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The etiology of the autoimmune disorder systemic lupus erythematosus (SLE) remains poorly understood. In neuropsychiatric SLE
(NPSLE), autoimmune responses against neural self-antigens find expression in neurological and cognitive alterations. SLE autoanti-
bodies often target nucleic acids, including RNAs and specifically RNA domains with higher-order structural content. We report that
autoantibodies directed against neuronal regulatory brain cytoplasmic (BC) RNAs were generated in a subset of SLE patients. By contrast,
anti-BC RNA autoantibodies (anti-BC abs) were not detected in sera from patients with autoimmune diseases other than SLE (e.g.,
rheumatoid arthritis or multiple sclerosis) or in sera from healthy subjects with no evidence of disease. SLE anti-BC abs belong to the IgG
class of immunoglobulins and target both primate BC200 RNA and rodent BC1 RNA. They are specifically directed at architectural motifs
in BC RNA 5� stem–loop domains that serve as dendritic targeting elements (DTEs). SLE anti-BC abs effectively compete with RNA
transport factor heterogeneous nuclear ribonucleoprotein A2 (hnRNP A2) for DTE access and significantly diminish BC RNA delivery to
synapto-dendritic sites of function. In vivo experiments with male BALB/c mice indicate that, upon lipopolysaccharide-induced opening
of the blood–brain barrier, SLE anti-BC abs are taken up by CNS neurons where they significantly impede localization of endogenous BC1
RNA to synapto-dendritic domains. Lack of BC1 RNA causes phenotypic abnormalities including epileptogenic responses and cognitive
dysfunction. The combined data indicate a role for anti-BC RNA autoimmunity in SLE and its neuropsychiatric manifestations.
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Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune
disorder of complex etiology. Neuropsychiatric SLE (NPSLE) is a

severe subtype of SLE (Popescu and Kao, 2011; Zirkzee et al.,
2012) in which a CNS with a compromised blood– brain barrier
(BBB) is targeted by autoimmune antibodies (Abbott et al., 2003;
Mader et al., 2017). Cognitive dysfunction and seizures are com-
mon disease manifestations (Mikdashi et al., 2005; Joseph et al.,
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Significance Statement

Although clinical manifestations of neuropsychiatric lupus are well recognized, the underlying molecular–cellular alterations
have been difficult to determine. We report that sera of a subset of lupus patients contain autoantibodies directed at regulatory
brain cytoplasmic (BC) RNAs. These antibodies, which we call anti-BC abs, target the BC RNA 5� domain noncanonical motif
structures that specify dendritic delivery. Lupus anti-BC abs effectively compete with RNA transport factor heterogeneous nuclear
ribonucleoprotein A2 (hnRNP A2) for access to BC RNAs. As a result, hnRNP A2 is displaced, and BC RNAs are impaired in their
ability to reach synapto-dendritic sites of function. The results reveal an unexpected link between BC RNA autoantibody recog-
nition and dendritic RNA targeting. Cellular RNA dysregulation may thus be a contributing factor in the pathogenesis of neuro-
psychiatric lupus.
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2007; Cimaz and Guerrini, 2008; Popescu and Kao, 2011; Mader
et al., 2017).

A major gap in our understanding of SLE concerns the ques-
tion how molecular autoimmune reactions give rise to the ob-
served phenotypic alterations. SLE autoantibodies are often
directed against nucleic acids or their binding proteins (Arbuckle
et al., 2003; Elkon and Casali, 2008; Crow, 2010; Barrat et al.,
2016). SLE anti-RNA autoantibodies typically target structured
RNAs with double-stranded content (Schur and Monroe, 1969;
Talal, 1973; Barrat et al., 2016). Examples of such autoantigens
include ribosomal RNAs (rRNAs), e.g., 28S rRNA (Sturgill and
Carpenter, 1965; Lamon and Bennett, 1970; Chu et al., 1991;
Uchiumi et al., 1991; Elkon et al., 1992). Ribosomal RNAs form
higher-order structural motifs, and it is mainly such motifs, rather
than nucleotide sequence, that are recognized by ribosomal proteins
(Noller, 2005; Grandin, 2010) and by autoimmune antibodies (Chu
et al., 1991; Uchiumi et al., 1991). Similarly, higher-order structures
in U1 spliceosomal RNA can trigger SLE autoimmune responses
(van Venrooij et al., 1990; Hoet et al., 1999).

Regulatory brain cytoplasmic (BC) RNAs are non-protein-
coding, small cytoplasmic RNAs (scRNAs) that, expressed in
neurons, are located to synapto-dendritic domains (for review,
see Iacoangeli and Tiedge, 2013; Eom et al., 2018). BC RNAs
control local protein synthesis by interacting with eukaryotic ini-
tiation factors (eIFs) 4A and 4B, thus repressing translation in the
basal default state (Wang et al., 2002, 2005; Lin et al., 2008; Eom
et al., 2011, 2014). After neuronal stimulation and receptor acti-
vation, translation is reversibly derepressed, effectively switching
BC RNA translational control from a repressive to a permissive
state (Eom et al., 2014). Responsible for translational control
competence are C-loop architectural motifs in the BC RNA 3�
domains (Lin et al., 2008; Eom et al., 2011). BC RNA 5� domains,
in contrast, carry dendritic targeting elements (DTEs), spatial
codes embedded in stem–loop noncanonical motif structures
that specify targeted delivery to synapto-dendritic sites of func-
tion (Muslimov et al., 2006, 2011, 2018; Eom et al., 2018).

BC RNAs include rodent BC1 RNA and primate BC200 RNA
which, although functionally analogous, are not phylogenetically
orthologous as their genes have independently evolved in the
rodent and primate lineages, respectively (Skryabin et al., 1998;
Rozhdestvensky et al., 2001; Khanam et al., 2007; Iacoangeli and
Tiedge, 2013; Eom et al., 2018). Thus, although BC1 and BC200
RNAs are unrelated in their primary structures (DeChiara and
Brosius, 1987; Tiedge et al., 1993), higher-order-structure func-
tional motif content is similar or identical, enabling the two
RNAs to interact with the same protein factors in the execution of
their cellular functions (Eom et al., 2011, 2018; Iacoangeli and
Tiedge, 2013).

Here, we hypothesized that architectural motif structures in
regulatory BC RNAs can become targets of autoimmune reactiv-
ity in SLE. We detected anti-BC RNA reactivity in sera of a subset
of SLE patients, and we determined that SLE anti-BC RNA auto-
antibodies (anti-BC abs) are directed against DTE motif struc-
tures in 5� stem–loop domains. Anti-BC abs effectively compete
with RNA transport factor heterogeneous nuclear ribonucleo-
protein A2 (hnRNP A2) for access to these structures. After up-
take by neurons in primary culture or CNS neurons in vivo, SLE
anti-BC abs significantly diminish BC RNA delivery to synapto-
dendritic domains. Absence of BC1 RNA in the BC1 knock-out
(KO) animal model causes epileptogenic susceptibility (Zhong et
al., 2009, 2010) and cognitive dysfunction (Briz et al., 2017;
Chung et al., 2017; Iacoangeli et al., 2017). Our work introduces a

novel concept of SLE autoimmunity directed against regulatory
BC RNAs.

Materials and Methods
Sera and antibodies. We collected sera from 69 patients diagnosed with
SLE. These patients were categorized into three groups according to the
criteria of the American College of Rheumatology for SLE (Tan et al.,
1982) and for NPSLE (American College of Rheumatology, 1999). Sera
were collected as follows (Table 1): Group I, SLE with seizure activity;
Group II, SLE with organic brain syndrome (OBS); and Group III, SLE
without diagnosed seizure or OBS involvement. Herein, SLE autoanti-
bodies are identified by a patient code in which a number may be pre-
ceded by the letters S (indicating an SLE patient with a history of seizures)
or OBS (indicating an SLE patient with organic brain syndrome). SLE
patients with no history of seizures or OBS are identified by numbers
without preceding letters.

In addition, sera from non-SLE human subjects were collected as fol-
lows: Group IV, healthy with no evidence of disease (healthy subjects,
HS); Group V, rheumatoid arthritis (RA); Group VI, ulcerative colitis
(UC); and Group VII, multiple sclerosis (MS). SLE and UC sera were
obtained from patients at the Division of Rheumatology of SUNY Down-
state Medical Center (DMC). Samples were collected during periods of
active disease when patients reported to the clinic. Clinical staff partici-
pating in sample collection were not cognizant of subsequent experimen-
tal sample usage (i.e., they were “blinded”). Samples were deidentified
and end-point experimenters were not cognizant of sample types at the
time of experimentation. The study was approved by the institutional
review board of SUNY DMC and informed consent was obtained from
all patients. Serum samples from HS, patients with RA, and patients with
MS were obtained from Valley Biomedical and Proteogenex.

IgG was purified from human subject sera in a two-step protocol. In a
first step, using a Nab Spin Kit (Thermo Fisher Scientific), serum samples
were incubated in binding buffer on a Protein A/G spin column for 10
min. The column was washed with 400 �l of Nab Spin binding buffer at
least three times. Antibodies were eluted from the column, using 400 �l
of Nab Spin elution buffer, in three consecutive steps (elution 1–3). The
three elution fractions were analyzed by SDS PAGE. In a second step, we
used a NAb Protein G Spin Kit (Thermo Fisher Scientific) to purify IgG
by removing any residual IgM. Elution 1 from step 1 was incubated in
binding buffer on a Protein G spin column for 10 min. The column was
washed with 400 �l of Nab Spin binding buffer three times. IgG was
eluted from the column using 400 �l of Nab Spin elution buffer. IgG
samples were dialyzed overnight at 4°C against PBS in Slide-A-Lyzer
dialysis cassettes (Thermo Fisher Scientific). Samples were analyzed by
SDS PAGE. Samples from step 2 were used for electrophoretic mobility
shift assay (EMSA) analysis and RNA transport analysis. Samples from
step 1 (elution 1) were also used for EMSA analysis.

DNA synthesis and labeling. BC200 DNA was synthesized by PCR from
plasmid pBC200 (Kondrashov et al., 2005) using primers as follows:
BC200 forward primer, GGC CGG GCG CGG TGG CTCA; BC200 re-
verse primer, GGG GGG TTG TTG CTT TGA GGG. Synthesis and la-
beling was done using the Platinum PCR SuperMix (Thermo Fisher

Table 1. Autoimmune anti-BC RNA reactivity

Subjects Diagnosis

Anti-BC RNA reactivity

n�� � �

Group I SLE with seizures 10 (36%) 12 6 28
Group II SLE with OBS 4 (18%) 13 5 22
Group III SLE 4 (21%) 11 4 19
Group IV Healthy subjects 0 0 17 17
Group V Rheumatoid arthritis 0 0 8 8
Group VI Ulcerative colitis 0 0 1 1
Group VII Multiple sclerosis 0 0 12 12

Reactivity is categorized as follows: ��, strong reactivity; �, weak reactivity; �, no reactivity. Reactivity to BC
RNAs is specific to SLE patients (Groups I–III). Samples from healthy subjects with no evidence of disease (healthy
subjects, Group IV) and samples from patients with autoimmune diseases other than SLE (i.e. RA, UC, MS; Groups
V–VII) were found to be nonreactive. n refers to the total number of subjects in each group. Anti-BC RNA reactivity
was established by EMSA analysis using 32P-labeled BC200 RNA.
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Scientific) according to the manufacturer’s instructions. Then, 200 nM

primers, 500 ng of plasmid pBC200 and 1 �l of dCTP (3000 ci/mmol,
PerkinElmer) were added to 45 �l of master mix. PCR amplification
conditions were as follows: 1 cycle of 1.5 min at 94°C, 45 s at 56°C, 1 min
at 72°C, followed by 39 cycles of 30 s at 94°C, 45 s at 57°C, 1 min at 72°C,
and a final cycle of 1 min at 94°C, 45 s at 57°C, 15 min 72°C. PCR
products were run on a 2% agarose gel and purified from the gel using
QIAquick gel extraction kits (Qiagen).

RNA expression constructs. Transcripts were generated from the fol-
lowing BC RNA plasmid constructs: (1) pBCX607 to generate full-length
rat BC1 RNA (Muslimov et al., 2006, 2011), (2) pUC57_BC200 to
generate full-length human BC200 RNA (Muslimov et al., 2018), (3)
pBC1IL-A:WC to generate BC1 RNA with the GA apical internal loop motif
replaced with standard Wilson-Crick (WC) base pairs (Muslimov et al.,
2006), (4) pBC1�U22 to generate BC1 RNA lacking U22 (Muslimov et al.,
2006), (5) pBC1IL-B:WC to generate BC1 RNA with the basal internal loop
replaced with a standard WC base pair by a C61A transversion (Musli-
mov et al., 2006), (6) pBC200 to generate the 5� domain of BC200 RNA
(Muddashetty et al., 2002), and (7) pVL450-1 to generate the 3� domain
of BC200 RNA (Tiedge et al., 1993). U4 and U6 RNAs were generated
from plasmids pSP6-U4 and pSP6-U6, respectively (Tiedge et al., 1991;
Muslimov et al., 1997; Wang et al., 2005). All constructs were verified by
sequencing.

Plasmids were linearized, and 35S- or 32P-labeled transcripts were
generated using T3, T7 RNA, or SP6 polymerase as described previously
(Muslimov et al., 2004, 2006; Wang et al., 2005; and references cited in
the preceding paragraph). Excess unlabeled UTP was added to reactions
to ensure that labeled transcripts were full-length, and size, integrity, and
stability of all transcripts were monitored as described previously (Musli-

mov et al., 1997, 2006, 2011). The secondary structures of WT and mu-
tant 5� BC1 domains that were used in this work are shown in Figure 1
(see also Muslimov et al., 2006).

Electrophoretic mobility shift assay (EMSA). RNAs were 32P-labeled at
50,000 cpm per reaction (�10 ng). RNAs were preheated at 70°C for 10
min, allowed to cool for 5 min at room temperature, and incubated with
antibodies using 1 �l of serum or purified IgG preparation (elution 1; see
above, antibody purification) in a total of 20 �l of binding buffer (100
mM KCl, 3 mM MgCl2, 2 mM DTT, 5% glycerol, and 20 mM HEPES, pH
7.6) for 30 min at 37°C. Heparin was added at 5 mg/ml and incubated for
10 min at room temperature to minimize unspecific RNA–protein inter-
actions. When desired, unbound RNA was digested using RNase T1 at
30°C for 10 min. RNA–antibody complexes were resolved by 5% PAGE
(TBE precast gels, Bio-Rad) in Tris/borate/EDTA (TBE) running buffer
(prerun for 1 h at 30 mA, run for 2 h at 25 mA) and visualized by
autoradiography.

EMSA competition experiments (competition between IgGs and hn-
RNP A2) were performed as follows (Muslimov et al., 2018). Recombi-
nant full-length hnRNP A2 was expressed (Muslimov et al., 2011, 2014,
2018) from plasmid pET-9c (Munro et al., 1999). Purified hnRNP A2 (10
nM) was preincubated with radiolabeled BC1 or BC200 RNA, or deriva-
tives, in 10 �l of binding buffer at 37°C for 30 min. IgG was added (1:1
molar ratio IgG to hnRNP A2), and incubation was continued for an-
other 30 min, or longer as detailed in the figures. RNA-antibody com-
plexes were resolved on 8% polyacrylamide gels (ratio acrylamide/
bisacrylamide 19:1) in 90 mM Tris-borate, pH 8.3, 15 mM MgCl2, at room
temperature for 12 h at 15 V (Muslimov et al., 2018).

EMSA results were quantified as follows. Dried gels were exposed to
autoradiographic film; films were scanned, and bands representing im-

Figure 1. Secondary structures of WT and mutant 5� BC1 domains. A, Secondary structure of the WT 5� BC1 domain was established by chemical and enzymatic probing (Rozhdestvensky et al.,
2001). GA motif, unpaired U22, and the basal internal loop (IL) are indicated. Noncanonical purine�purine pairs are symbolized by ●, standard WC pairs by � (GC) or � (AU), wobble WC pairs by
�. The noncanonical GA core motif resides in an A-form helix in the 5� BC1 stem–loop domain (Muslimov et al., 2006, 2011). The GA core is clamped by canonical base pairs which are mostly G�C
standard WC. The following 5� domain mutations were introduced into full-length BC1 RNA. B, The WC mutation abolishes the 5� BC1 GA motif by conversion to WC base pairing. C, Mutant 5� BC1
�U22 lacks the unpaired U residue at position 22. D, In mutant 5� BC1 �IL, the basal internal loop has been eliminated by conversion to WC base pairing. Substitution mutations are
indicated in red.

Muslimov et al. • BC RNA Transport in Lupus J. Neurosci., September 25, 2019 • 39(39):7759 –7777 • 7761



mune complexes were analyzed using ImageJ (NIH). Signal intensities
were recorded in relative signal intensity units (SIUs). Signal intensities
of �500 SIUs were considered background level (i.e., absence of signal)
and classified as no reactivity. Signal intensities of 500 –20,000 SIU were
classified as low reactivity. Signal intensities of 	 20,000 SIU were clas-
sified as high reactivity.

Cell culture. Sympathetic neurons were maintained in low-density pri-
mary cultures (Muslimov et al., 2006, 2011, 2014). Neurons were pre-
pared from superior cervical ganglia isolated from E19 –E20 Sprague
Dawley rat embryos (of either sex) and grown on glass coverslips pre-
coated with 100 �g/ml filter-sterilized poly-D-lysine (Sigma-Aldrich).
Composition of culture media was as follows: 50% (v/v) of Ham’s F12
and DMEM (Life Technologies), BSA (500 �g/ml; Calbiochem), bovine
insulin (10 �g/ml; Sigma-Aldrich), rat transferrin (20 �g/ml; Jackson
ImmunoResearch Laboratories), L-glutamine (20 �g/ml; Life Technolo-
gies), sodium selenite (5 ng/ml; Sigma-Aldrich), and nerve growth factor
(�-NGF, 100 ng/ml; Harlan Bioproducts for Science). Dendritic growth
was induced by addition of basement membrane extract (Matrigel, 100
�g/ml; Collaborative Biomedical Products) on the third day in vitro.
Cytosine arabinofuranoside (Ara-C, 2 �M; Sigma-Aldrich) was added on
the second and fifth days after plating to minimize proliferation of non-
neuronal cells. Work with vertebrate animals was approved by the SUNY
DMC Institutional Animal Care and Use Committee.

Cultured sympathetic neurons were microinjected with RNA (Musli-
mov et al., 2004, 2006, 2011, 2014) as follows. RNAs were 35S-
radiolabeled at 3 
 10 6 cpm/�l. Perikaryal injection was performed at
volumes of a few femtoliters per pulse. Lucifer yellow (LY, 0.4%) was
coinjected to monitor the injection process and to ascertain that experi-
mental manipulations did not cause alterations in cell morphology, in-
cluding dendritic extent and arborization, over the course of the
experiments (Muslimov et al., 2006, 2014). Transcript stability was as-
certained preinjection by PAGE, postinjection by measuring average in-
tegrated total signal intensities per injected cell (Muslimov et al., 2006,
2011, 2014), and by incubation with brain extract (Muslimov et al., 2011,
2014).

We have opted for microinjection of radiolabeled transcripts to intro-
duce RNAs into cells. The reason for this preference is twofold (Musli-
mov et al., 2014). In our experience, microinjection affords exquisite
control of amounts of RNA introduced. Therefore, in combination with
the high sensitivity of radiolabel detection, microinjection allows us to
maintain the number of introduced RNA molecules at levels lower than
those of respective endogenous RNA molecules (Muslimov et al., 2006,
2014). We remain committed to using radiolabeled RNAs because archi-
tectural GA motifs, central to dendritic targeting of BC RNAs, are quite
intolerant of nucleotide substitutions and of introduced side chains
(such as fluorophores) as they may disrupt motif structure and, as a
result, interfere with targeting (Goody et al., 2004; Muslimov et al., 2011,
2014).

For coinjection experiments, radiolabeled BC1 or BC200 RNAs were
incubated with purified IgG preparations for 30 min in PBS at 37°C
before microinjection. In bath application experiments, purified IgG
preparations were added to culture media at a dilution of 1:100 and
incubated for various periods of time before microinjection of BC1 RNA
or BC200 RNA. IgG bath incubation time ranged from 1 h to overnight.
The full effect of bath-applied IgGs (e.g., diminished dendritic targeting
after application of IgG SLE S1 or S6) was observed after incubation
periods of 8 h or more. In the experiments presented in the Results
section, 8 h incubation periods were chosen for bath-applied IgGs.

Injection of mice with sera and antibodies. We adhered to the protocol
of the Diamond laboratory (Kowal et al., 2006) for this approach. Male
BALB/c mice (age 6 – 8 weeks; Jackson Laboratory) were injected intra-
venously with SLE or non-SLE sera or purified IgG fractions. The retro-
orbital route (Schoch et al., 2014) was used for intravenous injections.
Sera were injected on day 1 (100 �l, right side) and on day 2 (100 �l, left
side). Intravenous injections of purified IgG fractions (0.5 mg/ml in 100
�l of saline) were performed analogously. 15 min after each serum or IgG
injection, lipopolysaccharide (LPS, 3 mg/kg) was injected intraperitone-
ally. LPS intraperitoneal injections were repeated 2 d after the last intra-
venous injection. Animals were killed 2 d later. We anticipated that this

time frame would be sufficiently long to allow for clearance of preexisting
endogenous BC1 RNA from dendrites (Muslimov et al., 2011) but not
long enough to risk clearance of injected antibodies from circulation and
brain (Schoch et al., 2014).

Animals were intravenously injected with sera or purified IgG frac-
tions as follows: IgG SLE S1, 8 animals; serum SLE S1, 2 animals; serum
SLE S6, 2 animals; IgG HS4, 4 animals; serum HS4, 4 animals; IgG RA1,
1 animal; IgG MS1, 1 animal. BC1 RNA localization data from IgG SLE
S1, serum SLE S1, and serum SLE S6 injected animals did not qualita-
tively or quantitatively differ from each other and were therefore com-
bined for analysis (total number of animals: 12). Analogously, BC1 RNA
localization data from IgG HS4, serum HS4, IgG RA1, and IgG MS1 injected
animals did not qualitatively or quantitatively differ from each other and
were therefore combined for analysis (total number of animals: 10).

In situ hybridization. We performed in situ hybridization to examine
BC1 RNA dendritic localization deficits in vivo. Animals that had been
injected with SLE anti-BC sera or abs, and animals that had been injected
with non-SLE sera or abs, were perfusion fixed, their brains prepared,
cryosectioned at 10 �m thickness (coronal sections were generated), and
hybridized with anti-BC1 RNA probes (or “sense”-strand control
probes) as described previously (Tiedge et al., 1991; Tiedge, 1991; Lin et
al., 2001). We continue to prefer 35S-labeled probes (Tiedge et al., 1991;
Lin et al., 2001; Muslimov et al., 2018) as we find that nonradioactively
labeled BC1 RNA probes are prone to generating unspecific labeling
artifacts. After extensive high-stringency washes, sections were dried and
exposed to autoradiographic film and subsequently to autoradiographic
emulsion (Lin et al., 2001). Sections were counterstained with cresyl
violet (Lin et al., 2001).

Microscopy. Photomicrographs [dark field, phase contrast, and differ-
ential interference contrast (DIC Nomarski)] were taken on a Nikon
Microphot-FXA microscope with a Digital Sight DS-Fi1 5-megapixel
charge-coupled device (CCD) camera (Eom et al., 2014; Muslimov et al.,
2018). The following objectives were used: (1) Plan Fluor 10
/0.30,
160/0.17; (2) Ph2 Plan 20
/0.50, DL 160/0.17; (3) Ph3 DL Plan 40
/
0.65, 160/0.17; Plan 20/0.70 DIC 160/0.17. Illustrations were generated
using Photoshop and final figures were arranged in Illustrator (both
Adobe Systems).

Experimental design and statistical analysis. For dendritic transport
experiments using sympathetic neurons in primary culture, the experi-
mental design followed a previously published protocol (Muslimov et al.,
1997, 2004, 2006, 2011, 2014). Each RNA was injected at a range of
concentrations (covering at least one order of magnitude) to ensure that
observed dendritic targeting patterns were independent of amounts in-
jected. The number of neurons and dendrites analyzed is given for each
experiment. Dendritic localization of injected RNAs was quantified as
follows. Silver grain densities were measured along dendritic extents at 50
�m interval points, up to a length of 250 �m. A relative signal of 100%
was assigned to levels at the base of dendrites (0 �m points). Statistical
significance was examined using one-way ANOVA followed by Dun-
nett’s multiple-comparisons analysis in which dendritic RNA levels were
compared at all interval points (Muslimov et al., 1997, 2004, 2006, 2011,
2014). Herein, data points and error bars are given as mean � SEM.

For in vivo BC1 RNA localization experiments, 35S-labeled RNA
probes were used as described above (Lin et al., 2001). Quantification and
statistical analysis were performed as follows. Silver grain densities were
obtained as a measure of relative labeling signal (Muslimov et al., 2004,
2018). Signal intensities were established from hybridized cryosections of
hippocampal CA1 in stratum pyramidale (center), in stratum oriens at a
distance of 50 �m from the edge of stratum pyramidale, and in stratum
radiatum at distances of 50, 100, and 150 �m from the edge of stratum
pyramidale, Statistical significance was examined using one-way ANOVA
followed by Tukey’s or Dunnett’s multiple-comparisons analysis, com-
paring signal intensities in strata pyramidale, oriens, and radiatum at
sample points defined above (Muslimov et al., 2018).

Nonparametric Spearman’s rank-order correlation analysis was per-
formed as described previously (Mus et al., 2007). The Spearman’s ap-
proach was used to examine a correlation of SLE with or without
neuropsychiatric manifestations (seizures, OBS) on one hand with the
strength of anti-BC autoimmune reactivity on the other. Results were
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expressed in the form of a Spearman’s rank correlation coefficient
(Spearman’s � or rS). The Mann–Whitney U test was used to compare the
distribution of anti-BC autoimmune reactivity in SLE versus non-SLE
samples.

Quantitative and statistical analysis was performed using Prism
(GraphPad) and SPSS Statistics (IBM, RRID:SCR_002865) software.

Results
Screening of sera
To begin to test the hypothesis of anti-BC RNA autoimmune
responses in SLE, we screened sera from a total of 107 subjects,
including 69 SLE patients, for autoantibodies directed against
human BC200 RNA. Subjects were categorized as belonging to

one of seven groups as listed in Table 1. Subjects had been diag-
nosed as follows: SLE with seizures (Group I), SLE with organic
brain syndrome (Group II), SLE (Group III), HS (Group IV), RA
(Group V), UC (Group VI), and MS (Group VII).

Our screen revealed that of 69 SLE patient sera (Groups I–III),
54 tested positive for antibodies against BC RNAs, 18 of them
with high reactivity (Table 1). Electrophoretic mobility shift assay
(EMSA) analysis indicated that positive SLE sera were reactive to
human BC200 RNA and rat BC1 RNA as they formed lower-
mobility immune complexes with both RNAs (Fig. 2A).

Select SLE autoantibodies have been reported to bind double-
stranded DNA (dsDNA) (Uccellini et al., 2012; Mader et al.,
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A B
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Figure 2. SLE autoimmune responses to BC RNAs. A, 32P-labeled BC1 and BC200 RNAs were used in In EMSA analysis. RNAs bound in immune complexes were resolved from unbound RNAs by
PAGE. BC1 and BC200 RNAs formed complexes with serum components from an SLE patient. B, The same serum was found nonreactive to BC200 DNA. Serum used in the experiments shown here
was from SLE patient S1 (see below for patient codes). C, After antibody purification from serum (S) using Protein G, flow-through (FT) and three stepwise elution fractions (El1, El2, El3) were tested
for anti-BC RNA reactivity by EMSA. While no reactivity was detected in FT, strong reactivity was apparent in E1 and E2 and weak reactivity was observed in E3. In this and the following figures, SLE
autoantibodies are identified by patient codes in which a number may be preceded by the letters S (indicating an SLE patient with a history of seizures) or OBS (indicating an SLE patient with organic
brain syndrome). SLE patients with no history of seizures or OBS are identified by numbers without preceding letters. See also Materials and Methods.
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2017). We therefore asked whether SLE anti-BC sera would also
recognize genomic BC200 DNA. Results in Figure 2B show that
this is not the case as BC200 dsDNA, in contrast to BC200 RNA,
was not mobility-shifted. The data indicate that SLE anti-BC abs
reactivity is specifically RNA-directed.

We subsequently affinity-purified antibodies from the 18
high-reactivity SLE sera (using protein A/G and protein G Sep-
harose columns; see Materials and Methods) and determined
that, in each case, anti-BC reactivity was associated with the IgG
class of immunoglobulins (Fig. 2C). These antibodies will In the
following be referred to as anti-BC IgGs.

Among the SLE IgG samples tested, reactivity to BC200 RNA
ranged from strong (Fig. 3A, lanes 2 and 3) to weak (Fig. 3A, lanes
4 – 6) to undetectable (Fig. 3A, lanes 7–13). Strong anti-BC RNA
immune reactivity was detected in 36% of SLE cases with a his-
tory of seizures (Table 1, Group I), in 18% of SLE cases with
organic brain syndrome (OBS; Table 1, Group II), and in 21% of
cases without neurological symptoms (Table 1, Group III). Non-

parametric Spearman’s rank-order correlation analysis revealed a
strong correlation between the strength of SLE anti-BC autoim-
mune reactivity and the occurrence of neuropsychiatric manifes-
tations (Spearman’s correlation coefficient rs � 0.89, 95%
confidence interval 0.83– 0.93, p � 0.0001, n � 69).

By contrast, anti-BC RNA immune reactivity was not de-
tected with IgGs from HS without evidence of disease (Fig. 3B;
Table 1, Group IV) or with IgGs from patients with autoim-
mune diseases other than SLE (Table 1, Groups V–VII). Spe-
cifically, no anti-BC RNA immune reactivity was found with
IgGs from patients with RA (Fig. 3C), UC (Fig. 3C), or MS
(Fig. 3D). We conclude that the observed anti-BC RNA auto-
immune responses are specific for SLE and are not triggered in
patients with other systemic (RA, MS) or localized (UC) au-
toimmune diseases, or in HS (Mann–Whitney U test, compar-
ison of anti-BC autoimmune reactivity levels between SLE and
non-SLE samples, p � 0.0001, n � 69).

Figure 3. Anti-BC RNA reactivity of purified IgG preparations from sera of SLE patients, HS, and patients with non-SLE autoimmune diseases. 32P-labeled BC200 RNA was used for EMSA analysis.
BC200 RNA in autoantibody-RNA complexes was separated from unbound BC200 RNA by PAGE. RNA only was loaded in the left-most lane of each of the four gels shown in A–D. Preincubated RNA
- antibody reaction mixtures were loaded in subsequent lanes of the gels A–D. A, BC200 RNA was preincubated with IgG preparations from SLE patients. Anti-BC 200 RNA autoimmune reactivity was
found varying among SLE IgG preparations between strong (lane 2 and 3, patients S1 and S6, respectively), weak (lanes 4 – 6, patients S13, S20, and OBS16, respectively), and nondetectable (lanes
7–13, patients 3, 15, S26, OBS18, 10, S16, and OBS15, respectively). Anti-BC 200 RNA reactivity was not detected in IgG preparations from subjects with no evidence of disease (HS, B, or in IgG
preparations from patients with autoimmune diseases other than SLE, including RA (C), UC (C), or MS (D). For a positive reference (i.e., demonstration of autoantibody-RNA complexes) in gels B–D,
reaction mixtures of BC200 RNA preincubated with IgG SLE S1 were loaded in respective lanes 2. SLE autoantibody-BC RNA immune complexes often occur at two distinct electrophoretic mobilities:
a strong band running at higher mobility (indicated as BC RNA auto-ab complexes), likely representing immune complexes containing one ab binding one RNA molecule, and a weaker band running
at lower mobility, likely representing immune complexes containing one ab binding two RNA molecules. Electrophoretic mobility of BC RNA auto-ab complexes was lower with sera from SLE patients
(Fig. 2) than with IgG preparations that were affinity-purified from such sera (this figure). It is possible that serum components interacting with immune complexes (Junghans and Anderson, 1996;
Qiao et al., 2008; Suzuki et al., 2010; e.g., FcRn) are responsible for this additional shift to lower mobility.
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Molecular-structural targets of SLE anti-BC abs
BC RNA functionality is physically compartmentalized along
structural domains and resident architectural motifs (Iacoangeli
and Tiedge, 2013; Eom et al., 2018). To be able to appreciate the
functional implications of SLE anti-BC RNA autoimmune reac-
tivity, it was therefore important to identify the molecular
epitope target(s) of anti-BC abs. Rodent BC1 RNA and primate
BC200 RNA are organized into tripartite structures in which a 5�
stem–loop domain is linked to a 3� stem–loop domain by a
single-stranded A-rich central domain (DeChiara and Brosius,
1987; Tiedge et al., 1993; Skryabin et al., 1998; Rozhdestvensky et
al., 2001; Iacoangeli and Tiedge, 2013). While the BC1 and BC200
3� stem–loop structures mediate translational control (Lin et al.,
2008; Eom et al., 2011, 2014, 2018), the 5� stem–loops carry spa-
tial codes that, acting as DTEs, specify RNA delivery to synapto-
dendritic sites of function (Muslimov et al., 1997, 2006, 2011).

To address the question which BC RNA epitopes are targeted
by anti-BC abs, we performed EMSA analysis with purified SLE
IgG preparations to examine interactions with human BC200
RNA, rat BC1 RNA, and respective subdomains or mutants. We
found that SLE anti-BC RNA reactivity (using IgG SLE S6, i.e.,
purified IgG from an SLE patient with a history of seizures #6)
was directed at both human BC200 RNA and rat BC1 RNA (Fig.
4A), confirming the results obtained with sera (Fig. 2). Anti-BC
reactivity was stronger toward human BC200 RNA than to rat
BC1 RNA (Fig. 4A). Limited crossreactivity of IgG SLE S6 was
observed with small nuclear (sn) U4 RNA but not with U6

snRNA (Fig. 4A). U4 and U6 RNAs are spliceosome components;
it is noted that U4 RNA (Vidovic et al., 2000; Klein et al., 2001),
but not U6 RNA (Karaduman et al., 2006), contains a noncanoni-
cal GA motif which, although different from BC RNA GA motifs
described below, may be underlying the observed crossreactivity.
For IgG SLE S6, crossreactivity with U4 RNA was estimated at
�5% of the reactivity level with BC200 RNA (Fig. 4A). Finally, we
found that SLE IgG anti-BC reactivity was directed at the 5� stem–
loop domain as the 3� domain was poorly recognized (Fig. 4B).

In double-stranded RNA domains, it is frequently architec-
tural motifs rather than sequence content that serve as recogni-
tion codes for RNA binding proteins (Noller, 2005; Leontis et al.,
2006). The 5� domains of BC1 RNA and BC200 RNA contain
several such motifs (Skryabin et al., 1998; Muslimov et al., 2006,
2011, 2018; Iacoangeli and Tiedge, 2013; Eom et al., 2018) which
for BC1 RNA include an apical noncanonical GA motif, an un-
paired U-residue at position 22 (U22), and a basal internal loop
(Fig. 1). The BC1 GA motif features noncanonical (i.e., non-WC)
purine�purine interactions in which tandem G�A/A�G pairs
engage in Hoogsteen-type hydrogen bonding (Muslimov et
al., 2006, 2011; Iacoangeli and Tiedge, 2013; Eom et al., 2018)
(Fig. 1).

We investigated whether any of the three BC1 RNA 5� archi-
tectural motifs are recognized as antigenic epitopes by SLE
anti-BC abs. SLE anti-BC IgGs were used with WT BC1 RNA and
with BC1 RNA derivatives in which one of these motifs had been
altered by point mutations (see Fig. 1 for structures of the mu-

Figure 4. Molecular targets of SLE anti-BC autoimmune reactivity. EMSA experiments were performed with 32P-labeled human BC200 RNA and rat BC1 RNA, using purified IgGs from SLE patient
S6. A, Strong immune complex formation of IgG SLE S6 was apparent with BC200 RNA and BC1 RNA, with stronger reactivity toward the human than to the rat BC RNA. Immune complex formation
was weak with spliceosomal U4 snRNA and undetectable with spliceosomal U6 snRNA. B, Robust reactivity was observed against full-length BC200 RNA and against the 5� BC200 domain, but not
against the 3� BC200 domain. C, IgG SLE S6 formed immune complexes with full-length BC1 RNA and with its 5� BC1 domain. When the 5� DTE-resident GA motif was altered to standard A-form RNA
helix by conversion of noncanonical base-pairings to standard WC base pairings (BC1 WC, see Fig. 1 for structure), full-length BC1 RNA was no longer recognized by IgG SLE S6. Similarly, IgG SLE S6
did not recognize full-length BC1 RNA in which 5� DTE unpaired U22 had been deleted (BC1 �U22). By contrast, elimination of the 5� basal internal loop (BC1 �IL) did not perceptibly alter BC1 RNA
recognition by anti-BC IgG SLE S6. In each of the gels A-C, RNA only was loaded in the left-most lane, and no complex formation was observed. While IgG SLE S6 was used in experiments shown in
this figure, analogous results were obtained with three other IgG preparations purified from highly reactive SLE sera (Table 1).
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tants used). We found that in BC1 RNA, the 5� domain nonca-
nonical GA motif and unpaired U22 were both indispensable for
SLE autoantibody recognition (Fig. 4C). The 5� domain basal
internal loop, in contrast, was recognition irrelevant (Fig. 4C).

A requirement of the noncanonical GA motif and unpaired
U22 for SLE anti-BC ab recognition is remarkable as it is precisely
these structural attributes in the 5� BC1 domain that have previ-
ously been identified as instrumental in specifying dendritic tar-
geting competence (Muslimov et al., 2006, 2011; Eom et al.,
2018). Thus, the noncanonical GA motif and unpaired U22 are
resident and requisite structural components of the 5� BC1 DTE,
and both motifs (but not the basal internal loop) are indispens-
able for dendritic delivery (Muslimov et al., 2006, 2011). The
above data thus indicate that SLE anti-BC abs interact with ex-
actly those 5� BC1 DTE architectural attributes that are respon-
sible for dendritic targeting.

Molecular competition of SLE anti-BC abs with RNA
transport factor hnRNP A2 for access to BC RNAs
The results presented in the preceding section indicate that SLE
anti-BC abs can target RNA structural epitopes that serve as DTE
spatial codes for BC RNA synapto-dendritic delivery. Subcel-
lular transport of BC1 and BC200 RNAs is mediated by the
RNA transport factor hnRNP A2 via interactions with 5� DTEs
(Muslimov et al., 2006, 2011; Iacoangeli and Tiedge, 2013;
Eom et al., 2018). The question is thus raised whether SLE
anti-BC abs compete with hnRNP A2 for binding to BC1 and
BC200 RNAs.

To address this question, we performed EMSA analysis using
purified IgGs from two SLE patient sera (IgG SLE S1 and IgG SLE
S6). We first confirmed (Fig. 5A) that binding of IgG SLE S1 to
both BC1 RNA and BC200 RNA was robust, whereas no binding
was observed with IgGs from an HS(IgG HS4). Equally robust
was binding of recombinant hnRNP A2 to BC1 RNA and BC200
RNA (Fig. 5A). Next, in an EMSA competition analysis, BC1 or
BC200 RNA was preincubated with hnRNP A2. After 30 min, IgG
SLE S1 was added to the reaction mix, and incubation was con-
tinued for another 30 min. At this time, hnRNP A2 was almost
completely displaced from BC1 RNA and partially displaced
from BC200 RNA (Fig. 5A). When incubation was extended to a
total of 60 min, hnRNP A2 was completely displaced from both
RNAs (Fig. 5B). By contrast, no displacement from either RNA
was observed with IgG HS4 (Fig. 5A).

BC RNA-anti-BC ab complex formation, and displacement of
hnRNP A2, was analogously observed when IgG SLE S6 was used
instead of IgG SLE S1 in EMSA competition analysis (Fig. 6A).
Failure to form such complexes, in contrast, was apparent with
IgG MS1 (MS patient) and with IgG RA1 (RA patient), in addi-
tion to IgG HS4 (Fig. 6B). The combined data indicate that bind-
ing of SLE anti-BC abs specifically and effectively prevents BC1
RNA and BC200 RNA from interacting with hnRNP A2.

Together, the evidence presented in this and the preceding
section suggests that SLE anti-BC RNA autoimmune reactivity is
primarily directed against targeting-relevant structural motifs in
the 5� DTE domains, and that interaction of SLE anti-BC abs with
such motifs displaces RNA transport factor hnRNP A2 from BC
RNAs. These results invite the question of whether such compe-
tition will affect BC RNA dendritic delivery.

SLE anti-BC abs: BC RNA dendritic transport impairments
Does molecular displacement of hnRNP A2 by SLE anti-BC abs
impact dendritic delivery of BC RNAs? We applied RNA trans-
port assays using microinjection methodology with sympathetic

neurons in primary culture (Muslimov et al., 1997, 2004, 2006,
2011, 2014) to address this question. We microinjected perikaryal
regions of cultured neurons with 35S-radiolabeled full-length
BC1 RNA or BC200 RNA. Progression of labeled RNAs into and
along dendrites was monitored over various periods of time up to
a total of 4 h. In agreement with earlier data, BC1 RNA and BC200
RNA were transported to reach distal dendritic tips within the 4 h
period (Muslimov et al., 1997, 2006, 2011).

In the next step, we preincubated radiolabeled BC1 RNA with
purified IgGs from an HS (IgG HS4) for 30 min before coinjec-
tion into sympathetic neurons in primary culture. The resulting
labeling signal extended along the entire dendritic extent (Fig.
7A,B), indicating that IgG HS4 did not impact dendritic delivery
of rodent BC1 RNA. In clear contrast, BC1 RNA that had been
preincubated and coinjected with IgG SLE S1 showed a somati-
cally restricted distribution profile (Fig. 7C,D). The data indicate
that SLE anti-BC abs were interfering with the transport of BC1
RNA along dendritic arborizations. By contrast again, when the
same experiment was performed using IgG MS1 (i.e., autoim-
mune IgG from a MS patient), BC1 RNA was delivered normally
to dendrites (Fig. 7E,F), and the somato-dendritic distribution
pattern was not significantly different from that observed in the
presence of coinjected IgG from an HS (Fig. 7G). For quanti-
tative analysis (Fig. 7G), signal intensities were established
along dendritic extents at 50 �m interval points, up to a length
of 250 �m. Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s multiple-comparisons analy-
sis [comparison of dendritic BC1 RNA levels after coinjection
with IgG HS4 (Fig. 7 A, B) with levels after coinjection with IgG
SLE S1 (Fig. 7C,D), p � 0.0001 for all interval points; compar-
ison with levels after coinjection with IgG MS1 (Fig. 7 E, F ),
p 	 0.95 for all interval points]. The data, together with those
of Figure 5, support the hypothesis that SLE autoimmune abs
(but not MS autoimmune abs), by displacing transport factor
hnRNP A2, abolish or significantly reduce dendritic targeting
of BC1 RNA.

Further experiments were performed for additional tests of
the above hypothesis. As is detailed in the Introduction and Dis-
cussion sections, rodent BC1 RNA and primate BC200 RNA are
not phylogenetic orthologs but appear to operate in neurons in a
functionally-mechanistically analogous manner (Iacoangeli and
Tiedge, 2013; Eom et al., 2018). To determine whether this func-
tional analogy extends to dendritic targeting being susceptible to
SLE anti-BC autoimmune reactivity, we performed RNA trans-
port experiments with rodent BC1 RNA and primate BC200 RNA
in parallel. As is shown in Figure 8, dendritic delivery of human
BC200 RNA was significantly diminished after preincubation
and coinjection of radiolabeled RNA with IgG SLE S1 (Fig.
8C,D). By contrast, preincubation and coinjection with IgG HS4
(Fig. 8A,B) or IgG MS1 (Fig. 8E,F) did not result in reduced
dendritic delivery of BC200 RNA (Fig. 8G). Quantitative analysis
(Fig. 8G) was performed using one-way ANOVA followed by
Dunnett’s test [comparison of dendritic BC200 RNA levels after
coinjection with IgG HS4 (Fig. 8A,B) with levels after coinjection
with IgG SLE S1 (Fig. 8C,D), p � 0.0001 for all interval points;
comparison with levels after coinjection with IgG MS1 (Fig.
8E,F), p 	 0.62 for all interval points]. We conclude that den-
dritic targeting of rodent BC1 RNA (Fig. 7) and primate BC200
RNA (Fig. 8) is analogously inhibited by SLE IgGs but not by HS
or MS patient IgGs.

Before being able to engage cytoplasmic regulatory BC RNAs,
anti-BC abs will have to enter cells. Neurons have been shown to
internalize IgGs, with uptake occurring via clathrin-dependent
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Fc� receptor-mediated endocytosis (Elkon and Casali, 2008;
Congdon et al., 2013; Douglas et al., 2013; Kazim et al., 2017;
Rhodes and Isenberg, 2017). We reasoned that preincubation of
cultured neurons with bath-applied SLE anti-BC IgGs would,
after antibody uptake, cause BC RNA transport impairments
identical or similar to those observed after antibody coinjection.

Two sets of experiments were performed to test this predic-
tion. In the first set, we bath-applied IgGs to sympathetic neurons
in culture for various periods of time (see Materials and Meth-
ods) before perikaryal microinjection of radiolabeled rat BC1

RNA. Data presented in Figure 9 show that an 8 h bath applica-
tion of IgG SLE S6 (Fig. 9C,D), but not of IgG HS4 (Fig. 9A, B) or
IgG RA1 (Fig. 9E,F), resulted in significantly reduced dendritic
targeting of BC1 RNA (Fig. 9G). Quantitative analysis (Fig. 9G)
was performed using one-way ANOVA followed by Dunnett’s
test [comparison of dendritic BC1 RNA levels after bath applica-
tion of IgG HS4 (Fig. 9A,B) with levels after bath application of
IgG SLE S6 (Fig. 9C,D), p � 0.0001 for all interval points; com-
parison with levels after bath application of IgG RA1 (Fig. 9E,F),
p 	 0.73 for all interval points].
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RNAs/IgGs

RNAs/hnRNP A2

Free RNAs:

BC200 RNA

BC1 RNA

Bound RNAs:

RNAs/IgGs

RNAs/hnRNP A2
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BC200 RNA
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Figure 5. EMSA competition analysis: transport factor hnRNP A2 is displaced from BC1 and BC200 RNAs by SLE anti-BC abs. A, 32P-labeled BC1 RNA was loaded in lanes 1– 6 as follows. Lane 1,
unbound BC1 RNA runs with high mobility. Lane 2, BC1 RNA incubated with hnRNP A2 runs at reduced mobility, reflecting BC1 RNA-hnRNP A2 complex formation. Lane 3, BC1 RNA incubated with
IgG from SLE patient S1 runs at reduced mobility, reflecting BC1 RNA-anti-BC antibody immune complex formation. Lane 4, BC1 RNA incubated with IgG from HS4 runs at the same mobility as
unbound BC1 RNA in lane 1, indicating lack of immune complex formation. Lane 5, BC1 RNA incubated with hnRNP A2 and, after 30 min, with IgG from SLE patient S1 runs with the same mobility
as BC1 RNA incubated with IgG from SLE patient S1; thus, dual incubation produced mostly complexes containing BC1 RNA and IgG SLE S1 rather than complexes containing BC1 RNA and hnRNP A2,
indicating that hnRNP A2 had been displaced from BC1 RNA by IgG SLE S1. Lane 6, BC1 RNA incubated with hnRNP A2 and, after 30 min, with IgG from HS4 runs with the same mobility as BC1 RNA
incubated with hnRNP A2; thus, dual incubation produced mostly complexes containing BC1 RNA and hnRNP A2 rather than complexes containing BC1 RNA and IgG HS4, indicating that IgG HS4 was
unable to displace hnRNP A2 from BC1 RNA. Competition experiments with human BC200 RNA (lanes 7–12) were performed analogously. The molar ratio of IgG to hnRNP A2 was 1:1 in all cases. All
final incubations were for 30 min. Analogous results were obtained when IgG SLE S6 was used instead of IgG SLE S1 (Fig. 6A). Unbound BC200 RNA runs at lower mobility than BC1 RNA because the
former is longer (200 nt) than the latter (152 nt). B, Time course experiments reveal displacement, by IgG SLE S1, of hnRNP A2 from BC1 RNA (lanes 1–3) and from BC200 RNA (lanes 4 – 6). BC RNAs
were incubated with hnRNP A2 and, after 30 min, with IgG SLE S1. Incubation was continued for 30 min (lanes 1 and 4), 45 min (lanes 2 and 5), and 60 min (lanes 3 and 6). The data indicate that
hnRNP A2 was completely displaced from BC1 RNA and BC200 RNA by IgG SLE S1 within 60 min.
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In a second set of experiments, we used radiolabeled human
BC200 RNA for microinjection of cultured neurons after
bathapplication of IgGs (Fig. 10). Results obtained in these
experiments were analogous to those obtained with rat BC1
RNA. BC200 RNA was delivered along the entire dendritic
extent after bath application of IgG HS4 (Fig. 10 A, B) or IgG
MS1 (Fig. 10 E, F ). By contrast, dendritic targeting was signif-
icantly reduced after bath application of IgG SLE S1 (Fig.
10C,D). Quantitative analysis (Fig. 10G) was performed using
one-way ANOVA followed by Dunnett’s test [comparison of
dendritic BC200 RNA levels after bath application of IgG HS4

(Fig. 10 A, B) with levels after bath application of IgG SLE S1
(Fig. 10C,D), p � 0.0001 for all interval points; comparison
with levels after bath application of IgG MS1 (Fig. 10 E, F ), p 	
0.73 for all interval points].

We conclude from the above results that bath-applied IgGs
are taken up by cultured neurons, and that anti-BC IgGs from
SLE patients thus internalized are able to interfere with the den-
dritic delivery of rat BC1 RNA and human BC200 RNA. By con-
trast, delivery of BC1 RNA or BC200 RNA to synapto-dendritic
domains appears unaffected when IgGs from non-SLE subjects
(including HS as well as MS patients and RA patients) are used in

BC1 RNA                  +     +           +             +            +        +          +                                       +            +  +
hnRNP A2                              +                                           +          +           +                          +            +           +

IgGs  S1            S6          HS4       S1         S6         HS4                     S6 (10’)   S6 (30’)   S6 (60’)

 1           2          3          4           5 6          7           8           9         10 11        12
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III

            S1                             S6                            HS4                          MS1 RA1

Bound BC200 RNA

Free BC200 RNA

IgGs
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Figure 6. EMSA competition analysis: displacement of transport factor hnRNP A2 by anti-BC abs IgG SLE S1 and IgG SLE S6. A, Displacement of hnRNP A2 from BC1 RNA by IgG SLE S1 and IgG SLE
S6. Electrophoretic mobility levels are indicated to the left of the autoradiogram as follows: mobility level I, BC1 RNA-IgG complexes; mobility level II, BC1 RNA-hnRNP A2 complexes; mobility level
III, unbound BC1 RNA. 32P-labeled BC1 RNA was loaded in lanes 1–12 as follows. Lane 1, unbound BC1 RNA runs with high mobility. Lane 2, BC1 RNA incubated with hnRNP A2; reduced mobility
indicates BC1 RNA-hnRNP A2 complex formation. Lane 3, BC1 RNA incubated with IgG SLE S1; reduced mobility indicates BC1 RNA-anti-BC antibody immune complex formation. Lane 4, BC1 RNA
incubated with IgG SLE S6; reduced mobility indicates BC1 RNA-anti-BC antibody immune complex formation. Lane 5, BC1 RNA incubated with IgG HS4; same mobility as that of unbound BC1 RNA
in lane 1 indicates lack of immune complex formation. Lane 6, BC1 RNA incubated with hnRNP A2 and, after 30 min, with IgG SLE S1; data indicate displacement of hnRNP A2 from BC1 RNA by IgG
SLE S1. Lane 7, BC1 RNA incubated with hnRNP A2 and, after 30 min, with IgG SLE S6; data indicate displacement of hnRNP A2 from BC1 RNA by IgG SLE S6. Lane 8, BC1 RNA incubated with hnRNP
A2 and, after 30 min, with IgG HS4; data indicate no displacement of hnRNP A2 from BC1 RNA by IgG HS4. Molar ratio of IgG to hnRNP A2 was 1:1. All final incubations were for 30 min. Lanes 10 –12:
BC1 RNA was incubated with hnRNP A2 and, after 30 min, with IgG SLE S6. Incubation was continued for the times indicated. The mobility shifts indicate complete displacement of hnRNP A2 from
BC1 RNA by IgG SLE S6 within 60 min. B, Differential BC RNA complex formation with autoimmune IgGs. EMSA analysis was performed with 32P-labeled BC200 RNA, using IgG SLE S1 and IgG SLE S6
(SLE patients), IgG HS4, IgG MS1 (MS patient), and IgG RA1 (RA patient). Shifts to lower mobility occur with IgG SLE S1 and IgG SLE S6, but not with IgG HS4, IgG MS1, or IgG RA1, indicating that only
SLE IgGs but not IgGs from HS or from non-SLE autoimmune disease patients react with BC200 RNA to form immune complexes.
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coinjection or bath-application approaches. The combined data
indicate that SLE anti-BC IgGs, recognizing 5� dendritic targeting
elements and competing with hnRNP A2, specifically disrupt de-
livery of regulatory BC RNAs to dendrites.

SLE anti-BC abs: mislocalization of BC1 RNA in vivo
The above results indicate that SLE anti-BC abs are internalized
by neurons in primary culture, after which they interfere with BC
RNA dendritic localization. We next asked whether in vivo, cir-
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Figure 7. Dendritic transport of rat BC1 RNA: impairment after coinjection with SLE anti-BC IgGs. After preincubation with IgGs, radiolabeled BC1 RNA was coinjected into sympathetic neurons
in primary culture. Coinjection was performed with IgG HS4 (A, B), IgG SLE S1 (C, D), or IgG MS1 (E, F ). In dark-field photomicrographs (A, C, E), labeling signal appears as white silver grains. Typical
neuronal morphology and dendritic extent of sympathetic neurons in culture (Muslimov et al., 2011, 2014) are observed in phase-contrast photomicrographs B (corresponding to dark-field
photomicrograph A), D (corresponding to dark-field photomicrograph C), and F (corresponding to dark field photomicrograph E). Scale bar, 50 �m. Numbers of cells analyzed: A, B, 7 neurons, 28
dendrites; C, D, 8 neurons, 28 dendrites; and E, F, 7 neurons, 28 dendrites. Quantitative analysis (G) indicates that IgG SLE S1, but not IgG HS4 or IgG MS1, significantly reduces dendritic delivery of
BC1 RNA.
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culating antibodies can gain access to the brain and are internal-
ized by neurons in sufficient concentrations to impact dendritic
localization of endogenous BC1 RNA. This issue was addressed
by intravenous injections of mice in which purified SLE anti-BC
IgGs or purified other, non-SLE IgGs were injected intravenously
as described previously (Kowal et al., 2006; see also Materials and
Methods). Each intravenous injection of IgG was directly fol-
lowed by an intraperitoneal injection of LPS (Kowal et al., 2006).
LPS was applied to breach the BBB and thus to allow injected,
circulating IgGs access to the brain (Kowal et al., 2004, 2006;
Mader et al., 2017). Another round of LPS intraperitoneal injec-

tions was performed 48 h later. Animals were killed after 2 more
days and their brains processed for in situ hybridization directed
at endogenous BC1 RNA.

Figure 11 shows that in hippocampal area CA1, the distribu-
tion of BC1 RNA is normal after intravenous injection of IgG
HS4, i.e., purified IgG from an HS. Thus, in this case, robust BC1
RNA signal intensities are detectable in synapto-dendritic strata
oriens and radiatum, with signal intensities similar to those in
somatic stratum pyramidale (Fig. 11A,B). This result reflects an
enrichment of BC1 RNA in dendritic arborizations of CA1 pyra-
midal cells, as has previously been reported for WT rats (Lin et al.,

HS4

C

A

SLE S1

Distance from soma (�m)

yt is ne tni lan giS

B

D

E F

G

MS1

Figure 8. Dendritic transport of human BC200 RNA: impairment after coinjection with SLE anti-BC IgGs. Coinjection was performed, as described for Figure 7, with IgG HS4 (A, B), IgG SLE S1 (C,
D), or IgG MS1 (E, F ). Dark-field photomicrographs (A, C, E) are accompanied by corresponding phase-contrast photomicrographs (B, D, F ). Scale bar, 50 �m. Number of cells analyzed: A, B, 9
neurons, 33 dendrites; C, D, 8 neurons, 28 dendrites; and E, F, 7 neurons, 27 dendrites. Quantitative analysis (G) indicates that IgG SLE S1, but not IgG HS4 or IgG MS1, significantly reduces dendritic
delivery of BC200 RNA.
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2001) and mice (Muslimov et al., 2018). In striking contrast, in
CA1 of mice injected with IgG SLE S1, the distribution of the BC1
RNA labeling signal was significantly increased in somatic stra-
tum pyramidale and significantly decreased in synapto-dendritic
strata oriens and radiatum (Fig. 11C,D). These results indicate
(1) that injected antibodies were able to cross the BBB and enter
neurons, and (2) that purified IgG from an SLE patient with
neuropsychiatric manifestations, but not IgG from an HS, pre-
vented BC1 RNA from significantly localizing to CA1 pyramidal

cell dendrites, thus causing its accumulation in neuronal cell
bodies.

The above qualitative observations were further confirmed by
quantitative analysis of BC1 RNA labeling intensities in strata
oriens, pyramidale, and radiatum obtained from animals injected
with SLE anti-BC abs (n � 12; see Materials and Methods) and
those obtained from animals injected with non-SLE abs (n � 10)
(Fig. 11E,F). One-way ANOVA was followed by Tukey’s multiple-
comparisons test in which signal intensities in stratum pyrami-

Figure 9. Dendritic transport of rat BC1 RNA: impairment after bath application of SLE anti-BC IgGs. Sympathetic neurons were microinjected with radiolabeled BC1 RNA after bath application
of IgGs for 8 h. Bath application was performed with IgG HS4 (A, B), IgG SLE S6 (C, D), or IgG RA1 (E, F ). Dark-field photomicrographs (A, C, E) are accompanied by corresponding phase-contrast
photomicrograph (B), DIC Nomarski photomicrograph (D),and phase-contrast photomicrograph (F ). Scale bar, 50 �m. Number of cells analyzed: A, B, 8 neurons, 28 dendrites; C, D, 7 neurons, 28
dendrites; and E, F, 8 neurons, 27 dendrites. Quantitative analysis (G) indicates that bath-applied IgG SLE S6, but not bath-applied IgG HS4 or IgG RA1, significantly reduces dendritic delivery of BC1
RNA.
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dale (center), in stratum oriens at a distance of 50 �m from
edge of stratum pyramidale, and in stratum radiatum at dis-
tances of 50, 100, and 150 �m from edge of stratum pyrami-
dale, were compared between animals injected with SLE
anti-BC abs and those injected with non-SLE abs: p � 0.0001
for all sample points.

In CA1 of animals injected with non-SLE abs (Fig. 11E), signal
intensities in stratum pyramidale tended to be lower than

those in neighboring strata oriens and radiatum (one-way
ANOVA, p � 0.043). Post hoc analysis using Dunnett’s
multiple-comparisons test revealed that signal intensities in
stratum pyramidale were significantly lower than those in
stratum radiatum at 150 �m ( p � 0.018) but not significantly
lower than those in stratum radiatum at 50 �m ( p � 0.067),
those in stratum radiatum at 100 �m ( p � 0.349), or those in
stratum oriens at 50 �m ( p � 0.71). By contrast, in CA1 of

Figure 10. Dendritic transport of human BC200 RNA: impairment after bath application of SLE anti-BC IgGs. Bath application was performed with IgG HS4 (A, B), IgG SLE S1 (C,D), or IgG MS1 (E,F ).
Dark-field photomicrographs (A,C,E) are accompanied by phase-contrast (B) and DIC Nomarski (D, F ) photomicrographs. Scale bar, 50 �m. Number of cells analyzed: A, B, 8 neurons, 32 dendrites;
C, D, 7 neurons, 28 dendrites; E, F, 7 neurons, 27 dendrites. Quantitative analysis (G) indicates that bath-applied IgG SLE S1, but not bath-applied IgG HS4 or IgG MS1, significantly reduces dendritic
delivery of BC200 RNA.
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animals injected with SLE anti-BC abs (Fig. 11F ), signal inten-
sities in stratum pyramidale were significantly higher than
those in neighboring strata oriens and radiatum (one-way
ANOVA followed by Dunnett’s multiple-comparisons test of
strata pyramidale versus oriens and radiatum at above dis-
tances: p � 0.0001 for all sample points).

In conclusion the above in vivo data indicate that after enter-
ing the brain (by crossing the LPS-breached BBB) and being
taken up by neurons, SLE anti-BC abs can target BC1 RNA and
interfere with its localization to synapto-dendritic domains.

Discussion
BC RNAs constitute a small group of scRNAs of which rodent
BC1 RNA and primate BC200 RNA have been most extensively

investigated (for review, see Iacoangeli and Tiedge, 2013; Eom et
al., 2018). Neuronal BC1 and BC200 RNAs are translational reg-
ulators that operate in the activity-dependent control of local
protein synthesis in synapto-dendritic domains (Eom et al., 2011,
2014, 2018). Translational control competence resides in BC1
and BC200 RNA 3� stem–loop domains which contain identical
C-loop motif structures (Eom et al., 2011). The BC RNA 3�
C-loop motifs feature noncanonical nucleotide interactions of
the A�A trans-WC/Hoogsteen and of the C�A cis-WC/sugar edge
subtypes. These C-loop motif noncanonical interactions are req-
uisite for high-affinity binding to eIF4B and translational control
competence (Eom et al., 2011, 2014; Iacoangeli and Tiedge,
2013).
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Figure 11. SLE anti-BC abs: mislocalization of endogenous BC1 RNA in vivo. Mice were injected intravenously with SLE anti-BC abs or with non-SLE abs and, subsequently, intraperitoneally with
LPS to permeabilize the BBB (Kowal et al., 2006). The following antibodies were used: SLE S1, SLE S6, HS4, MS1, and RA (see Materials and Methods for numbers of animals used per antibody). O,
Stratum oriens; P, stratum pyramidale; R, stratum radiatum; hf, hippocampal fissure. A–D, Hippocampal CA1 regions (coronal sections) of injected animals are shown in dark-field (A, C) and
corresponding bright-field (B, D) photomicrographs. Scale bar, 100 �m. BC1 RNA labeling signal is apparent as white silver grains, resulting from emulsion autoradiography, in dark-field
photomicrographs. A, B, CA1 region of an animal injected with IgG HS4 (i.e., from an HS). BC1 RNA labeling signal is robust in dendritic layers stratum oriens and stratum radiatum. C, D, CA1 region
of an animal injected with IgG SLE S1 (i.e., from an SLE patient with seizures). BC1 RNA labeling signal is prominent in somatic layer stratum pyramidale. E, F, Quantitative analysis. Autoradiographic
signal intensities were established in stratum pyramidale (center), in stratum oriens at a distance of 50 �m from the edge of stratum pyramidale, and in stratum radiatum at distances of 50, 100,
and 150 �m from the edge of stratum pyramidale. E, Animals injected with non-SLE abs (10 animals). F, Animals injected with SLE anti-BC abs (n � 12 animals).
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Extending this analogy, the BC1 and BC200 RNA 5� stem–
loop domains harbor similar GA motif structures (Skryabin et al.,
1998; Muslimov et al., 2006, 2011; Iacoangeli and Tiedge, 2013;
Eom et al., 2018). The noncanonical BC RNA GA motifs act as
spatial codes to specify dendritic targeting (Muslimov et al., 2006,
2011; Iacoangeli and Tiedge, 2013; Eom et al., 2018). The BC1
RNA 5� GA motif features tandem G�A/A�G pairings, in the trans-
Hoogsteen/sugar edge hydrogen bonding format, that are re-
quired for dendritic delivery (Lescoute et al., 2005; Muslimov et
al., 2006). BC1 RNA U22 also contributes to dendritic targeting
competence, whereas a basal internal loop does not (Muslimov et
al., 2006). In addition, work with transgenic mouse lines expressing
mutant BC1 RNAs has confirmed a 5� DTE requirement for den-
dritic localization (Robeck et al., 2016). However, apparent method-
ological insufficiencies have been noted (Eom et al., 2018; see also
technical comment published online with Robeck et al., 2016).

In the design of our experimental approach, we took into
consideration the following information (see also introduction).
First, because BC1 RNA and BC200 RNA are functional analogs
rather than phylogenetic orthologs, it was important to establish
whether interactions of the two RNAs with SLE anti-BC abs are
similarly analogous. For this reason, molecular and cellular ex-
periments were performed with BC1 RNA and BC200 RNA in
parallel. Second, since BC1 and BC200 RNAs, because of their
distinct phylogenetic background, feature unrelated primary
structures but, as a result of retroposition-mediated functional
convergence (Iacoangeli and Tiedge, 2013), identical or similar
higher-order-structure architectural motifs, we surmised that
any anti-BC ab recognizing both RNAs would recognize such
motifs rather than nucleotide sequences.

We found that SLE anti-BC RNA autoimmune antibodies do
in fact recognized both BC RNAs as an SLE anti-BC ab recogniz-
ing BC200 RNA would also recognize BC1 RNA, albeit at lower
reactivity. This result suggests that the BC1-BC200 functional-
mechanistic analogy (Iacoangeli and Tiedge, 2013; Eom et al.,

2018) is also maintained with respect to autoantibody interac-
tions. This functional correspondence extends even further as
SLE anti-BC abs target mechanistically analogous double-
stranded RNA motif structures. Reactivity of anti-BC abs was
found directed at BC1 and BC200 RNA 5� DTE stem–loop do-
mains, structural elements that constitute the “transport centers”
of BC RNAs as they carry spatial codes to specify dendritic deliv-
ery (Muslimov et al., 2006, 2011, 2018; Iacoangeli and Tiedge,
2013; Eom et al., 2018).

SLE anti-BC abs thus engage the 5� transport centers of BC
RNAs (rather than their 3� business centers, the C-loop motifs
that mediate translational control). In the 5� BC1 DTE, GA motif
noncanonical purine�purine pairings, together with unpaired nu-
cleotide U22, are required for SLE autoantibody recognition.
Precisely the same structural attributes have previously been
identified as requisite determinants of dendritic targeting com-
petence (Muslimov et al., 2006, 2011). Transport factor hnRNP
A2, essential for BC RNA dendritic targeting, specifically inter-
acts with 5� noncanonical GA motif structures (Muslimov et al.,
2011). We now find that SLE anti-BC IgGs compete with hnRNP
A2 for access to BC RNAs, effectively displacing the transport
factor at a 1:1 molar ratio.

Molecular competition between SLE anti-BC abs and hnRNP
A2 is of immediate functional relevance as it predicts BC RNA
transport impairments as a consequence of the transport factor’s
diminished ability to access 5� DTE structures. RNA transport
assays corroborated this hypothesis: SLE anti-BC abs significantly
decreased dendritic delivery of both BC1 and BC200 RNAs. Two
types of experimental approaches were performed. (i) BC RNAs
were preincubated with SLE anti-BC IgGs or other IgGs, before
comicroinjection into cultured neurons. (ii) Cultured neurons
were preincubated with SLE anti-BC IgGs or other IgGs, by bath
application, before BC RNA microinjection. In either approach,
application of SLE anti-BC IgGs resulted in significantly reduced
dendritic delivery of BC1 and BC200 RNAs. The data are in agree-
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Figure 12. SLE anti-BC abs in neurons. Delivery of BC RNAs to synapto-dendritic domains requires transport factor hnRNP A2. The factor interacts with targeting-determinant GA motifs contained
within BC RNA 5� stem–loop domains. SLE anti-BC IgGs bind to the same motif structures, displacing hnRNP A2 from BC RNAs and as a result causing impaired dendritic delivery.
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ment with accumulating evidence showing that neurons inter-
nalize IgGs via clathrin-dependent Fc� receptor-mediated
endocytosis, that such internalization is requisite for the clear-
ance of intracellular antigens, and that internalized autoantibod-
ies have the potential to disrupt intracellular functions (Elkon
and Casali, 2008; Congdon et al., 2013; Douglas et al., 2013; Ka-
zim et al., 2017; Rhodes and Isenberg, 2017). In the case of SLE
anti-BC IgGs, intracellular molecular mechanisms are impacted
as RNA transport factor hnRNP A2 is displaced from BC RNA
DTEs, a displacement that causes RNA mislocalization as BC
RNAs are now predominantly retained in neuronal somata rather
than being delivered to synapto-dendritic domains (Fig. 12).

In in vivo experiments with mice, we applied LPS to perme-
abilize the BBB (Kowal et al., 2004, 2006) and injected autoim-
mune and other antibodies intravenously. SLE anti-BC abs, but
not non-SLE abs, caused a significant change in the somato-
dendritic distribution of endogenous BC1 RNA in hippocampal
CA1: BC1 RNA, normally present at robust levels in dendritic
domains, now collapsed back into a predominantly somatic lo-
calization. Because SLE anti-BC abs, but not non-SLE abs, target
BC RNA DTEs and prevent transport factor hnRNP A2 from
DTE binding, we suggest that intravenous injected abs reach the
CNS where they are taken up by neurons, after which SLE
anti-BC abs but not non-SLE abs prevent anterograde delivery of
endogenous BC1 RNA to synapto-dendritic domains. Such fail-
ure to deliver, together with clearance of preexisting endogenous
BC1 RNA from dendritic domains (by mechanisms that remain
to be established), results in significantly diminished synapto-
dendritic localization and substantial mislocalization of the RNA
to somatic domains.

The absence, or severely reduced presence, of regulatory BC
RNAs in synapto-dendritic domains is expected to give rise to
phenotypic alterations that are similar to, but possibly milder
than, those observed in the BC1 KO animal model. Global lack of
BC1 RNA in such animals causes neuronal hyperexcitability that
manifests in the form of prolonged epileptiform discharges in
slice preparations and seizure susceptibility in vivo, as well as
cognitive impairment (Zhong et al., 2009, 2010; Chung et al.,
2017; Iacoangeli et al., 2017). Identical or similar phenotypic al-
terations have been observed in the CGG-repeat animal model
(Muslimov et al., 2018). In these animals, generated as a model
for the fragile X premutation disorder (Bontekoe et al., 2001), the
5� UTR of Fmr1 mRNA harbors expanded CGG triplet repeats in
the range of 55–200 units (Oostra and Willemsen, 2009). Pheno-
typic hallmarks of the fragile X premutation disorder include
epilepsy and cognitive impairment in young patients and neuro-
degeneration and motor dysfunction in advanced-age patients.
(Hagerman et al., 2010, 2016; Hagerman, 2013). Our previous
work (Muslimov et al., 2011, 2018) has shown that expanded
CGG repeats, which form noncanonical stem–loop structures
featuring purine�purine base pairs, sequester transport factor hn-
RNP A2 and cause significantly reduced synapto-dendritic deliv-
ery of BC1 RNA in vivo. Thus, epilepsy and cognitive impairment
in young CGG-repeat animals are consequential to BC1 RNA
dendritic transport deficits and subcellular mislocalization
(Muslimov et al., 2018).

We conclude that BC RNA mislocalization can be caused by
reduced functional availability of hnRNP A2 as a result of CGG-
repeat competition (fragile X premutation) or of anti-BC auto-
antibody competition (SLE). Epilepsy and cognitive impairment
are phenotypic consequences of either type of competition. Such
overall correspondence notwithstanding, important differences
are noted as SLE clinical presentations have been known to be

notoriously diverse (Mader et al., 2017). Several underlying
causes, not mutually exclusive, may contribute to this diversity.
While auto-IgGs are taken up via Fc� receptor-mediated endo-
cytosis (Elkon and Casali, 2008; Congdon et al., 2013; Douglas et
al., 2013; Kazim et al., 2017; Rhodes and Isenberg, 2017), the
efficiency of this mechanism may vary among neuronal cell types.
Autoantibodies have to traverse a compromised BBB for access to
CNS neurons (Abbott et al., 2003; Mader et al., 2017). Depending
on the nature and location of BBB disruption(s), SLE autoanti-
body-impacted CNS areas and resulting neurological symptoms
may vary. Finally, low-level crossreactivity was observed with U4
snRNA, raising the question of whether phenotypic conse-
quences may also result from engaging spliceosomal U4 RNA in
addition to BC RNAs.

Why are SLE anti-BC abs directed at BC RNA 5� transport
centers but not at 3� business centers? We speculate that 5� GA
motifs, but not 3� C-loop motifs, resemble viral RNA structures
and may thus be mistaken for “nonself” intruders. The HIV Rev
response element stem–loop IIb, for example, contains a nonca-
nonical RNA motif with G�A and G�G base pairings (Jain and
Belasco, 1996). The similarity to BC RNA GA motifs may “de-
ceive” an immune system into treating BC RNAs as inherently
nonself. Alternatively, a viral infection may trigger an antiviral
RNA immune response with significant and potentially long-
lasting crossreactivity against BC RNAs. We propose that such
molecular mimicry (Mader et al., 2017) may underlie anti-RNA
autoimmune responses in general.
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