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ABSTRACT The mRNA transcriptome is currently thought to be partitioned between the
cytosol and endoplasmic reticulum (ER) compartments by binary selection; mRNAs encoding
cytosolic/nucleoplasmic proteins are translated on free ribosomes, and mRNAs encoding
topogenic signal-bearing proteins are translated on ER-bound ribosomes, with ER localiza-
tion being conferred by the signal-recognition particle pathway. In subgenomic and genomic
analyses of subcellular mRNA partitioning, we report an overlapping subcellular distribution
of cytosolic/nucleoplasmic and topogenic signal-encoding mRNAs, with mRNAs of both co-
horts displaying noncanonical subcellular partitioning patterns. Unexpectedly, the topogenic
signal-encoding mRNA transcriptome was observed to partition in a hierarchical, cohort-
specific manner. mRNAs encoding resident proteins of the endomembrane system were clus-
tered at high ER-enrichment values, whereas mRNAs encoding secretory pathway cargo were
broadly represented on free and ER-bound ribosomes. Two distinct modes of mRNA associa-
tion with the ER were identified. mRNAs encoding endomembrane-resident proteins were
bound via direct, ribosome-independent interactions, whereas mRNAs encoding secretory
cargo displayed predominantly ribosome-dependent modes of ER association. These data
indicate that mRNAs are partitioned between the cytosol and ER compartments via a hierar-
chical system of intrinsic and encoded topogenic signals and identify mRNA cohort-restricted
modes of mRNA association with the ER.
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INTRODUCTION

On exit from the nucleus, newly synthesized mRNAs are partitioned
between the two primary protein synthesis compartments of the
cell: the cytosol and the endoplasmic reticulum (ER). This ubiqui-
tous, transcriptome-wide sorting process functions to segregate
mRNAs on the basis of the subcellular trafficking fates of their en-
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coded translation products (Blobel, 1975; Blobel and Dobberstein,
1975a, 1975b; Blobel et al., 1979). Thus mRNAs encoding secretory
and integral membrane proteins undergo cotranslational localiza-
tion to the ER via the activity of topogenic signals encoded in the
nascent polypeptide chain (Blobel, 1975; Blobel and Dobberstein,
1975a, 1975b; Blobel et al., 1979; Walter and Johnson, 1994). In
contrast, MRNAs encoding cytosolic/nucleoplasmic proteins, which
lack topogenic signals, are translated on cytosolic ribosomes and
assume a default localization in the cytosol.

For those nascent translation products containing topogenic sig-
nals (signal sequence and/or transmembrane domain), topogenic
signal recognition by the signal-recognition particle (SRP) initiates
the trafficking of mRNA/ribosome/nascent chain complexes to the
ER (Blobel, 1980; Lingappa and Blobel, 1980; Walter and Johnson,
1994). In directing mRNA traffic to the ER, the SRP pathway operates
in an iterative manner to segregate the mRNA transcriptome be-
tween the cytosol and ER compartments (Blobel and Dobberstein,
1975a, 1975b; Walter and Blobel, 1981a, 1981b; Walter et al., 1981);
Walter and Johnson, 1994). Although a primary function for the SRP
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pathway in mRNA localization to the ER is well established, molecu-
lar genetic and genomic studies have indicated that multiple path-
ways likely contribute to subcellular mRNA partitioning in the cell.
Notably, molecular genetic analyses of SRP pathway function in
yeast have demonstrated that SRP/SRP receptor expression is not
essential for viability (Hann et al., 1989; Hann and Walter, 1991;
Mutka and Walter, 2001). In yeast, the loss of SRP pathway function
was accompanied by a broad physiological response yielding ER
expansion and an enhanced capacity for mRNA translation on the
ER, presumably through direct initiation of mRNA translation on ER-
associated ribosomes (Potter and Nicchitta, 2000, 2002; Mutka and
Walter, 2001). Similar to findings in yeast, siRNA-mediated silencing
of SRP72 or SRP54 expression in mammalian cells had modest ef-
fects on membrane protein synthesis and trafficking, with no overt
effects on cell growth and division (Ren et al., 2004). Silencing of
SRP14 expression also resulted in decreased efficiencies in protein
secretion efficiency and reduced cell growth rates, but was not lethal
(Lakkaraju et al., 2008). Further evidence for the existence of multiple
pathways for regulating mRNA partitioning to the ER was obtained
in cDNA microarray studies of the population identities of cytosolic
and membrane-bound mRNAs, where a substantial representation of
mRNAs encoding cytosolic proteins in the ER-bound mRNA pool,
was reported (Kopczynski et al., 1998; Diehn et al., 2000, 2006; de
Jong et al., 2006). Currently, little is known regarding the biological
rules that determine the subcellular partitioning behavior of individ-
ual mRNAs, or the biochemical mechanisms that enable distinct pat-
terns of MRNA enrichment in the two compartments.

In this communication, we utilize cell fractionation, subgenomic
and genomic analysis of mRNA population identities, and estab-
lished biochemical methodologies for the study of ribosome-mem-
brane interactions to investigate subcellular patterns and mecha-
nisms of mMRNA partitioning in mammalian cells. These studies
reveal an unexpected diversity in the cellular mechanisms governing
the subcellular distribution of topogenic signal-encoding mRNAs
and suggest that mRNAs encoding resident proteins of the endo-
membrane system contain localization signals dominant to the sig-
nal peptide, which enable mRNA cohort-restricted modes of direct
association with the ER.

RESULTS

Identification of cohort-specific patterns of subcellular
mRNA partitioning

We examined subcellular mRNA distributions in mammalian cell
lines using an established sequential detergent extraction protocol
(Stephens et al., 2005, 2008; Stephens and Nicchitta, 2007). This
protocol does not require cell homogenization, as used in past
studies, and thus provides an important test of the contribution of
fractionation methodologies to subcellular mRNA partitioning pat-
terns (Diehn et al., 2000, 2006). To enable the quantitative assess-
ment of subcellular mRNA distributions, mRNA levels were assayed
by gPCR array using commercially available gPCR gene array sets,
which were selected to include genes with products that encode
prominent proteins of known function and subcellular distribution,
and that represent cytosolic, nucleoplasmic, and topogenic signal-
encoding mRNAs (Supplemental Table S1).

The data in Figure 1 depict the subcellular distribution values
(log, membrane/cytosol) for all gene products identified in the
gPCR array analysis of J558 murine plasmacytoma cytosol and ER-
bound RNA pools. The overall gene distribution profile is notable
for the broad dispersion of mRNAs between the cytosol and ER
compartments (~6 log, orders); the abundance of mMRNAs present
in both compartments (peak gene distribution was centered at

Volume 22 July 15, 2011

Fractional mRNA Distribution

0.90 075 05 0.75 0.90
T T T T T
107 Cytosol l Endoplasmic
Reticulum
8
€ .
3 6
(@)
)
& 4
15} 4
5
0

-4 2 0 2 4
logo (membrane/cytosol)

FIGURE 1: mRNAs display diverse patterns of subcellular
partitioning. J558 murine plasmacytoma cells were fractionated by
sequential detergent extraction and total cytosolic and ER membrane-
associated RNA pools were isolated by Trizol extraction. The mRNA
composition of the two pools was assayed by 96-gene qPCR arrays
and compartmental enrichment values quantified using GPR software.

log, —0.5); and the differing absolute magnitudes of compartmental
enrichment, ranging from —2.27 (cytosolic protein, leucine amino-
peptidase) to 3.85 (secretory protein, prosaposin [Psap]). The ob-
served mRNA distribution pattern contrasts with the bimodal pat-
tern expected in models where topogenic signals dictate mRNA
partitioning to the ER. This distribution pattern broadly mirrors the
pattern previously reported in genome-scale cDNA microarray-
based studies of subcellular mRNA partitioning, and demonstrates
that noncanonical subcellular mRNA distribution patterns are appar-
ent, regardless of the methodologies used for cell fractionation or
for assessing mRNA distributions (Diehn et al., 2000, 2006).

To gain insight into the biological origins of the overlapping
compartmental mRNA distribution, the gene list was first sorted on
the basis of the presence or absence of an encoded topogenic sig-
nal. Similar to past reports, this analysis demonstrated a substantial
cross-representation of topogenic signal-encoding mRNAs in the
cytosol and ER compartments, suggesting that topogenic signals
alone are incomplete determinants of subcellular mRNA distribution
patterns (Diehn et al., 2000, 2006). When the topogenic signal-en-
coding mRNAs were sorted on the basis of the subcellular trafficking
fate of the encoded translation product, however, an mRNA cohort-
specific subcellular distribution pattern was revealed (Figure 2A-D).
In this analysis, three mRNA cohorts were defined: mRNAs encod-
ing cytosolic/nucleoplasmic proteins, predicted to be enriched in
the cytosolic mMRNA pool; mRNAs encoding secretory pathway
cargo, which encode proteins bearing topogenic signals and are
thus predicted to be enriched in the ER; and mRNAs encoding resi-
dent proteins of the endomembrane system (ER, Golgi apparatus,
lysosomes, endosomes), which encode proteins bearing topogenic
signals and intrinsic organellar localization signals and which
are predicted to be enriched in the ER (Table S2). As shown in
Figure 2A, mRNAs encoding cytosolic/nucleoplasmic proteins dis-
played a peak gene enrichment at log, —0.5, with a range of ap-
proximately —2.271 (Lap3) to 1.322 (CaMKllo; Table S2). In addition
to displaying an overall fractional enrichment in the cytosol, this
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FIGURE 2: Subcellular mRNA distributions are marked by cohort-
specific enrichment patterns. Gene product distributions (Figure 1)
were grouped on the basis of predicted subcellular localization, and
cohort-specific subcellular distributions patterns were analyzed.
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mRNA cohort includes mRNAs that undergo noncanonical enrich-
ment in the ER (Table S2). The biological mechanism and rationale
for such noncanonical enrichments is unknown and is under sepa-
rate investigation. In contrast to the cytosolic/nucleoplasmic mRNA
cohort, mRNAs encoding endomembrane-resident proteins were
highly enriched on the ER, with log, distribution values of -0.1
(Lamp1) to 3.56 (Lgmn, a lysosomal, cysteinyl protease; Figure 2B
and Table S2). The combined subcellular distribution patterns of
mRNAs encoding cytosolic/nucleoplasmic and endomembrane-
resident proteins approximate the predicted bimodal distribution
predicted in a topogenic signal-based mRNA sorting model, though
biased to an ER-associated distribution. This distribution pattern
was lost when the analysis was expanded to include the topogenic
signal-encoding secretory pathway cargo cohort (Figure 2C and Ta-
ble S2). The latter cohort was distinguished by an unexpectedly
broad spectrum of log, partitioning values, ranging from -2.27
(FcRy-lb) to 3.85 (Psap). The broad distribution pattern for this co-
hort may in part reflect signal peptide functionality; the critical signal
peptide hydrophobic region (H region) of the FcRy-llb (log, —2.27)
signal peptide is relatively short (seven amino acids), whereas the H
region of Psap (log, 3.85) is substantially longer (12 amino acids).
Indeed, differences in signal peptide functionality have previously
been demonstrated to influence protein translocation efficiencies
and the subcellular distribution of the translation products (Kim et
al., 2001, 2002; Kim and Hegde, 2002; Shaffer et al., 2005; Hegde
and Bernstein, 2006). Interestingly, in the current annotation, Psap is
reported as a dual secretory/integral membrane protein, and thus is
assigned to the secretory pathway cargo cohort. However, the pri-
mary subcellular trafficking destination of Psap is the lysosome,
where saposins A, B, C, and D function as lysosomal glycosphingo-
lipid hydrolases (O'Brien and Kishimoto, 1991; Kishimoto et al.,
1992). The high ER partitioning value for Psap mRNAs likely reflects
a resident lysosomal (endomembrane) function for the encoded
products.

Summary gene distribution patterns for the cytosolic and ER
mRNA pools are depicted in Figure 2D. The overall gene product
distributions favor the ER by approximately twofold, suggesting that
the ER is the predominant site of mMRNA translation in the cell. The
cytosolic mRNA pool was comprised predominantly (~55%) of
mRNAs encoding cytosolic/nucleoplasmic proteins, with the re-
maining fraction comprising noncanonically enriched secretory
pathway cargo-encoding and endomembrane organelle protein-
encoding mRNAs. The ER fraction was highly enriched in mRNAs
encoding secretory pathway cargo (36%) and endomembrane or-
ganelle proteins (43%), with the remaining fraction (21%) comprising
mRNAs encoding cytosolic/nucleoplasmic proteins that undergo
noncanonical localization to the ER.

The data presented in Figures 1 and 2 suggest that subcellular
mRNA distribution patterns are determined by multiple localization
elements. Importantly, topogenic signals, which are essential for
protein translocation and sufficient to direct mRNA localization to

Predicted subcellular distributions were determined by manual
interrogation of existing databases. (A) mRNAs encoding cytosolic
and nucleoplasmic proteins (Cyt/Nuc). (B) mRNAs encoding resident
proteins of the endomembrane system. (C) mRNAs encoding
secretory pathway cargo. (D) Cohort-specific population distributions
of mRNAs in the cytosol and ER membrane RNA pools. Total gene
distributions were determined, and the overall and relative pool
compositions were determined as a function of a three-cohort
model.
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the ER in vitro, appear to represent one of potentially many such
signals. These findings, observed at a subgenomic level, are consis-
tent with the emerging view that a large fraction of the mRNA tran-
scriptome undergoes localization to serve fundamental roles in con-
ferring cellular organization and function, and that signal sequences
can encode diverse protein localization and localization information
(Hegde and Bernstein, 2006; Lecuyer et al., 2007, 2009).

Genome-scale analysis of cohort-specific patterns

of mRNA partitioning

The cohort-specific subcellular mRNA distribution patterns de-
scribed above were derived from a limited gene set; of the
96 genes examined in the gPCR arrays, significant gPCR signals
were obtained for 60 genes, or ~0.3% of the murine genome.
To determine whether the cohort-specific subcellular enrichment
patterns noted above were recapitulated at the genome scale, pub-
licly available genome-scale subcellular mRNA partitioning data
(Stanford Microarray Database, http://smd.stanford.edu/resources
/databases.shtml) were analyzed using the cytosolic/nucleoplasmic
/secretory cargo/resident endomembrane protein distribution
model described in the preceding section. In this analysis, the
mRNA subcellular distribution data set from K-562 leukemia cells,
described in Diehn et al. (2006), was examined. As shown in Figure
3A, peak K-562 gene enrichment was centered at log, —1.6, with
maximal cytosol and ER enrichments extending from log, -2.6 to
4.5, respectively (Table S3). The overall K-562 subcellular mRNA dis-
tribution pattern was similar to that determined in the J558 cell line
and was recapitulated in numerous cell lines (Supplemental Figure
S1). As in the mRNA distributions determined in J558 cells, the
overall pattern of subcellular mRNA partitioning in K-562 cells is
notable for the broad distribution of MRNAs between the cytosol
and ER compartments, as well the differences in the maximal de-
gree of enrichment in the ER relative to the cytosol (Figure 3A). The
distribution pattern of mRNAs encoding cytosolic/nucleoplasmic
proteins is shown in Figure 3B. This gene set was identified by se-
lecting genes via the gene ontology (GO) category “cytoplasm”
(GO: 0005737) and computationally filtered to remove any topo-
genic domain-encoding mRNAs that were included through inaccu-
rate GO annotation. The K-562 cytoplasm cohort (1814 genes) dis-
played a peak at —1.8 log, (membrane/cytosol). A sizable fraction of
mRNAs encoding cytosolic proteins was represented in the ER
mRNA pool, with a small subset of the cytosolic protein-encoding
mRNAs displaying relative ER enrichment levels that approximate
those seen with topogenic domain-encoding mRNAs. The latter co-
hort was distinguished by its enrichment in mMRNAs encoding pro-
teins with a nuclear function as well as proteins functioning in cy-
toskeletal organization (Table S3). To identify genes encoding
resident proteins of the endomembrane system, a custom GO cat-
egory, “endomembrane system,” was defined to include proteins
that reside in the rough ER and/or rough ER lumen (defined as bear-
ing a C-terminal ER retention/retrieval motif), or are resident mem-
brane proteins of the Golgi apparatus or lysosomes. This cohort
(245 genes) displayed a peak log, enrichment of ~3.4, and ranged
from —1.8 to 4.5 (Figure 3D). The subcohort of mRNAs displaying the
lowest ER partitioning values was highly enriched in genes encoding
enzymes functioning in lipid biosynthesis (Table S3). In contrast, the
subcohort displaying the highest ER partitioning values was enriched
in genes encoding resident molecular chaperones of the ER lumen
(i.e., GRP94 and calreticulin), proteins functioning in protein transloca-
tion/modification (B-subunit of the SRP receptor, ribophorin 1), resi-
dent Golgi proteins functioning in oligosaccharide modification, and
resident lysosomal proteins (Table S3). Similar to the observations
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obtained in J558 cell fractionations, the genome-scale mRNA en-
richment patterns of the cytosolic/nucleoplasmic and endomem-
brane system mRNA cohorts’ genes displayed a bimodal distribution
pattern with a clear bias to the ER compartment.

As observed in the subgenomic analysis, the bimodal distribu-
tion pattern displayed by the K-562 cytosolic/nucleoplasmic and
endomembrane system mRNA cohorts was compromised when
mRNAs encoding secretory pathway cargo (668 genes) were in-
cluded in the analysis (Figure 3C and Table S3). This category was
selected by filtering the K-562 gene set by the GO categories "ex-
tracellular” (GO:0005615) and “plasma membrane” (GO:0005886)
and displayed log, (membrane/cytosol) enrichment values ranging
from —1.9 to 4.2. At the genome scale, no clear correlation between
signal peptide H region length and subcellular distribution was dis-
cernible, with both the high and low relative ER membrane enrich-
ment cohorts displaying strong signal peptide H region SignalP
(www.cbs.dtu.dk/services/SignalP/)  scores (unpublished  data;
Bendtsen et al., 2004). As observed in the gPCR array studies (Fig-
ures 1 and 2), the secretory pathway cargo-encoding mRNA cohort
displayed a broad subcellular distribution pattern, with a substantial
number of topogenic domain-encoding mRNAs partitioning to the
cytosol.

To further investigate the role of topogenic signals in the regu-
lation of subcellular mRNA partitioning, log2 (membrane/cytosol)
K-562 gene distributions were evaluated with respect to encoded
topogenic signals (signal peptide, monotopic membrane protein,
polytopic membrane protein). Using the programs SignalP and
TMHMM (www.cbs.dtu.dk/services/TMHMM), genes were classi-
fied into six categories: lacking topogenic signal, signal peptide-
encoding, single transmembrane domain-encoding, multiple
transmembrane domain-encoding, single transmembrane domain
and signal peptide-encoding, and lastly, multiple transmembrane
domain and signal peptide-encoding (Krogh et al., 2001; Bendtsen
et al., 2004). Cumulative density functions were then generated
for each cohort (Figure 3E). In the case of mRNAs lacking an en-
coded topogenic signal (i.e., cytosolic/nucleoplasmic), the gene
density function is curvilinear, with a substantial gene representa-
tion at logy = 0 and a cohort of genes displaying noncanonical
enrichment in the ER. Plots depicting topogenic signal-encoding
genes are also curvilinear and include a substantial fraction of
gene products that are cross-represented in the cytosol and ER
compartments. For those genes encoding mono- and polytopic
transmembrane domain-bearing proteins, a more pronounced
bias to ER enrichment was observed, suggesting that transmem-
brane domain topogenic signals are dominant to signal peptides
(Figure 3E). Interestingly, overall ER-enrichment values were most
enhanced for those mRNAs encoding both transmembrane do-
mains and signal peptides (Figure 3E). The extended fractional
enrichments in the cumulative density plots suggest that multiple
processes contribute to individual subcellular mRNA distribution
patterns, a conclusion that is supported by the divergence be-
tween the observed cumulative density distributions and the dis-
tributions predicted by a positive selection mechanism of mRNA
partitioning to the ER.

In summary, analysis of genome-scale subcellular mRNA parti-
tioning data via the three-cohort model described above (Figure 2)
supports the view that mRNA partitioning is under hierarchical regu-
lation and suggests that mRNAs encoding resident proteins of the
endomembrane system contain localization information that is dom-
inant to that expressed by topogenic protein-encoded signals.
When sorted with respect to topogenic signals, the data also dem-
onstrate that transmembrane domain topogenic signals are
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FIGURE 3: Genome-scale analysis of subcellular mRNA distribution reveals topogenic signal-independent partitioning
patterns. Publicly available subcellular gene production distribution data were analyzed by a three-cohort model. The
genome database for the K-562 (human myelogenous leukemia) cell line was used. Gene product cohorts were
identified by algorithmic sorting, using gene ontology (GO) criteria. (A) All genes. (B) Genes encoding cytosolic and
nucleoplasmic proteins, selected via the GO category “cytoplasm” (GO: 0005737) and filtered to remove topogenic
signal-encoding genes. (C) Secretory pathway cargo. The K-562 gene set was sorted using the GO categories
“extracellular” (GO: 0005615) and “plasma membrane” (GO: 0005886). (D) Endomembrane system. The K-562 gene set
was sorted using a custom GO category “endomembrane” to include genes whose translation products reside in the ER
membrane, the ER lumen, or the Golgi apparatus or lysosomes. (E) Subcellular mRNA distributions were analyzed by
cumulative density distribution, using a six-cohort model: no topogenic signal, signal sequence-encoding, single
transmembrane domain-encoding (monotopic), multiple transmembrane domain-encoding (polytopic), and single/
multi-transmembrane domain plus signal sequence.
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this end, mRNA-ER membrane interac-
tions were examined by biochemical frac-
tionation of equilibrium density gradient—
purified rough microsomes (RM) (Stephens
et al., 2005, 2008; Stephens and Nicchitta,
2008).

Past studies have established that expo-
sure of RM to high salt concentrations can
elicit 80S ribosome release from the ER
membrane, whereas divalent cation chela-
tors (e.g., EDTA) elicit ribosomal subunit dis-
sociation and efficient 40S and partial 60S
ribosomal subunit release from the ER mem-
brane (Sabatini et al., 1966; Adelman et al.,
1973). To assay for ribosome-dependent mRNA-ER interactions,
RM were prepared from J558 plasmacytoma and H929 myeloma
cells; adjusted to 0.5M KCI, 20 mM EDTA, or 0.5M KCI/20 mM
EDTA; and subjected to ultracentrifugation to separate the mem-
brane-associated and released fractions. The two fractions were as-
sayed via analysis of 285/18S rRNA for ribosome content and via
Northern blot for mRNA. As shown in Figure 4, A and B, when RM
suspensions were diluted into physiological salt solutions and sub-
jected to ultracentrifugation, ribosomes and mRNAs encoding the
resident ER chaperones GRP94 and BiP (J558 cells), or GRP94 and
calreticulin (H929 cells), were efficiently recovered in the membrane
(P) fraction. Also recovered in the membrane fraction were mRNAs
encoding the secretory pathway cargo proteins A light chain (J558
cells) and « light chain (H929 cells). Following dilution of the RM
fractions with 0.5 M KCl solutions, a partial release of ribosomes was
observed for both J558 and H929 RM, with modest effects on
mRNA distributions. As noted in past studies, ribosomes released
under such conditions include vacant 80S monosomes (Stephens
et al., 2005). Under experimental conditions, where ribosomes were
dissociated into their component subunits (addition of EDTA), the
membrane association behavior of the two mRNA species could be

experiments.
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FIGURE 4: mRNAs display cohort-specific modes of interaction with the ER membrane. RM
were purified from J558 murine plasmacytoma and H929 human myeloma cells by equilibrium
density gradient centrifugation and mRNA-ER membrane interactions were determined by
biochemical fractionation. RM suspensions were diluted in physiological salts buffer (Control),
0.5 M KCI (KCI), 20 mM EDTA (EDTA), or 0.5 M KCI/20 mM EDTA (K/E) and incubated on ice.
Membrane-bound (P) and released (S) fractions were separated by ultracentrifugation and total
RNA was isolated. (A) rRNA (28S, 18S) distributions were determined by dye staining, and
mRNAs encoding the ER-resident proteins GRP94 (J558, H929), BiP (J558), calreticulin (CRT)
(H929), A light chain (J558), and k light (chain (H929) were determined by Northern blot analysis.
(B) Digital images for rRNA and mRNA distributions are depicted. rRNA and mRNA distributions
were quantified by ImageJ analysis of SYBR Safe stained RNA gels or phosphorimager scans of
Northern blots. Data represent mean + SD of seven (J558) or three (H929) individual

clearly distinguished. In the presence of 20 mM EDTA, mRNAs en-
coding the secretory pathway cargo proteins A and « light chain
were recovered in the supernatant (S) fraction, whereas mRNAs en-
coding the resident ER proteins GRP?94, BiP, and calreticulin were
recovered in the membrane fraction (Figure 4, A and B). These dif-
ferences were further distinguished by extraction of RM in high salt/
EDTA-supplemented buffers. Under these conditions, mRNAs en-
coding ER-resident proteins remained tightly associated with the ER
membrane, whereas secretory pathway-encoding proteins and ribo-
somes were efficiently released into the supernatant fraction (Figure
4, A and B). These data identify two biochemically distinguishable
modes of mRNA association with the ER. In one mode, displayed by
mRNAs encoding the secretory pathway cargo proteins A and k light
chain, mRNAs displayed membrane-binding properties similar to
those established for ribosomes and were released upon addition of
high salt/EDTA-containing buffers. In contrast, mRNAs encoding
resident ER proteins remained predominantly membrane-associ-
ated under experimental conditions that elicited ribosome dissocia-
tion and release. These data suggest a model where mRNAs can be
localized to the ER through distinct, though not necessarily exclu-
sive, modes via their functional association with membrane-bound
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FIGURE 5: mRNA-ER binding interactions of mRNAs are
distinguished by protonated amine extraction. RM were purified from
J558 murine plasmacytoma cells by equilibrium density gradient
centrifugation and mRNA-ER membrane interactions were examined
by extraction with the protonated amine buffers (neutral Tris or
neutral imidazole). J558 RM suspensions were diluted in physiological
salts buffer (Control), neutral Tris/HCI (0.1, 0.25, 0.5 M), or neutral
imidazole/HCI (0.1, 0.25, 0.5 M), and incubated on ice, and the
membrane-associated and -released fractions were isolated by
ultracentrifugation. Samples were processed as described in the
Figure 4 caption. (A) Digital images of rRNA gels and phosphorimager
data (BiP, A light chain). (B) Data from three independent experiments
are summarized, with mean * SD values indicated.

ribosomes and/or via salt and divalent cation-insensitive, ribosome-
independent interactions with components of the ER membrane.
As a further test of this model, an alternative biochemical method
for disrupting peripheral protein—-membrane interactions was exam-
ined. Previous studies have demonstrated that high concentrations
of protonated amines (e.g., neutral Tris solution) efficiently extract
the peripheral membrane protein fraction of coated vesicles (Keen
etal., 1979). This experimental approach was adapted to the analy-
sis of ribbosome—-mRNA interactions in experiments where RM were
treated with increasing concentrations of protonated amines, and
ER membrane-mRNA interactions were examined by the centrifu-
gation assay detailed above (Figure 4). The results of these studies
are depicted in Figure 5, A and B. When J558 RM were treated with
increasing concentrations of Tris/Cl (pKa = 8.3), a progressive re-
lease of ribosomes was observed (Figure 5, A and B). Ribosome
release was discernibly less efficient in the presence of increasing
concentrations of imidazole/Cl (pKa = 5.9), an observation consis-
tent with the requirement for the protonated form of the base in the
disruption of peripheral membrane interactions (Keen et al., 1979).
At Tris/Cl or imidazole/Cl concentrations up to 0.25 M, BiP- and A
light chain-encoding mRNAs were retained on the ER. However, in
the presence of 0.5 M Tris/Cl, BiP-encoding mRNAs were retained
on the ER, whereas A light chain mRNAs were efficiently released.
As an additional independent means of distinguishing mRNA-
ER binding interactions, detergent extraction studies were per-
formed to examine the membrane interaction profiles of the ER-as-
sociated mMRNA populations. In these experiments, we postulated
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the detergent solubilization profile for a given cohort of mRNAs as-
sociated with the ER membrane primarily via a functional associa-
tion with ER-bound ribosomes would mirror the profile of ribosomes
and ribosome receptor proteins (e.g., Secé61a). Alternatively, if
mRNAs engage in multiple interactions with components of the ER
membrane, the detergent solubilization profiles would reflect the
composite solubilization behavior of ribosome receptor proteins
and (putative) ER-membrane mRNA/RNP-binding proteins. As a test
of this hypothesis, RM were prepared from J558 cells and the deter-
gent solubilization profiles of both resident ER proteins (GRP94, BiP)
and A light chain-encoding mRNAs were determined. Two deter-
gents were compared, BigCHAPS and dodecylmaltoside (DDM).
BigCHAPS and DDM differ in structure, mechanism of membrane
solubilization, and relative efficacy in solubilizing biological mem-
branes (Lin and Guidotti, 2009). In these experiments, J558 RM sus-
pensions were adjusted to 0.5M KClI, detergent stocks were added
to the indicated concentrations, and the detergent-soluble and de-
tergent-resistant fractions were separated by ultracentrifugation.
The data in Figure 6A depict the DDM solubilization behavior of
resident ER lumenal proteins (GRP?94, BiP), ribosome-interacting
membrane proteins (ribophorin |, Secé10), and a resident ER mem-
brane protein (TRAPa). Whereas ER-resident lumenal proteins were
predominantly released at 0.01% DDM, efficient solubilization of
resident ER membrane proteins required DDM concentrations of
0.05-0.1%, with modest increases in solubilization efficiencies as
DDM concentrations were increased to 1% (Figure 6A). The solubi-
lization behavior of bound ribosomes was similar to that of the ribo-
some-interacting proteins ribophorin | and Secé1q,; in the presence
of increasing DDM concentrations membrane-associated ribosomes
were recovered in the supernatant fraction, in parallel with ribo-
phorin | and Secé1a (Figure 6B).

Analyses of detergent-mediated mRNA solubilization revealed
substantially different solubilization profiles for mRNAs encoding
the secretory pathway cargo protein A light chain and the ER lume-
nal chaperones GRP94 and BiP (Figure 6, B and C). In experiments
conducted with DDM, detergent concentrations of > 0.05%
yielded efficient solubilization of membrane-bound ribosomes
and A light chain—encoding mRNAs, with > 80% of both the mem-
brane-bound ribosomes and A light chain—encoding mRNAs being
recovered in the detergent-soluble fraction at DDM concentra-
tions of 1% (Figure 6B). In contrast, mRNAs encoding BiP and
GRP94 were relatively insensitive to DDM-mediated solubilization
and were predominantly recovered in the detergent-resistant frac-
tion. At the highest DDM concentration examined (1%), ~65% of
this mMRNA cohort remained in the detergent-resistant fraction.
Such differences in the relative efficacy of detergent-mediated
mRNA solubilization were also evident in experiments conducted
with BigCHAPS (Figure 6C). Here the majority (~80%) of the
mRNAs encoding BiP and GRP%4 were recovered in the deter-
gent-resistant fraction, although ribosome solubilization efficien-
cies approached 90% (Figure 6C). mRNAs encoding A light chain
were recovered in the detergent-soluble supernatant fraction, with
the release profile mirroring that of the bound ribosomes
(Figure 6C). These data demonstrate that mRNAs encoding resi-
dent proteins of the ER, and which are essential for ER function
and biogenesis, are bound via mechanisms largely independent of
bound ribosomes. In the case of MRNAs encoding secretory path-
way cargo, the primary mechanism of ER association is via ribo-
some association. These findings raise the possibility that mRNAs
whose translation products are essential for secretory pathway
function are localized to the ER by mechanisms distinct from that
operating in translation-dependent mRNA localization (i.e., the
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FIGURE 6: mRNAs encoding endomembrane-resident proteins are
bound to the ER via ribosome-independent interactions. The
ribosome dependence of MRNA-ER interactions for mRNAs encoding
secretory pathway cargo (A light chain) and endomembrane-resident
proteins (GRP94, BiP) was determined by detergent solubilization
profiling. (A) J558 plasmacytoma RM were diluted into buffers
containing 0.3 M KCl and the indicated concentrations of the
detergent DDM. The detergent-soluble and -resistant fractions were
separated by ultracentrifugation, and the protein composition of the
two fractions was determined by immunoblot analysis of the
ER-resident lumenal proteins GRP94 and BiP, the ribosome-interacting
proteins ribophorin | and Sec61a, and the ER-resident membrane
protein TRAPo.. The detergent solubilization profiles for ribosomes
(rRNA), mRNAs encoding the secretory pathway cargo protein A light
chain (A LC), and the resident endomembrane (ER) proteins BiP and
GRP94 are depicted in (B and C), for the detergents DDM and
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SRP pathway). This hypothesis was further examined in subge-
nomic studies of ER-mRNA interaction.

Sub-genomic analysis of mMRNA-ER association patterns

To give insight into the composition of the mRNA pools comprising
the biochemically distinct modes of ER membrane-mRNA interac-
tion identified above, gPCR array analyses were performed on the
membrane-associated and -released fractions derived from high
salt/EDTA-extracted RM (Figure 4). In these experiments, multiple,
independent RM preparations were generated from J558 cells, ex-
tracted in 0.5M KCI/20 mM EDTA, and centrifuged to separate the
membrane-associated and released mRNA pools, and the mRNA
composition of the membrane-associated and -released mRNA
pools was assessed by qPCR array. Two commercially available 96-
gene gPCR array sets used in combination provided a broad repre-
sentation of prominent gene products functioning in the cytosol/
nucleoplasm, serving as secretory pathway cargo, or resident in the
endomembrane system.

The results of these studies are summarized in Figure 7, A-E. For
all mRNA species (i.e., those copurifying with the RM fraction), a
broad range (~6 log, orders) of membrane-associated/released val-
ues was observed, ranging from —2.9 (secretory cargo proteins
thrombopoietin and B2-microglobulin) to 2.9 (endomembrane-resi-
dent proteins Tap1 and Lamp1; Figure 7A and Table S6). These data
mirror the results depicted in Figure 4 regarding the secretory cargo
proteins A and x light chain and the ER-resident proteins GRP%94 and
BiP. Notably, however, the majority of the gene products displayed
membrane-associated versus -released ratios centered near 0, sug-
gesting that individual mRNAs undergo heterogeneous modes of
interaction with components of the ER membrane. For ER-associ-
ated gene products encoding cytosolic/nucleoplasmic proteins
(n = 42), the distribution was centered at log, —0.5, with a range of
—2.00 to 1.84 (Figure 7B). Within this cohort, distinct gene product
subsets could be identified. For example, mRNAs encoding cytoso-
lic proteins with a nuclear function (e.g., transcription factors Taf4a,
Rfxab, Fos) were enriched in the membrane-associated fraction,
whereas gene products encoding proteins functioning in the cytosol
(e.g., caspase-8, c-srk tyrosine kinase, Birc5, inhibitor of apoptosis)
were enriched in the released fraction (Table S4). Intriguingly, within
this cohort, the relative distributions of mRNAs between the mem-
brane-associated and -released fractions mirrored their subcellu-
lar log, (membrane/cytosol) distribution patterns (Figure 2 and
Table S2). For example, mRNAs encoding Lap3, Tep1, and Psmef
displayed cytosol-enriched subcellular distribution patterns and
were distributed predominantly in the released fraction (Table S4).
Conversely, mRNAs encoding the cytosolic proteins CaMK2a. and
protein kinse C3 displayed membrane-enriched subcellular distribu-
tion patterns and were enriched in the ER-associated fraction of the
RM extraction experiments. Thus the capacity to undergo nonca-
nonical localization to the ER correlated with a multimodal mecha-
nism of ER association.

The data describing the membrane association behavior of
mRNAs encoding resident proteins of the endomembrane system
are consistent with the conclusion that a high log, (membrane/cyto-
sol) subcellular distribution coefficient was predictive of a salt/EDTA-
insensitive mode of mRNA association with the ER. Of the 19 ar-
rayed genes comprising this cohort, which include the genes

BigCHAPS, respectively. rRNA levels were determined by SYBR Green
Supermix staining of denaturing RNA gels; mRNA levels were
determined by Northern blot and phosphorimager analysis.
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analysis are depicted by the solid and dashed lines, respectively.
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encoding the resident ER proteins GRP%4,
BiP, PDI, and calreticulin, and the resident
lysosomal proteins Lamp1 and cathepsin D,
all were substantially enriched in the ER
membrane fraction in the subcellular parti-
tioning experiments reported in Figures 2
and 3 and in the membrane-associated frac-
tion of the RM extraction data depicted in
Figure 7D. Again, similar to what was ob-
served in the subcellular mRNA partitioning
studies, where population comparisons of
the cytosol- and ER-resident protein-encod-
ing cohorts yielded a clear bimodal mRNA
distribution pattern, population compari-
sons of the cytosol- and ER-resident protein-
encoding cohorts from the RM extraction
experiments exhibited a bimodal mRNA dis-
tribution pattern, and this bimodal pattern
was compromised when the analysis was
expanded to include the secretory pathway
cargo protein-encoding mRNA  cohort
(Figure 7C). The secretory pathway cargo
protein-encoding mMRNA cohort displayed a
wide distribution range in the RM fraction-
ation experiments, ranging from highly en-
riched in the membrane fraction (ca. log; 3;
insulin-like growth factor binding protein) to
strongly released (ca. logy =3, Thpo). Thus
the subcellular mRNA partitioning patterns
of the secretory pathway cargo-encoding
mRNA cohort mirrored the subcellular distri-
bution patterns obtained in the cellular par-
titioning experiments. To examine the statis-
tical relationship between subcellular mRNA
distribution and mode of membrane associ-
ation, the correlation between the two data
sets was evaluated. Analysis by Spearman’s r
demonstrates a statistically significant rela-
tionship between log, (membrane/cytosol)
and log, (membrane-associated/released),
p = 0.64 overall, with p = 0.8 for those mR-
NAs in the 95th percentile confidence inter-
val, p < 0.001 (Figure 7E). This analysis
provides statistical support for the conclu-
sion that MRNAs encoding resident proteins
of the endomembrane system undergo di-
rected, likely autonomous, localization to
the ER.

Given the likelihood that the binding in-
teractions between individual mRNA/ribo-
nucleoprotein complexes and components
of the ER reflect avidity-based association
phenomena, we tested the hypothesis that
KCI/EDTA-resistant binding is correlated
with mRNA length. For mRNAs enriched in
the membrane pellet fraction (KCI/EDTA re-
sistant), the average message size was 2639
bases, with a range of 997-4738 bases. For
mRNAs enriched in the supernatant frac-
tion, the average message size was 2387
bases, with a range of 786-5735 bases.
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Analysis of the two data sets by Pearson’s r yielded an r value of
0.18, indicating that the mode of mMRNA binding to the ER was not
correlated with message size. We have also investigated the hy-
pothesis that the biochemical mechanism of mMRNA-ER association
reflects functional links to mRNA degradation processes, with KCI/
EDTA-resistant binding conferring enhanced mRNA stability. The
correlation between mRNA stability and KCI/EDTA-resistant binding
to the ER membrane was examined using the mRNA stability data-
base of Sharova et al. (2009). Analysis of the RM extraction data by
Pearson r indicated the biochemical mode of mRNA association
with the ER membrane was not statistically correlated with mRNA
stability (r=0.28).

In summary, the included data demonstrate that steady-state
subcellular mRNA distributions are governed by a hierarchical sys-
tem of ER-directed mRNA localization processes. A primary function
of this mRNA localization system appears to be the segregation of
mRNAs encoding proteins essential for the biogenesis of the endo-
membrane system into mRNA localization pathways distinct from
those utilized by mRNAs whose translation products likely function
in cell nonautonomous processes. The mMRNA cohort-specific pat-
terns of mRNA localization and ER membrane association were
readily discernible at the subgenome and genome scales and thus
likely reflect a ubiquitous characteristic of eukaryotic cells.

DISCUSSION

The hierarchical, cohort-specific patterns of cellular MRNA partition-
ing reported here identify a previously unappreciated role for the ER
in global protein synthesis, demonstrate that mRNAs utilize both
canonical (topogenic signal-dependent) and noncanonical (topo-
genic signal-independent) ER localization pathways, and reveal that
mRNAs encoding the resident proteins of the endomembrane sys-
tem directly associate with components of the ER membrane. These
findings provide a conceptual framework to decode the complex
patterns of subcellular mRNA partitioning characteristic of eukary-
otic cells and illuminate long-standing controversies regarding the
role of direct MRNA-ER interactions in the compartmentalization of
protein synthesis to the ER.

The role of topogenic signals in directing mRNA localization
to the ER

The SRP pathway provides a well-established, signal peptide- and
translation-dependent mechanism functioning in mRNA localiza-
tion to the ER (Blobel, 1980, 2000; Walter and Blobel, 1981a,
1981b; Walter et al., 1981; Walter and Johnson, 1994). Though it
is generally accepted that the SRP pathway directs mRNA localiza-
tion to the ER, past studies of mRNA partitioning between the cy-
tosol and ER have indicated that multiple pathways likely function
in mMRNA localization to the ER (Mechler and Rabbitts, 1981;
Mueckler and Pitot, 1981; Kopczynski et al., 1998; Diehn et al.,
2000, 2006; Lerner et al., 2003). We have examined subcellular
mRNA distribution patterns, and consistent with past studies, we
have also observed broadly overlapping distributions of mRNAs
between the cytosol and ER compartments. Through analysis of
the subcellular partitioning of defined mRNA cohorts, the studies
described here now demonstrate that topogenic signals comprise
one of likely many mRNA localization elements functioning in
mRNA localization to the ER. Importantly, in such a model, topo-
genic signals are not uniquely predictive of an ER-enriched mRNA
distribution. Topogenic signals are, however, essential for protein
translocation across the ER membrane, and we propose that topo-
genic signal function in mMRNA localization to the ER is distinct from
that operating in protein translocation. This hypothesis is sup-
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ported by findings in yeast and mammalian cells demonstrating
that the SRP pathway is not essential for viability. However, the loss
of SRP pathway function can negatively impact the efficiency of
protein translocation, and clearly presents a significant, though
surmountable, physiological challenge to cells (Hann et al., 1989;
Hann and Walter, 1991; Mutka and Walter, 2001; Ren et al., 2004;
Lakkaraju et al., 2008). The observations reported here and in a
past report (Pyhtila et al. 2008) provide some insight into why this
might be. For example, those mRNAs for which ER localization can
proceed in the absence of SRP necessarily would be insensitive to
the loss of SRP function. Also, and as discussed further below, the
observations that ER-bound ribosomes can initiate mRNA transla-
tion, and that secretory proteins whose synthesis is initiated on
ER-bound ribosomes are translocated in the absence of SRP re-
ceptor function, suggest additional mechanisms whereby loss of
SRP function can be tolerated (Potter and Nicchitta, 2000; Potter
et al., 2001).

A role for the ER in global protein synthesis

We observed that the cytosolic/nucleoplasmic protein-encoding
mRNA pool was well represented on the ER, a finding that sug-
gests a broad role for the ER in global protein synthesis. The
mechanism or mechanisms enabling the translation of cytosolic/
nucleoplasmic protein-encoding mRNAs on the ER remain to be
determined. It is possible that this phenomenon reflects a sto-
chastic distribution of mRNAs between free and membrane-
bound ribosomes. For example, if newly exported mRNAs are
accessible to translation by membrane-bound and cytosolic ribo-
somes alike, mRNAs that lack specific compartmental enrichment
information would be predicted to partition between both ribo-
some pools, with steady-state mRNA subcellular distribution pro-
files determined by both ribosome distribution and the elonga-
tion-coupled ribosome release pathway previously proposed
(Potter and Nicchitta, 2000; Potter et al., 2001). Given the physi-
cal and functional continuity between the outer nuclear envelope
and the ER, such a mechanism may favor an ER locale for the
translation of newly exported mRNAs. In models where the initia-
tion of translation is restricted to the cytoplasm, ER-bound ribo-
somes would necessarily need to be refractory to initiation. How-
ever, where this has been experimentally examined, it was
observed that ER-bound ribosomes were capable of de novo ini-
tiation of mMRNAs encoding cytosolic and secretory proteins alike
(Potter and Nicchitta, 2000; Potter et al., 2001; Nicchitta, 2002;
Nicchitta et al., 2005). Regardless of the mechanisms governing
the subcellular site of initiation, the fact that mRNAs encoding
cytosolic/nucleoplasmic proteins are abundantly represented on
ER-bound ribosomes indicates multiple pathways function to es-
tablish subcellular mRNA distributions.

In both subgenomic and genomic analyses, mRNAs encoding a
subset of soluble protein kinases and transcription factors displayed
noncanonical enrichments on the ER. The biological function or
functions enabled through such noncanonical localization events re-
main to be determined. In all likelihood, such noncanonical localiza-
tion patterns have direct biological functions, as proposed by Krause
and colleagues (Lecuyer et al., 2007, 2009). In one prominent mech-
anism, displayed by the stress-response transcription factors Hac1
(yeast) and XBP1 (higher eukaryotes), mRNA-intrinsic localization in-
formation (Hac1) and/or nascent chain-encoded translational regu-
latory elements (XBP1) direct noncanonical localization to the ER as
an essential regulatory step in the mRNA-processing reactions that
yield the activation of transcription factor function (Aragén et al.,
2009; Yanagitani et al., 2011).
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Specific enrichment of endomembrane protein-encoding
mRNAs on the ER

Examinations of the composition of the highly ER-enriched mRNA
pool revealed an unexpected finding: this mRNA cohort is predom-
inantly comprised of mMRNAs encoding resident proteins of the en-
domembrane system. In contrast, mMRNAs encoding secretory/inte-
gral membrane protein secretory pathway cargo, although they
share N-terminal signal peptides and/or transmembrane domain
topogenic signals with the endomembrane-resident proteins, were
broadly distributed between the cytosol and ER pools. These mRNA
distribution patterns were evident in multiple cell lines fractionated
by different techniques (homogenization vs. sequential detergent
extraction), with mRNA distributions determined by distinct ap-
proaches (cDNA microarray vs. qPCR array). These data provide key
experimental support for the proposal that mRNA localization to the
ER is subject to hierarchical regulation. If, as current data suggest,
endomembrane-resident protein-encoding mRNAs undergo direct,
autonomous localization to the ER, this process would provide the
ER with the information necessary for the biogenesis of the organ-
elles of the endomembrane system. Such a phenomenon may be of
particular importance during cell division, when the endomembrane
system is distributed between daughter cells (Warren and Wickner,
1996; Lowe and Barr, 2007). mRNA localization to the ER might thus
be viewed as contributing a critical functionality to the self-organiza-
tion processes that enable the biogenesis of the endomembrane
system (Misteli, 2001; Snapp, 2004). It may thus be informative to
view mRNA localization to the ER in the context of cell-autonomous
(i.e., biogenesis of cell architecture) and cell-nonautonomous (i.e.,
endocrine/exocrine signaling) processes. In this scenario, a primary
role of the SRP pathway may be to provide reserve ER-directed
mRNA localization function, as might be needed when cell activa-
tion and/or differentiation is associated with the transcriptional acti-
vation of topogenic signal-encoding genes. The B-cell differentia-
tion program serves as a relevant example, where mitogen or
antigen activation yields a dramatic induction of immunoglobulin
(Ig) gene expression and a concomitant demand for secretory path-
way capacity.

The subcellular mRNA distribution patterns of secretory pathway
cargo and endomembrane-resident protein-encoding mRNA co-
horts were mirrored in the mechanism(s) of mMRNA association with
the ER membrane. In general terms, mRNAs encoding secretory
pathway cargo displayed ribosome-dependent interactions with the
ER membrane, and mRNAs encoding resident proteins of the endo-
membrane system displayed ribosome-independent ER membrane-
binding interactions. These findings are consistent with past studies,
where it was reported that mRNAs encoding ER-resident lumenal
chaperones bind to the ER primarily via ribosome-independent in-
teractions and can efficiently localize to the ER in the absence of an
encoded signal peptide or when mRNA-intrinsic translation is
blocked in cis (Pyhtila et al., 2008). Our data demonstrating the en-
domembrane-resident protein-encoding mRNA fraction was en-
riched in detergent-resistant membrane domains, whereas mRNAs
encoding secretory pathway cargo displayed detergent solubiliza-
tion properties mirroring known ribosome-interacting proteins,
agrees with these past data and suggests the existence of ER-resi-
dent mRNA and/or RNA-binding protein receptors that function to
segregate this mRNA cohort to the ER.

Reconciling past observations on mMRNA-ER interactions

The question of whether mRNAs participate in direct binding inter-
actions with components of the ER membrane has existed for de-
cades (Rosbash and Penman, 1971a, 1971b; Milcarek and Penman,
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1974). In early studies, mRNA-ER membrane interactions were ex-
amined in tissue culture cell-derived microsomal fractions, and it
was demonstrated that addition of EDTA yielded the partial re-
lease of membrane-associated mRNAs. The remaining mRNA frac-
tion was released following treatment with detergent admixtures,
leading these authors to suggest that "detergent-sensitive pro-
teins” may function in mRNA binding to the ER (Milcarek and
Penman, 1974). The view that mRNAs can participate in direct in-
teractions with the ER membrane received further experimental
support in studies demonstrating that mRNA-ER interactions in
tissue culture cell-derived microsomes were stable to both high
salt/EDTA or high salt/puromycin addition (Lande et al., 1975;
Adesnik et al., 1976). In subsequent studies, conducted in rat liver-
derived RM, it was concluded that mRNAs do not participate in
direct interactions with the ER (Kruppa and Sabatini, 1977; Freidlin
and Patterson, 1980); these results have been challenged. None-
theless, and in an effort to reconcile their conflicting data, Kruppa
and Sabatini suggested that different classes of mRNAs may dis-
play ribosome-dependent versus ribosome-independent binding
interactions with the ER membrane, with the relative contributions
of either mode of membrane interaction varying in a cell type—
dependent manner (Kruppa and Sabatini, 1977). In the discovery
that mRNAs can display cohort-specific patterns of partitioning
between the cytosol and the ER, and that such patterns are re-
flected in distinct biochemical mechanisms of mMRNA-ER interac-
tion, the data reported here provide a biological rationale to re-
solve this long-standing controversy.

MATERIALS AND METHODS

Cell culture and fractionation

J558 murine plasmacytoma and H929 human myeloma cells were
obtained from ATCC (http://www.atcc.org) and cultured in accor-
dance with ATCC recommendations. Cell fractionation was per-
formed using an established sequential detergent extraction proto-
col (Stephens et al., 2005, 2008; Stephens and Nicchitta, 2007).
Where indicated, RM were prepared from J558 cells, as previously
described. In brief, cells were collected, resuspended in hypotonic
media, and homogenized; the homogenate was supplemented with
a broad spectrum RNase inhibitor (aurin tricarboxylic acid), a post-
nuclear fraction was obtained by centrifugation, and the RM were
subsequently purified by equilibrium density-gradient centrifuga-
tion, using a membrane flotation protocol (Stephens et al., 2005,
2008).

Protein and RNA analysis

Immunoblots of protein distribution were performed as described
previously (Lerner et al., 2003; Stephens et al., 2005, 2008). Total
RNA was obtained from cell fractions by Trizol extraction, the
concentration was determined by UV spectrometry, and mRNA
composition was analyzed by either Northern blot analysis or by
gPCR array (Lerner et al., 2003; Stephens et al., 2005, 2008). For
gPCR array experiments, three biological replicates for each of
the samples were generated and a control spike-in RNA (Alien
gRT-PCR inhibitor alert; Agilent, Santa Clara, CA) was added to
all samples per the manufacturer's instructions. Samples were
treated with Turbo DNAse (Ambion, Austin, TX) and quality-as-
sessed by Agilent Bioanalyzer. RNA integrity number (RIN) scores
were typically in the range of 9.0-9.8. Samples prepared from
salt/EDTA extraction of J558 RM necessarily had skewed rRNA
levels, and RIN scoring was thus not informative. For these sam-
ples, RNA quality was assessed by agarose gel electrophoresis
and Northern blot.
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cDNA synthesis, RT-PCR, and qPCR arrays

cDNA synthesis was conducted using M-MLV reverse transcriptase
and random hexamer priming. Real-time PCR (RT-PCR) was per-
formed on a 7900HT Sequence Detection System (Applied Biosys-
tems, Bedford, MA) using iQ SYBR Green Supermix (Bio-Rad, Her-
cules, CA). StellARray qPCR Array (Lonza, Allendale, NJ) was
performed according to the manufacturer’s protocols. Threshold
cycle was manually set to identical values for all gPCR arrays. Data
were analyzed using the Global Pattern Recognition (GPR) program
(Bar Harbor Technology, Trenton, ME). Primer sequences used for
individual gPCR reactions were as follows:

MMU_GRP924 (NM011631)

F: TGGGTCAAGCAGAAAGGAG

R: TCTCTGTTGCTTCCCGACTT
MMU_Hspa5 (NM_022310)

F: ACCCACCAAGAAGTCTCAGATCTT
R: CGTTCACCTTCATAGACCTTGATTG
18s rRNA

F: CACGGGAAACCTCACCCGGC

R: CGGGTGGCTGAACGCCACTT

A light chain

F: CAGGCTGTTGTGACTCAGGAA

R: CTTGTCTCCAATCAGGGAGC

K light chain

F: CGCTGGCCTTCACACAGAA

R: CGCCATGACAACAGACACA

Genomic analysis of RNA partitioning

Microarray data from Diehn et al. (2006) were downloaded from the
Stanford Microarray Database (http://smd.stanford.edu) as net in-
tensity values. The data set was intensity filtered with a cutoff of
2.5-fold over background. Gene categories were generated using
modified GO. Secretory pathway cargo was generated by combin-
ing "extracellular region” GO (GO:0005576) and “integral to plasma
membrane” GO (GO:0005587), filtered to include only proteins
containing transmembrane domains as predicted by TMHMM. The
resident endomembrane category was defined as the “endoplas-
mic reticulum” GO (GO:0005783), filtered to include either a
TMHMM-predicted transmembrane domain or an ER retention se-
quence; the “lysosome” (GO:0005764); or the "Golgi apparatus”
(GO:0005794). The cytoplasm category uses the “cytoplasm” GO
(GO:0005737), filtered to exclude our custom ER cargo and endo-
membrane categories, along with TMHMM-predicted transmem-
brane proteins. Miscategorized entries were eliminated by manual
curation using GeneCards (www.genecards.org), Swiss-Prot (www
.expasy.org/sprot/), and Mouse Genome Informatics (www
.informatics.jax.org) as references. Plots were generated with the Py-
thon graphing utility Matplotlib (http://matplotlib.sourceforge.net).
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