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Introduction

The process of gene expression in eukaryotic cells is organized as 
a series of events, which are all performed by large multi-protein 
machineries.1 After the generation of pre-mRNAs in the nucleus, 
the transcripts are subjected to processing and export into the 
cytoplasm, where they undergo translation, quality control, and 
finally decay. All these processes are linked with each other via 
interacting molecular machines and are subject to regulation.2

A multi-protein complex, termed the exon junction complex 
(EJC), is deposited on mRNAs during splicing by the spliceoso-
mal protein CWC22.3-5 The binding of the EJC to mRNA occurs 
in a sequence-independent manner at its canonical binding site 
20–24 nts upstream of exon-exon boundaries, but also at alter-
native, non-canonical sites within exons.6,7 Components of the 
EJC (eIF4A3, MLN51, Y14, and MAGOH) are involved in splic-
ing, mRNA export, nonsense-mediated mRNA decay (NMD), 
and translation initiation.8-13 The two proteins Y14 (RBM8A) 
and MAGOH (mago-nashi homolog) form a stable heterodimer 
that binds tightly to eIF4A3 (DDX48) and, thereby, stabilize the 
binding of eIF4A3 on the mRNA.14-16

Recent studies in mouse have demonstrated that a muta-
tion in the EJC component MAGOH causes microcephaly and 
reduction of brain size, because MAGOH regulates the levels 
of microcephaly associated protein Lis1 during neurogenesis.17 
Reduced expression levels of Y14, the heterodimerization partner 
of MAGOH, cause thrombocytopenia with absent radii (TAR) 
in humans.18 Interestingly, some TAR cases are associated with 
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intellectual disability possibly caused by cerebral dysgenesis.19 
Aberrations of the chromosomal region containing Y14 are also 
frequently associated with intellectual disability and brain mal-
formations.19 Hence, data from mice and humans indicate that 
physiological expression levels of MAGOH and Y14 might be 
required for normal brain development.

The function of MAGOH as a component of the EJC is well 
understood; however, the existence of a duplicated MAGOH 
gene in mammals is not widely known. Here, we present a com-
parative characterization of both MAGOH genes, referred to 
as MAGOH and MAGOHB in humans. Both MAGOH and 
MAGOHB are expressed in various tissues from adult mice and 
in human cell lines. While the expression of MAGOHB mRNA 
in macrophages is strongly increased after LPS stimulation, the 
levels of MAGOH mRNA remain unchanged. Cells individu-
ally depleted of either MAGOH or MAGOHB remained fully 
competent to execute nonsense-mediated mRNA decay (NMD), 
whereas the simultaneous depletion of both MAGOH proteins 
drastically diminished NMD. Hence, two genes (four alleles) 
coding for MAGOH are present in mammalian cells and con-
tribute to the expression and function of MAGOH proteins.

Results and Discussion

MAGOHB, a duplicated MAGOH gene is evolutionarily 
conserved. We previously aimed to functionally characterize 
MAGOH in human cell culture. Notably, we were unsuccess-
ful to deplete MAGOH protein levels by transfecting siRNAs 
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of both MAGOH and MAGOHB 
genes from five different species and 
generated multiple sequence align-
ments (CLC Main Workbench, CLC 
bio). The alignments showed that the 
coding sequences of the MAGOH 
and MAGOHB genes in Homo sapi-
ens (HS), Mus musculus (MM), Bos 
taurus (BT), Canis lupus (CL), and 
Cricetulus griseus (CG) are well con-
served (Fig. S1). Interestingly, we did 
not find a single amino acid altera-
tion in these mammalian MAGOH 
and MAGOHB genes, despite a 
remarkable variability in the codons 
used by different species. Hence, 
mutations in the coding region of 
MAGOH and MAGOHB that have 
occurred during evolution did not 
alter the encoded proteins. Further 
analysis of the MAGOH genes of 
the five selected species using “esti-
mated maximum likelihood phy-
logenies” (PHYML,20 CLC Main 
Workbench) showed that MAGOH 
and MAGOHB genes cluster within a 
MAGOH- and a MAGOHB-specific 
group (Fig. 1B). This suggests that 
MAGOH genes and MAGOHB 
genes represent orthologs that puta-
tively evolved from a common ances-
tor after a gene duplication event.

The high degree of sequence 
conservation of the coding regions of both MAGOH genes 
indicates that strong evolutionary pressure preserved the pri-
mary protein sequence. This suggests that both MAGOH and 
MAGOHB genes are expressed and both proteins are required 
for normal cellular function. Therefore, we next investigated if 
both MAGOH and MAGOHB transcripts are expressed in cul-
tured human cells. To this end, we performed quantitative real-
time PCR (qRT-PCR) on cDNA obtained from HEK293 and 
HeLa cell lines. Noteworthy, MAGOH and MAGOHB mRNAs 
were detectable in both cell lines (Fig. 2A). Variable mRNA lev-
els of MAGOH and MAGOHB in different samples led us to 
hypothesize that the expression of two MAGOH genes could be 
regulated in a cell type-specific manner. We isolated RNA from 
various tissues of wild-type C57BL/six mice (aged 8 wk) and 
determined the expression levels of MAGOH and MAGOHB by 
qRT-PCR. Interestingly, the expression levels of MAGOH were 
significantly higher (2.0-fold, P < 0.01) than MAGOHB in liver 
of all three mice tested (Fig. S2), average expression levels of three 
mice is shown in Figure 2B. Both MAGOH and MAGOHB 
were equally expressed in the brain, heart, lung, spleen, and testis 
(Fig. 2B). To gain additional insights into a potential differential 
expression regulation of the two MAGOH genes, we followed 
the expression levels of MAGOH and MAGOHB mRNAs in 

specific for MAGOH (data not shown, see also Fig. 4B, lane 
1–6). Following this observation, we noticed that a sec-
ond MAGOH gene is present in the human genome (NCBI: 
NM_018048; UniProt: Q96A72), referred to as “MAGOHB” 
(HUGO nomenclature database; http://www.genenames.org/), 
as well as two MAGOH pseudogenes (referred to as MAGOH2 
and MAGOH3P; HUGO nomenclature database). The two 
MAGOH genes are located on different chromosomes in humans 
(MAGOH: Chr. 1; MAGOHB: Chr. 12), both comprise five 
exons with a conserved length and structure (Fig. 1A). The cod-
ing sequences (CDs) of both MAGOH genes share 87% identity 
at the RNA- and DNA-level. The coding sequence of MAGOHB 
is two codons longer (148 amino acids) than the MAGOH cod-
ing sequence (146 amino acids) and the encoded proteins are 
identical except for amino acid residues one through four of 
MAGOHB and residues one and two of MAGOH (Fig. 1C).

We aimed to investigate the phylogenetic significance of our 
finding and searched for duplicated MAGOH genes in other spe-
cies. Strikingly, we found two MAGOH genes in all mammalian 
genomes that were analyzed. In contrast, there is no evidence for 
a second MAGOH gene in birds, reptiles, amphibian, or fish. 
Hence, the existence of duplicated MAGOH genes is restricted 
to the mammalian clade. We collected the reference sequences 

Figure 1. Alignment and conservation of the two mAGoH genes/proteins. (A) Human mAGoHB and 
mAGoH gene structures, exons, and introns are shown as boxes and lines, respectively. the sizes of 
exons and introns in base pairs (bp) are depicted above and below the diagram, respectively. (B) maxi-
mum likelihood phylogeny estimated with the PhymL algorithm using the oRf sequences of mAGoH 
and mAGoHB from Homo sapiens (HS), mus musculus (mm), Bos taurus (Bt), Canis lupus (CL), and 
Cricetulus griseus (CG). the scale bar represents the measure of phylogenetic distance and corresponds 
to four base substitutions per 100 positions. Numbers at nodes represent bootstrap values. See also 
Figure S1C. Alignment of the two human mAGoH proteins.



www.landesbioscience.com RNA Biology 1293

MAGOHB forms a heterodimer with Y14 and is a part of 
the EJC. It is well known that MAGOH forms a heterodimer 
with Y14, which represents a core component of the EJC. Because 
of the almost identical amino acid sequence of MAGOHB and 
MAGOH we reasoned that both proteins have identical binding 
partners, i.e., Y14 and eIF4A3, and are both efficiently incorpo-
rated into EJCs. To test this notion, we transfected HeLa cells 
with FLAG-MAGOHB and performed FLAG immunoprecipi-
tations. FLAG-MAGOHB co-precipitated the EJC core com-
ponent eIF4A3 and the EJC-interacting protein UPF3B with a 
similar efficiency as FLAG-MAGOH (Fig. 3A, compare lanes 5 
and 6), providing evidence that MAGOHB is incorporated into 
the EJC in living cells. Unfused FLAG served as a negative con-
trol (Fig. 3A, lane 4). Additionally, both FLAG-MAGOH and 
FLAG-MAGOHB co-precipitated Y14 (Fig. 3A, lanes 5 and 6) 
and, therefore, are able to form a heterodimer with Y14.

To rule out the possibility that either MAGOH or MAGOHB 
are more efficiently incorporated into EJCs, we transfected 
HeLa cells with increasing amounts of V5-tagged MAGOH 
(Fig. 3B, lanes 8–11 and 19–22) or MAGOHB (Fig. 3B, lanes 
3–6 and 14–17) together with FLAG-tagged Y14. Protein 

mouse macrophages after lipopolysaccharide (LPS) stimulation. 
Macrophages have been shown previously to rapidly up and 
downregulate a subset of mRNAs in response to LPS stimula-
tion and, therefore, represent a well-established model system to 
study rapid changes of gene expression.21 We observed a signifi-
cant increase (2.3-fold, P < 0.001) of MAGOHB mRNA levels 
already 1 h after LPS stimulation (Fig. 2C), whereas MAGOH 
mRNA levels were not significantly altered at any time point 
(Fig. 2C). The mRNA expression of MAGOHB peaked after 6 h 
(12.5-fold, P < 0.001) and declined at later time points (Fig. 2C), 
suggesting that the upregulation of MAGOHB expression 
occurs only for a short period of time. The robust increase in 
MAGOHB mRNA expression did not lead to a corresponding 
increase of total MAGOH protein levels, which remained largely 
unchanged after LPS treatment (Fig. 2D). Taken together, these 
data show that the MAGOH and MAGOHB genes are evolu-
tionary well conserved among different species and are ubiqui-
tously expressed. Furthermore, the expression of MAGOH and 
MAGOHB in LPS-stimulated macrophages indicates that the 
two genes are differentially regulated under physiological condi-
tions at the transcriptional level.

Figure 2. expression of mAGoH and mAGoHB transcripts. (A) Quantitative Rt-PCR analysis of endogenous mAGoHB and mAGoH transcripts in 
HeK293 and HeLa cells. the expression levels were normalized to tAtA binding protein (tBP). (B) Quantitative Rt-PCR analysis of the mAGoHB and mA-
GoH transcripts levels in various tissues of three adult mice (data of individual mice are shown in Fig. S2). (C) Quantitative Rt-PCR analysis of the mA-
GoHB and mAGoH transcripts levels in murine derived macrophages that were stimulated with LPS (10 ng/mL) for 0, 1, 6, 12, and 24 h. Data presented 
in (A–C) represent the mean value (± standard deviation) obtained from three independent experiments. (D) Western blot of macrophages that were 
stimulated with LPS (10 ng/mL) for 0, 1, 6, 12, and 24 h. mAGoH protein levels were assessed with mAGoH-specific antibodies.
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may be competing with each other 
for cellular interaction partners. To 
test this possibility, equal amounts 
of FLAG-tagged MAGOH (Fig. 3C, 
lanes 2–5 and 11–14) or MAGOHB 
(Fig. 3C, lanes 6–9 and 15–18) were 
transfected together with increasing 
amounts of V5-tagged MAGOHB 
(Fig. 3C, lanes 3–5 and 12–14) 
or V5-tagged MAGOH (Fig. 3C, 
lanes 7–9 and 16–18). FLAG-
immunoprecipitated complexes 
were analyzed by immunoblotting. 
Notably, the expression of FLAG-

MAGOH decreased with increasing amounts of transfected 
V5-MAGOHB. A similar inverse correlation was observed 
for FLAG-MAGOHB expression levels and co-transfected 
V5-MAGOH. The decreasing amounts of FLAG-MAGOH and 
FLAG-MAGOHB also resulted in a reduced co-precipitation of 
UPF3B, eIF4A3, and Y14. Nonetheless, this slight effect likely 
represents an overload of the cellular expression machinery rather 
than a specific competition between the two MAGOH proteins.

Previously, we have utilized the technique of in vitro splicing 
reactions combined with immunoprecipitation, to analyze the 

complexes were immunoprecipitated via FLAG and co-precip-
itated V5-MAGOH/V5-MAGOHB and endogenous eIF4A3 
detected by immunoblotting. Both MAGOH and MAGOHB 
co-precipitated efficiently with Y14. Notably, the levels of co-
precipitated endogenous eIF4A3 did not change upon MAGOH 
or MAGOHB overexpression, indicating that either of the 
MAGOH proteins can be incorporated into the EJC with similar 
efficiency.

Because both MAGOH proteins interact with a very simi-
lar set of proteins, we reasoned that MAGOH and MAGOHB 

Figure 3. mAGoHB and mAGoH inter-
act with the same proteins and elicit 
NmD. (A) fLAG-mAGoH and fLAG-
mAGoHB were expressed in HeLa cells. 
Complexes were immunoprecipitated 
using fLAG-agarose beads. Western 
blotting with specified antibodies 
was used to visualize co-precipitated 
endogenous proteins. (B) equal 
amounts of fLAG-Y14 were transfected 
together with increasing amounts of 
V5-mAGoHB or V5-mAGoH. immu-
noprecipitations were performed 
using fLAG beads and co-precipitated 
components of the eJC were detected 
by immunoblotting. (C) equal amounts 
of fLAG-mAGoH and fLAG-mAGoHB 
were transfected together with 
increasing amounts of V5-mAGoHB 
and V5-mAGoH respectively. immuno-
precipitations were performed using 
fLAG beads and immunoblotting was 
performed to visualize co-precipitated 
proteins. (D) A 32P bodylabeled splicing 
substrate (miNX RNA) was incubated 
in HeLa nuclear extracts and HeK293 
whole cell extracts expressing fLAG-
mAGoHB, fLAG-mAGoH, or fLAG-Y14. 
fLAG-tagged proteins were immu-
noprecipitated and co-precipitated 
RNA was separated by denaturing 
PAGe. (E) Northern blot of HeLa cells 
co-transfected with the β-globin 4boxB 
reporter plasmid, a control and the in-
dicated λNV5-fusion proteins. Percent-
ages represent the mean calculated 
from three independent experiments.
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proteins from cells requires the combined knockdown of both 
genes.

Furthermore, the effects of MAGOH and MAGOHB deple-
tion on the well-established cellular NMD target SC35 (1.6 kb 
and 1.7 kb) were assessed.24,25 We found that NMD-sensitive 
transcripts of SC35 (1.6 kb and 1.7 kb) were still efficiently 
degraded after the depletion of either MAGOH or MAGOHB 
(Fig. 5A and B, lane 1–3 and 4–6). In contrast, the simultane-
ous depletion of both MAGOH and MAGOHB proteins caused 
a drastic increase in SC35 (1.6 kb and 1.7 kb) transcript levels 
(Fig. 5A and B, lane 7–9), indicating that NMD is strongly 
impaired in these cells. Depletion of Y14 also upregulated the 
expression levels of cellular NMD substrates to a similar extent 
as the combined depletion of MAGOH and MAGOHB and was 
used as a positive control (Fig. 5A and B, lane 11).

Taken together, our results demonstrate that for the efficient 
and functional depletion of MAGOH, both MAGOH proteins 
have to be simultaneously depleted by RNAi.

Materials and Methods

Plasmids, cell culture, and siRNA transfections. HeLa cells 
were cultured and transfected as described previously.23 For 
tethering assays, β-globin 4boxB, the transfection control 

splicing-dependent deposition of EJCs on a spliced RNA sub-
strate.22 We used a similar approach to determine if MAGOHB 
is incorporated into EJCs assembled by in vitro splicing. To this 
end, the MINX pre-mRNA was incubated in HeLa nuclear 
extracts supplemented with splicing-competent whole cell extract 
from HEK293 cells expressing different FLAG-tagged proteins 
(Fig. 3D) under splicing conditions. The FLAG-tagged proteins 
(MAGOH, MAGOHB, and Y14) were immunoprecipitated and 
their associated mRNAs visualized by denaturing PAGE. FLAG-
MAGOHB, like FLAG-MAGOH and FLAG-Y14, co-immu-
noprecipitated fully spliced mRNAs (Fig. 3D, compare lane 6, 
7 and 8), illustrating that both MAGOH and MAGOHB are 
efficiently incorporated into EJCs. In summary, our data indicate 
that both MAGOHB and MAGOH interact with a comparable 
set of EJC proteins and efficiently incorporate into EJCs assem-
bled during splicing.

MAGOHB elicits nonsense-mediated mRNA degradation. 
One of the biological functions of the EJC is the detection of 
PTC-containing transcripts and their subsequent decay by 
NMD. We performed tethering experiments and used a plasmid 
expressing β-globin with 4boxB sites in its 3' UTR as a NMD 
reporter.23 MAGOH and MAGOHB were expressed as λNV5 
fusion proteins to enable their tethering to the reporter mRNAs. 
As suggested by the almost identical amino acid sequence of 
MAGOHB and MAGOH and their ability to incorporate into 
EJCs, tethering of λNV5-MAGOH or λNV5-MAGOHB 
strongly reduced the abundance of the reporter mRNA (Fig. 3E, 
compare lane 2 and 3) as compared with the unfused λNV5 
(negative control, Fig. 3E, lane 1). This indicates that both 
MAGOH proteins operate in the NMD pathway and recruit 
NMD-activating factors to the 3' UTR of a tethering reporter 
mRNA with similar efficiency.

Effect of MAGOH depletion on cellular NMD substrates. 
To evaluate if the two MAGOH genes have redundant func-
tions, e.g., during the recognition of NMD targets, we designed 
a knockdown strategy to deplete cells individually of MAGOH 
and MAGOHB gene products. Because of their almost identi-
cal size and amino acid sequence, the levels of MAGOH and 
MAGOHB protein cannot be assessed individually, which 
is reflected by the single band that is detected on MAGOH-
specific immunoblots (Fig. 4B, panel MAGOH/MAGOHB). 
Hence, we refer to the protein band detected by MAGOH-
specific antibodies as MAGOH/MAGOHB. For the depletion 
of MAGOH and MAGOHB, three different siRNAs [referred 
to as 1–3 (MAGOH) and 4–6 (MAGOHB)] were used, respec-
tively (Fig. 4A, lanes 1–3 and 4–6). Individual transfections 
with siRNAs 1–3 or 4–6 to deplete MAGOH or MAGOHB 
gene products, respectively, only partially reduced the levels of 
total MAGOH/MAGOHB protein (Fig. 4B, compare lane 1–6 
with luciferase). However, when we targeted both MAGOH and 
MAGOHB mRNAs by a combination of different MAGOH and 
MAGOHB siRNAs, we were able to deplete the majority of the 
total MAGOH/MAGOHB proteins (Fig. 4B, lane 7, 8, and 9 
in comparison with lane 1–6). This establishes that the expres-
sion of both MAGOH genes can be reduced with specific siR-
NAs. However, the efficient depletion of MAGOH/MAGOHB 

Figure 4. Specific knockdown of mAGoHB and mAGoH. (A) HeLa cells 
were transfected with siRNAs targeting mAGoH (siRNAs 1, 2, and 3), 
mAGoHB (siRNAs 4, 5, and 6) or both mAGoH and mAGoHB (siRNA 
combinations 7, 8, and 9, see materials and methods). expression levels 
of mAGoH or mAGoHB mRNAs were determined by quantitative Rt-
PCR and normalized to tAtA binding protein (tBP). Reduction of mRNA 
levels of mAGoH and mAGoHB compared with Luc-siRNA transfected 
cells (100%) is depicted; data represent the mean percentage (± stan-
dard deviation) from three independent experimets. (B) Western blot 
of HeLa cells that were transfected with the indicated siRNA or siRNA 
combinations. the knockdown efficiency was assessed with mAGoH-
specific antibodies.
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according to the manufacturer’s recommenda-
tions using 1.5 μl of siRNAs (20 μM stock) and 
5 μl RNAiMAX reagent. Seventy-two hours 
post-transfection cells were harvested for analy-
sis of RNA and protein expression. Three siRNAs 
(IDT) were utilized to deplete MAGOH: [target 
sequences (1) AGATTAAACC AATCTAGACT 
GAATA; (2) CGGGAAGTTA AGATATGCCA 
A; (3) AAGCGTGATG GAGGAACTGA A] 
and to deplete MAGOHB: [target sequences (4) 
GCACAAGAGT GTAATGGAAG AACTG; (5) 
CGGACGGAAA GCTTAGATAT GCCAA; (6) 
CAGGCTGTTT GTATATTTAA T]. In addition, 
combinations of siRNAs to deplete both MAGOH 
as well as MAGOHB: [(7) siRNA1+siRNA4; (8) 
siRNA1+siRNA5; and (9) siRNA2+siRNA6] were 
utilized. The control siRNA (Luc: AACGUACGCG 
GAAUACUUCG ATT) was described previously.27 
Cellular NMD substrates SC35 of 1.6 kb and 1.7 kb 
were described previously.23-25

Isolation of bone marrow derived macrophages 
(BMDMs). Macrophages were derived from murine 
bone marrow as described in reference 28. BMDMs 
were differentiated in L929 medium and plated in 
L929 deficient medium on day seven. 2.5 × 105 cells 
per well were seeded in 12-well plates in triplicates. 
Macrophages were stimulated the next day with 
10 ng/ml LPS (TLR grade, ENZO Life Science). All 
samples were stimulated at the same time and har-
vested after different time points.

RNA extraction. Total RNA was extracted with 
TRI reagent and analyzed by northern blotting as 
described before.23

Quantitative real-time PCR. Quantitative 
RT-PCR measuring SYBR Green incorporation 
was used to quantify mRNA expression levels of 
MAGOH and MAGOHB. The expression levels of 
MAGOH were normalized to a housekeeping gene, 
i.e., TATA binding protein (TBP). The primers 
used for qPCR were as following: m-MAGOH fwd 
(ACAAAGGCAA GTTCGGTCAT), m-MAGOH 
rev (GGCCACAGAG CATCATCTTC), 
m-MAGOHB fwd (CAAGTTTGGG 
CACGAGTTTT), m-MAGOHB rev 
(AGAGCGTCGT CCTCTTTTGT), m-TBP 
fwd (CCCCACAACT CTTCCATTCT), 

m-TBP rev (GCCAGGAGTG ATAGGGGTCA T), 
h-MAGOH fwd (TTCAGGCTCG GTTGTCTTTT), 
h-MAGOH rev (CAGTTCCTCC ATCACGCTTT), 
h-MAGOHB fwd (GCGATTTCTA CCTGCGCTAC), 
h-MAGOHB rev (GAGGCCACAA AGCATCATCT), 
h-TBP fwd (TGCACAGGAG CCAAGAGTGA A), h-TBP 
rev (CACATCACAG CTCCCCACCA), SC35 1.6 kb fwd 
(CGGTGTCCTC TTAAGAAAAT GATGTA), SC35 1.7 kb 
fwd (GGCGTGTATT GGAGCAGATG TA), SC35 1.6 kb and 
1.7 kb rev (CTGCTACACA ACTGCGCCTT TT).

(wt300+e3), GFP expression vector, and expression plasmids 
pCI-λNV5, pCI-λNV5-MAGOH, and pCI-λNV5-Y14 were 
described previously.23 The MAGOHB cDNA was obtained 
by reverse transcription (RT)-PCR using total HeLa cell RNA 
and inserted into pCI-λNV5. FLAG- and V5-expression plas-
mids for immunoprecipitation and MINX for in vitro splicing 
experiments, were described.22,23 For knockdown assays, 1 × 
105 HeLa cells per well were seeded in 6-well plates 24 h before 
transfection with siRNAs. SiRNAs were transiently transfected 
using lipofectamine RNAiMAX reagent (Life Technologies) 

Figure 5. mAGoH and mAGoHB collectively support NmD. (A and B) the effect of 
single or combined knockdowns of mAGoH and mAGoHB on NmD was determined. 
the levels of the known cellular NmD-substrates SC35 1.6 kb (A) SC35 1.7 kb (B) 
were measured by quantitative Rt-PCR and normalized to tBP. fold upmodulation 
compared with Luc-siRNA transfected cells is depicted. Values for Y14-depleted cells 
are shown as separate panel. (C) Both mAGoH and mAGoHB are incorporated into the 
eJC core. Hence, two different types of core eJCs (mAGoH-containing and mAGoHB-
containing) are formed in mammalian cells.
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functional consequences of the depletion of both MAGOH 
proteins on natural cellular NMD substrates i.e., SC35 1.6 
kb and SC35 1.7 kb. Additionally, we confirm that targeting 
both MAGOH genes by siRNAs is required for the complete 
knockdown of MAGOH proteins17 and analyze the functional 
effects of the combined knockdown. This will be important 
for the design and interpretation of siRNA experiments, as the 
MAGOHB gene also contributes to the expression of func-
tional MAGOH proteins. Since the amino acid sequence of 
MAGOH and MAGOHB are very similar, we could not dif-
ferentiate between the individual contributions of either of 
the two MAGOH/MAGOHB genes to the overall MAGOH/
MAGOHB protein levels. Indeed, MAGOH and MAGOHB 
expression levels can only be estimated using qPCR quantifi-
cation of mRNA levels. It is surprising that the mammalian 
genome contains four alleles encoding two almost identical pro-
teins with highly redundant functions. Nonetheless, it is pos-
sible that the two proteins act in different cellular pathways or 
during different times of development. We currently favor the 
hypothesis that MAGOH functions as a housekeeping gene, 
whereas MAGOHB is regulated and will be used at specific 
time points, under certain cellular conditions, or to compensate 
for reduced levels of MAGOH. Our finding that the expression 
of MAGOHB is inducible in mouse macrophages corroborates 
this hypothesis. Nonetheless, the molecular mechanism for the 
differential regulation of both MAGOH genes remains elusive. 
Further work, such as the generation of MAGOHB-knockout 
mice, will be needed to understand the physiological function 
associated with either of the MAGOH genes.
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Immunoblot and immunoprecipitation. For immunoblot 
analysis, equal amounts (20 μg) of total extracts were subjected 
to SDS-PAGE. Complexes of FLAG-tagged proteins were immu-
noprecipitated from RNaseA-treated (20 μg/ml) lysates.23

In vitro transcription, in vitro splicing, and RNP immuno-
precipitation. Preparation of capped MINX transcripts, in vitro 
splicing followed by RNP immunoprecipitation were performed 
as described previously.22

Antibodies. The antibodies against FLAG (F7425 and F1804), 
Y14 (HPA018403), and Tubulin (T6074) were from Sigma, the 
MAGOH antibody (sc-271365) was purchased from Santa Cruz 
and the V5 antibody (18870) from QED. Polyclonal eIF4A3 
antibody was raised in rabbits and affinity-purified by Genscript 
with a KLH-conjugated peptide (ATSGSARKRL LKEED29). 
UPF3B antiserum was raised in rabbits by Eurogentech against a 
C-terminal fragment of UPF3B (300–483) and affinity purified.

Conclusions

In the current study, we have characterized a second MAGOH 
gene in human cells, referred to as MAGOHB. In 2009, it was 
reported that MAGOHB is the only gene whose expression 
changed after the histone 3 lysine 4 methyltransferase (MLL2) 
knockout.26 In that study, MAGOHB mRNA levels were 
reduced in concordance with decreased MLL2 protein levels, 
whereas MAGOH mRNA levels were unchanged. The existence 
of a second MAGOH gene in mouse has also been reported by 
Silver et al.,17 but the functional importance of the two genes has 
not been addressed until now. Here, we present a detailed analy-
sis of MAGOHB in human cell culture and provide evidence for 
the existence of MAGOHB in mammals. We detected constitu-
tive expression of both MAGOH and MAGOHB mRNAs in all 
mouse tissues and cell lines tested. Nonetheless, expression levels 
of both genes were variable in different tissues and MAGOHB 
mRNA levels were upregulated in macrophages after LPS stimu-
lation. Therefore, the existence of specific cell types that express 
only one of the two genes is conceivable. Since a previous report 
on MAGOH demonstrated its role in brain development,17 cells 
in the central nervous system (CNS) might display a specific 
requirement for MAGOH or MAGOHB during development. 
It will be very interesting to identify such cells in the future, to 
explore why the loss of a single allele of MAGOH has such a dra-
matic effect on brain development and size.

In our current study, we report the inclusion of MAGOHB 
in the EJC (Fig. 3A and D) and its functional involvement in 
the NMD pathway (Fig. 3E). Furthermore, we address the 
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