent to isolate 
total RNA (Chomczynski and Sacchi, 2006). If the RNA was prepared from cells that had been 
transfected with a plasmid expressing an amplicon to be quantified, it was further treated with DNase 
(Promega, M610A). The DNase treatment consisted of 800 ng of the resuspended RNA and 4 units of 
DNase at 37 oC for 30 min. After extraction of the samples with phenol-chloroform and precipitation of the 
aqueous phase in ethanol, the pellets were resuspended in dH2O. Annealing reactions for the cDNA 

consisted of 75 ng of the total RNA and 90 ng of a random decamer in a 6 l volume containing 5 nmol of 

each standard deoxynucleotide triphosphate (dNTP). The RNA-primer mixtures were heated at 65 oC for 

5 min followed by the addition of 2 l 5x Superscript III buffer (Thermo Scientific 18080-044) and 1 l  

0.1 M DTT while on ice. After a 2 min equilibration at 25 oC, 150 units of Superscript III  were added to 
initiate the reverse transcriptions. The reactions were incubated at 25 oC for 10 min, followed by 42 oC for 
50 min. After terminating the reactions by heating at 95 oC for 10 min, the cDNA was diluted with an equal 

volume of 0.5 g/l tRNA (Roche, 10109541001). The qPCR was performed in a 10 l volume within 96 

well plates and each reaction contained 1 l of the cDNA, 100 nM of the appropriate primers (Table S2), 

and 5 l SYBR Green mix (Thermo Scientific, 4309155). Amplification was with a StepONE Plus thermal 

cycler (Thermo Scientific). The thermal profile consisted of an initial 10 min 95 oC denaturation followed 
by 40 cycles of a 15 second 95 oC denaturation and a 1 min 65 oC extension. Minus reverse transcriptase 

controls consistently indicated less than 1% genomic DNA contamination. The Cq method was used to 

quantify changes in the mRNA amplicons relative to a RPL4 reference unless otherwise indicated. The 
amplification efficiencies were all close to 95%. All values were calculated from three sets of biological 
replicates, which were each assayed in triplicate. 
 
 
 



Immunoblot assays 

Cells were grown on 3.5 cm plates as already described and treated with either 20 M mepazine 

or 100 M DFO for 5 h where indicated. Cells were rinsed briefly with PBS (4 oC) prior to directly scraping 

into 100 l lysis buffer (100 mM Hepes pH 7.5, 2 mM MgCl2, 100 mM NaCl, 8 mg/ml protease inhibitors 

(Thermo Scientific, A32955), 0.4% deoxycholate, 0.8% NP40 and 0.08% sodium dodecyl sulfate). The 
lysate was left on ice for 10 min prior to clarification at 15,000 x g for 5 min. Protein concentrations were 

determined using bicinchoninic acid (BCA) assays. Supernatant (10-40 g) was combined with an equal 

volume of 2X Tris-glycine SDS loading dye containing 10 mM dithiothreitol and heated at 95 oC for 5 min 
prior to loading on a 10% Tris-glycine gel (Thermo Scientific, XP00100), followed by electroblotting onto 
Immobilon transfer membrane (Millipore-Sigma, IPFL07810). Electroblotting was for 2 h at 30 volts in 
Tris-glycine transfer buffer. Methanol was omitted from the transfer buffer for blots involving Roquin to 
facilitate more efficient transfer.  Membranes were dried for 12 h and then treated for 1 h with TBS  

blocking buffer (Li-Cor) prior to incubating with the primary antibodies (Table S1). The -TFR1 and -

Regnase-1 antibodies were diluted 500-fold in blocking buffer, and all other primary antibodies were 
diluted 1000-fold. All secondary antibodies were diluted 10,000-fold. Blots were scanned with an Odyssey 
(Li-Cor) infrared imager and quantified using Image Studio Lite version 5.2.5 (Li-Cor). Scan intensities 
were adjusted to avoid saturation. Two different sources of protein standards were used in the study: GE 
Healthcare RPN800E, which includes 38, 52, 76, 102 and 150 kDa proteins; and Thermo Scientific 
26616, which includes 40, 55, 70,100,130 and 180 kDa proteins. The GE 102 kDa  protein has an 
aberrant mobility on the 10% Tris-glycine gels, migrating ~15 kDa slower than the Thermo Scientific 100 
kDa protein standard. The other standards within the two sets are consistent. 
 
Measurement of the TfR1 mRNA half-life 

The HAP1 cells were plated at 120,000 cells per 3.5 cm plate. After 20 h, the media was removed 
and replaced with 1 ml fresh media. Cells were either directly treated with EU or treated 40 h after siRNA 
transfection, as described in the previous section. A 200 mM stock EU solution was made in DMSO and 1 

l was added to the cells resulting in a final concentration of 200 M. After a 4 h incubation, the media 

was removed, and the plates were rinsed with fresh media prior to adding either 100 g/ml FAC or 100 

M DFO in fresh media. A chase of unlabeled uridine was not included as it was not found to have any 

effect, presumably because the endogenous uridine is sufficient to outcompete any label remaining after 
the washout. At the indicated times, total RNA was isolated as described above and a biotin group added 
through click chemistry (Bao et al., 2018). Biotin-labeled RNA was enriched on Streptavidin conjugated 
magnetic beads using the Click-it Nascent RNA Capture Kit (Thermo Scientific, C10365). Beads were 

then resuspended in 13 l dH2O containing 180 ng of a random decamer and 10 nmol of each dNTP. The 

beads were heated at 65 oC for 5 min, briefly cooled on ice and then 4 l of the Superscript III 5x buffer 

and 2 l of 0.1 M dithiothreitol were added. Samples were equilibrated at 25 oC for 2 min prior to addition 

of 200 units of Superscript III. The reverse transcription reactions were incubated for a further 10 min at 
25 oC and then transferred to a rotation wheel within a 45 oC hybridization oven for 1 h. The reactions 
were terminated, and the cDNA eluted from the magnetic beads through heating at 85 oC for 5 min. 
Regular mixing to keep the beads in suspension was performed during all steps. The released cDNA was 
separated from the magnetic beads and qPCR performed as described above. Control reactions using 
RNA isolated from cultures treated with DMSO alone instead of the EU indicated that there was less than 
1% contamination arising from non-specific binding of the RNA to the Streptavidin beads. The TfR1 
mRNA t1/2 was calculated for each condition as described below in the Quantitation and Statistical 
Analysis section. 
 
Plasmids  

All of the following DNA sequences were synthesized at GenScript and confirmed by Sanger 
sequencing at the University of Minnesota Genomics Center:  
 
a) RC3H1 expression plasmids 

The complete coding sequence for human RC3H1 (nt 88-3492 of NM_001300850) was optimized 
for expression using Gensmart Codon Optimization software (Genscript) and cloned into the pSF-CMV-
NEO-NH2-3xFlag vector (Millipore-Sigma) using EcoRI and KpnI sites. Mutations were likewise 
introduced into the RNA binding site by chemical synthesis to generate K239A,R260A.  



 
b) Stem-loop luciferase-TfR1 reporter plasmid 

A strong stem-loop was cloned 4 nt upstream of the start codon of the firefly luciferase gene 
within the pmirGLO vector. The firefly luciferase gene contains the optimized TfR1 instability sequence 
within its 3’-UTR (Rupani and Connell, 2016). The strong stem-loop was previously demonstrated to 
effectively inhibit translation when inserted into other mRNAs (Doma and Parker, 2006): 5’-GAT ATC 
CCG TGG AGG GGC GCG TGG TGG CGG CTG CAG CCG CCA CCA CGC GCC CCT CCA CGG GAT 
ATC-3’. The stem loop was synthesized with flanking pmirGLO vector sequence so that it could be cloned 
into the vector using unique PpuMI and ApaI sites. A strong stop during the Sanger sequencing reactions 
confirmed the presence of the hairpin in the plasmid, and it was also possible to verify 12 nt of the hairpin 
before the sequencing reactions completely terminated. 
 
EMSA 

The wildtype and C IREs were transcribed from synthetic oligodeoxynucleotide templates using 

T7 RNA polymerase and then purified on a denaturing 8% polyacrylamide gel (Milligan and Uhlenbeck, 
1989). The specific activity of the radiolabeled IRE was approximately 2 x104 dpm/pmol. An RNA solution 

containing 0.5 M radiolabeled IRE and where indicated 10 M unlabeled competitor was heated at 65 oC 

for 3 min. One l of the RNA solution was then added to 9 l of the appropriate cellular extract, which 

contained approximately 15 g protein. The cellular extracts were prepared from HAP1 wildtype and 

RC3H1 KO cells that were grown on 3.5 cm plates, transfected with siRNAs, and treated with FAC or 

DFO as already described. Cells were rinsed briefly with PBS (4 oC) and directly scraped into 75 l lysis 

buffer (1 mM DTT, 5% glycerol, 10 mM Hepes pH 7.5, 40 mM KCl, 3 mM MgCl2, 0.2% NP40, and 8 mg/ml 
protease inhibitors). The lysate was left on ice for 10 min prior to clarification at 15,000 x g for 5 min. The 

RNA binding reactions were incubated for 25 min at room temperature prior to addition of 1 l 500 g/ml 

heparin. Tubes were left a further 5 min prior to addition of 1 l 95% glycerol containing 0.1% 

bromophenol blue. Samples were loaded onto a 6% acrylamide/ 0.074% bis-acrylamide gel (0.75 mm 
thick). Electrophoresis was in 0.5 x TBE (0.045 M Tris-borate, 0.5 mM EDTA) at 10 V/cm for 1 h. The gels 
were dried onto DE 81 paper (Whatman) and scanned using a Typhoon FLA 9500 (GE Healthcare). 
 
Luciferase assays 

HAP1 cell lines were plated at 10,000 cells per well within 96-well plates. The siRNA 
transfections, where indicated, were performed 24 h later as described above for the 3.5 cm plates but 
scaled to the 96-well plate surface area. Cells were transfected 30 h after the siRNA transfections with 

either 30 ng of the wildtype or mutated firefly luciferase-TfR1 reporter plasmid using 0.3 l Lipofectamine 

2000 in a 75 l final volume. The transfections also included 20 ng of either the wildtype or mutated 

(K239A, R260A) Roquin expression vector where indicated. Transfection efficiency was estimated by 

transfection with a -galactosidase expressing plasmid and subsequent staining with the X-Gal substrate 

(Thermo Scientific, 45-0450). After 18 h, the luciferase activity was assayed using Dual-Glo reagents 
(Promega, E2920) and quantified with an Infinite M1000 plate reader (Tecan). Variation in transfection 
efficiency was controlled by normalization to a Renilla luciferase, encoded on the same pmirGLO plasmid 
as the firefly-TfR1 reporter. Each reporter construct was assayed with three independent sets of 
transfections, and each set was assayed in at least triplicate.  
 
Quantitation and Statistical Analysis 

To calculate the t1/2 for the TfR1 mRNA, linear regression models were initially used to determine 
the slope of the lines for each condition in Figure 2B. The R2 for the linear regression was reported as an 
indicator of the goodness of the fit (Table 1). For the FAC treated HAP1 (parental), ZC3H12A KO, 
ZC3H12B KO and ZC3H12C KO cells, the fit did not include the 7 h time point, as the instability appeared 
to plateau after 5 h, similar to that previously reported with the L-M cells (Mullner and Kuhn, 1988). The 
initial time point was not used for the analysis of the DFO treated cells as there appeared to be a transient 
increase in TfR1 mRNA abundance up to 3 h. The inclusion of the 17.5 h timepoints for the calculation of 
the slopes with the HAP1-DFO treatment and RC3H1 knockout /RC3H2 knockdown did not significantly 
impact the absolute values, but it did tighten the 95% confidence intervals. The slope from each curve fit 
corresponds to the negative value of the first order rate constant, and under this condition t1/2 = ln(2)/k. 
The 95% confidence interval of the slope was likewise used to derive a confidence interval for the t1/2. The 



analysis was performed using the R programming language. Statistical significance for all other assays 
was analyzed by a two-tailed Student’s t-test. All assays were performed with at least three biological 
replicates. 
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