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ABSTRACT

Thousands of endogenous retroviruses (ERV), viral fossils of ancient germ line infections, reside within the human genome. Evi-
dence of ERV activity has been observed widely in both health and disease. While this is most often cited as a bystander effect of
cell culture or disease states, it is unclear which signals control ERV transcription. Bioinformatic analysis suggests that the viral
promoter of endogenous retrovirus K (ERVK) is responsive to inflammatory transcription factors. Here we show that one reason
for ERVK upregulation in amyotrophic lateral sclerosis (ALS) is the presence of functional interferon-stimulated response ele-
ments (ISREs) in the viral promoter. Transcription factor overexpression assays revealed independent and synergistic upregula-
tion of ERVK by interferon regulatory factor 1 (IRF1) and NF-kB isoforms. Tumor necrosis factor alpha (TNF-a) and LIGHT
cytokine treatments of human astrocytes and neurons enhanced ERVK transcription and protein levels through IRF1 and NF-«B
binding to the ISREs. We further show that in ALS brain tissue, neuronal ERVK reactivation is associated with the nuclear trans-
location of IRF1 and NF-kB isoforms p50 and p65. ERVK overexpression can cause motor neuron pathology in murine models.
Our results implicate neuroinflammation as a key trigger of ERVK provirus reactivation in ALS. These molecular mechanisms
may also extend to the pathobiology of other ERVK-associated inflammatory diseases, such as cancers, HIV infection, rheuma-
toid arthritis, and schizophrenia.

IMPORTANCE

It has been well established that inflammatory signaling pathways in ALS converge at NF-kB to promote neuronal damage. Our
findings suggest that inflammation-driven IRF1 and NF-kB activity promotes ERVK reactivation in neurons of the motor cortex
in ALS. Thus, quenching ERVK activity through antiretroviral or immunomodulatory regimens may hinder virus-mediated neu-
ropathology and improve the symptoms of ALS or other ERVK-associated diseases.

housands of endogenous retroviruses (ERV), viral fossils of

ancient germ line infections, reside within the human genome.
Evidence of ERV activity has been observed widely in both health
and disease. While this is most often cited as a bystander effect of
cell culture or disease states, it is unclear which signals control
ERV transcription and whether their expression is relevant to cel-
lular processes. We previously proposed that the viral promoter of
endogenous retrovirus K (ERVK) is responsive to inflammatory
transcription factors (1) due to the presence of two conserved
interferon-stimulated response elements (ISREs). Thus, select
proinflammatory transcription factors may drive ERVK expres-
sion.

The transcription of integrated retroviral sequences within the
human genome is regulated by viral promoters, called long termi-
nal repeats (LTRs), flanking either side of the core viral genome.
These LTRs contain transcriptional regulatory elements that are
responsive to both viral and cellular transcription factors (TFs).
Interferon regulatory factors (IRFs) and nuclear factor kappa B
(NF-kB) have been shown to be crucial in the transcription of
human immunodeficiency virus (HIV) proviruses (2, 3), thus
promoting HIV replication in the context of inflammation (4).
The human genome is already populated with numerous ERVK
viral promoters containing IRF and NF-«B binding sites (1); how-
ever, their propensity to drive ERVK transcription and expression
remains unclear.

In support of this paradigm for ERVK reactivation, proinflam-
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matory cytokines have previously been shown to trigger viral ex-
pression in several ERVK-associated inflammatory diseases. For
instance, tumor necrosis factor alpha (TNF-a) treatment has been
demonstrated to enhance ERVK (HML-2) gag transcription in
synoviocytes obtained from patients with rheumatoid arthritis
(5). TNF-o and gamma interferon (IFN-vy) are able to enhance the
expression of another human endogenous retrovirus, ERVW, in
peripheral blood mononuclear cells (PBMCs) obtained from pa-
tients with multiple sclerosis (6). TNF-a has been shown to trigger
ERVW syncytin protein expression by enhancing the binding of
NF-kB subunit p65 to the ERVW promoter in a human astrocytic
cell line (7). Nonetheless, how proinflammatory cytokines trigger
ERVK expression, particularly in the cells of the central nervous
system (CNS), remains to be studied.
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TABLE 1 Characteristics of cortical brain tissue specimens®

IRF1 and NF-kB Promote ERVK Reactivation

Case no. Diagnosis Cause of death Patient age (yr) Patient gender” Postmortem interval (h)
2776 ALS ALS (progressive bulbar palsy) 76 F 8.6
5215 ALS ALS 59 M 12.5
5187 ALS ALS, hypertension, chronic urinary tract infection 69 M 13.2
5212 ALS ALS 50 M 21
5216 ALS ALS 53 M 16.8
4660 Neuronormal Pancreatic cancer, diabetes, hypertension 73 F 18.5
3371 Neuronormal Lung cancer 52 M 16
4514 Neuronormal Lung cancer, chronic obstructive pulmonary 66 M 17.3
disease
3565 Neuronormal Cardiomyopathy 76 M 11
3221 Neuronormal Chronic obstructive pulmonary disease 90 M 17.8

“ Brodmann area 6 motor cortex and Brodmann area 9 prefrontal cortex samples were collected in all cases.

b F, female; M, male.

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative dis-
ease with the hallmark pathology of motor neuron damage within
the cerebral cortex and spinal cord. While the concert of patho-
logical pathways underlying the inception and progression of mo-
tor neuron death in ALS is unclear, mutations in several key genes
have been implicated as risk factors for ALS (reviewed in reference
8). Emerging evidence for retroviral pathology in ALS stems from
measurements of reverse transcriptase (RT) activity at levels sim-
ilar to those found in individuals infected with human immuno-
deficiency virus (HIV) (9, 10). Indeed, ERVK RT expression is
strongly enhanced in ALS, notably in prefrontal and motor cortex
neurons (11). Moreover, overexpression of the ERVK envelope
protein can promote motor neuron death in a murine model of
ALS (12).

There is growing recognition that TNF-aeand LIGHT play crit-
ical yet divergent roles in ALS neuropathology. Significantly
higher levels of proinflammatory cytokines have been reported for
the cerebrospinal fluid (CSF) and sera of ALS patients than for
those of healthy controls (13-15). The pathogenic role of TNF-a
in ALS is well documented and reviewed elsewhere (16, 17). In
contrast, few studies have explored the contribution of LIGHT
(homologous to lymphotoxin, exhibits inducible expression, and
competes with HSV glycoprotein D for herpesvirus entry media-
tor, a receptor expressed by T lymphocytes) to ALS (18-20). Both
cytokines are neurotoxic and have been associated with enhanced
neuronal death. TNF-« is a potent activator of the canonical
NEF-kB signaling pathway, culminating in the activation of the p65
and p50 isoforms of this proinflammatory transcription factor
(21). TNF-a-induced NF-kB has been shown to cause motor neu-
ron death in vitro (22). In addition, IFN-vy has been demonstrated
to synergize with TNF-a to induce NF-kB and enhance motor
neuron death (23, 24). In line with this finding, anti-IFN-+y ther-
apy is protective and delays motor neuron damage in ALS mouse
models (20). Recently, elevated LIGHT signaling was shown to
selectively contribute to motor neuron death in ALS spinal cords
(18, 19). IFN-y secreted by astrocytes is a key player in this pro-
cess, as it leads to enhanced LIGHT production in spinal motor
neurons (18, 19). Similar to TNF-«, LIGHT is also a potent acti-
vator of the canonical and noncanonical NF-kB pathways, leading
to the activation of the alternative p52 NF-kB isoform (21). Ad-
ditionally, TNF-a and IFN-vy are known to synergistically activate
interferon regulatory factor 1 (IRF1) expression (24), but the role
of IRF1 activation in ALS pathology remains unexplored. Overall,
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the sum of these augmented cytokine signaling pathways likely
results in excessive activation of NF-kB and IRF1 in the brain.

Although exacerbated TNF-a, LIGHT, and IFN-y signaling
pathways in the CNS converge at NF-kB- and/or IRF1-dependent
neuronal damage (25), the exact mechanism by which these pro-
inflammatory transcription factors promote neuronal death is
unclear. ERVK reactivation in neurons triggered by NF-kB/IRF1
may serve as the link between exacerbated proinflammatory cyto-
kine signaling and neuronal damage in ALS.

MATERIALS AND METHODS

Ethics. All research involving human autopsy tissue was approved by the
University of Winnipeg Human Research Ethics Board under protocol
HE-#791. Anonymized autopsy ALS (n = 5) and neuronormal control
(n = 5) tissue specimens were obtained from the NIH NeuroBioBank.

Diagnosis and demographics for patient samples. Pathological ex-
amination was used to confirm the clinical diagnosis of ALS. The post-
mortem interval (PMI) was <24 h for all patients. Table 1 indicates the
patient diagnosis, age, gender, and PMI (in hours) for the individual sam-
ples used in this study. The brain regions analyzed were the prefrontal
cortex (Brodmann area 9 [BA9]) and the motor cortex (Brodmann area 6
[BAG]).

Immunohistochemistry of autopsy tissue. To determine the extent
of ERVK RT, IRF1, and NF-kB expression patterns in the CNS of ALS
patients, immunohistochemistry was performed to detect the levels and
localization of these target proteins in autopsy human cortical brain tis-
sue, as previously described (11). Primary antibodies used were mouse
anti-human ERVK RT (1:750) (H00002087-A01; AbNova), rabbit anti-
human IRF1 (1:100) (SC497; Santa Cruz), rabbit anti-human NF-kB p65
(1:100) (ab7970; Abcam), and rabbit anti-human NF-kB p50 (1:100)
(ab7971; Abcam). Primary antibodies were detected using 1:250 AF488-
conjugated goat anti-mouse (A11017; Molecular Probes) or AF594-con-
jugated goat anti-rabbit (11072; Molecular Probes) secondary antibodies.
Neurons were identified using fluorescent Nissl stain (1:100) (Molecular
Probes). Tissues were also counterstained with 1:50,000 DAPI (4',6-di-
amidino-2-phenylindole). Free-floating tissues were mounted onto slides
and stained in a 0.1% solution of Sudan Black B. Slides were rinsed and
coverslips mounted using ProLong Gold antifade reagent (Molecular
Probes). Controls were prepared by immunostaining without the primary
antibodies. All samples were batch stained, and we used case-control
matched tissues. Immunostained tissues were imaged with an Olympus
FV1200 laser scanning confocal microscope fitted with the Olympus Flu-
oview, version 4.0B, software suite. This software was used to outline
cellular as well as nuclear boundaries of ERVK ™" neurons in neuronormal
and ALS specimens. The mean intensities of total and nuclear ERVK RT,
IRF1, NF-kB p50, and NF-«B p65 staining were recorded for these cells.
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These parameters were graphed to determine the correlation between the
levels of total ERVK RT and nuclear translocation of each transcription
factor in neuronormal versus ALS tissues. GraphPad Prism was used to
compare the patient groups through the Mann-Whitney U test. Evalua-
tion of correlation was performed using Pearson’s rank correlation coef-
ficient. To further determine the use of each of the target proteins as
biomarkers in order to correctly discriminate between neuronormal con-
trols and ALS patients, receiver operating characteristic (ROC) curves and
the area under the curve (AUC) were calculated using GraphPad Prism.

Cell culture. The SVGA cell line was previously derived from immor-
talized human fetal astrocytes (26) and was maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (HyClone). 293T cells were also maintained in complete DMEM.
ReNcell CX cells (Millipore) are immortalized human neural progenitor
cells (HNPCs) (27), and they were maintained in a proprietary ReNcell
neural stem cell medium (Millipore) supplemented with 20 ng/ml human
epidermal growth factor (EGF; PeproTech) and 20 ng/ml human basic
fibroblast growth factor (bFGF; PeproTech). All cell lines were main-
tained in a 37°C incubator containing 5% CO,. SVGA cells were seeded
into six-well plates and onto glass coverslips at densities of 300,000
cells/ml and 30,000 cells/ml, respectively, for 24 h. 293T cells were seeded
into six-well plates at a density of 300,000 cells/ml. To differentiate HN-
PCs into neurons, ReNcell CX cells were seeded in laminin (20 pg/ml;
Millipore)-coated six-well plates at a density of 50,000 cells/ml for 24 h.
Adhered cells were rinsed with 1X phosphate-buffered saline (PBS) and
allowed to differentiate in the presence of ReNcell medium lacking growth
factors for 10 days. For imaging experiments, ReNcell CX cells were cul-
tured and differentiated into neurons in Alvetex scaffolds. Alvetex mem-
branes (Reinnervate) were treated with 70% ethanol for 1 min, rinsed with
1X PBS, and coated with 20 pg/ml laminin for 6 h. ReNcell CX cells were
seeded onto each scaffold at a density of 5 X 10° cells/well for 1 h at 37°C
and 5% CO, per the manufacturer’s instructions. The wells were then
flooded with 2 ml of ReNcell medium supplemented with EGF and FGF.
At 24 h postseeding, the cell culture medium was replaced with medium
lacking growth factors. Cells were allowed to differentiate for 10 days, with
partial medium changes performed every 3 days.

Transient transfection of cells with NF-kB and IRF constructs.
NEF-kB p65-pCMVBL, NF-kB p50-pCMVBL, IRF1-pCMVBL, IRF2-
pCMVBL, IRF3-pCMV2, IRF3 (5D)-pCMV2, IRF5-pCM V2, IRF5 (4D)-
pCMV2, IRF7-pCMV2, IRF7 (6D)-pCMV2, IRFS-pCMV2, pCMVBL
empty vector, and pCMV2 empty vector were generously provided by
Rongtuan Lin (McGill University) (28). To determine whether IRF1 and
NEF-kB isoforms synergize to induce ERVK transcription, SVGA cells (or
293T cells) were transfected with 1-pg aliquots of these plasmids individ-
ually or in combinations by using 6 pl of Turbofect reagent per the man-
ufacturer’s instructions (Thermo Scientific). Cells were transfected in se-
rum-free culture medium for 4 h, followed by addition of complete
medium. Cells were harvested at 48 h posttransfection. Untransfected
cells and those transfected with the empty vector were used as negative
controls.

Q-PCR. Total RNA was extracted and purified from cells by use of an
Aurum total RNA minikit (Bio-Rad). The RNA concentration was mea-
sured with a NanoDrop spectrophotometer. The acceptable RNA purity
was an A,,/A,g, value of 1.95 to 2.05. An iScript reverse transcription kit
(Bio-Rad) was used to synthesize cDNA from the extracted RNA. A CFX
Connect real-time system (Bio-Rad) was utilized to perform quantitative
PCR (Q-PCR) in order to measure alterations in ERVK pol transcripts by
using the SYBR green detection method. The primers used were as fol-
lows: ERVK pol F, 5'-TGATCCCMAAAGAYTGGCCTT-3'; and ERVK
pol R, 5'-TTAAGCATTCCCTGAGGYAACA-3". 18S rRNA was used as
the endogenous control (Ambion kit). The data were analyzed using the
AAC; (Livak) method and were normalized to the appropriate negative
control. All data were graphed as means * standard errors of measure-
ment. GraphPad Prism was used to carry out statistical analyses, including
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column statistics, one-way analysis of variance (ANOVA), and uncor-
rected Fisher’s least significant difference (LSD) test.

Western blotting. SVGA cells and ReNcell CX cell-derived neurons
were treated with 0-, 0.1-, 0.5-, 1-, 5-, and 10-ng/ml doses of human
TNF-a (PeproTech) or human LIGHT (PeproTech). At 24 h posttreat-
ment, cells were harvested and lysed on ice with 50 pl of in-house lysis
buffer (0.05 M Tris [pH 7.4], 0.15 M NaCl, 0.002 M EDTA, 10% glycerol,
and 1% NP-40 in ultrapure water) to extract proteins. The lysis buffer was
supplemented with 1X HALT protease and phosphatase inhibitor cock-
tail (Thermo Scientific). A bicinchoninic acid (BCA) assay (Thermo Sci-
entific) was used to determine the protein content of each sample per the
manufacturer’s instructions. Cell lysates were prepared for SDS-PAGE
and heated at 95°C for 10 min. Proteins (15 pg per lane) were separated by
SDS-PAGE on a 10% polyacrylamide gel and then transferred to a nitro-
cellulose membrane. The membrane was blocked in 5% skim milk solu-
tion for 1 h and then probed with the desired primary antibody (1:1,000
dilution) overnight at 4°C, followed by incubation at room temperature
for 3 h. Primary antibodies used were as follows: mouse anti-human
ERVK2 RT (H00002087-A01; Abnova), rabbit anti-human IRF1 (SC497;
Santa Cruz), rabbit anti-human NF-kB p65 (ab7970; Abcam), rabbit anti-
human NF-kB p50 (ab32360; Abcam), rabbit anti-human NF-kB p52
(4882S; Cell Signaling), and mouse anti-human B-actin (MA5-15739;
Thermo Pierce) (loading control). The membrane was then probed with
horseradish peroxidase-conjugated goat anti-mouse or -rabbit IgG sec-
ondary antibody (1:5,000 dilution) (170-6516 and 170-6515; Bio-Rad) for
2 h at room temperature. The membrane was developed with 2 ml of
Luminata Crescendo Western HRP substrate (Millipore) and imaged us-
ing a Bio-Rad ChemiDoc XRS+ or Protein Simple FluorChem M chemi-
luminescence imager. Image Lab software was used to determine the mo-
lecular weight and relative density (normalized to that of B-actin) of each
band. The identity of each band was based on Gag-Pro-Pol processing, as
previously described (29).

ChIP. SVGA cells were seeded in 10-cm dishes at an approximate
density of 3 X 10° cells/dish for 24 h at 37°C and 5% CO,. Laminin-coated
dishes were used to seed ReNcell CX cells at a density of 3 X 10° cells/dish
for 24 hat 37°Cand 5% CO,. The culture medium on adhered ReNcell CX
cells was then replaced with medium lacking EGF and bFGF, and cells
were allowed to differentiate into neurons for 10 days. SVGA cells and
neurons were treated with 10 ng/ml human TNF-a (PeproTech) or hu-
man LIGHT (PeproTech) for 8 h, fixed with 4% paraformaldehyde, and
harvested. Untreated cells were used as the negative control. Chromatin
immunoprecipitation (ChIP) was performed using a Pierce magnetic
ChIP kit (Thermo Scientific) per the manufacturer’s instructions. IRF1-
and NF-kB-bound DNA segments were isolated using 3 g of rabbit anti-
human IRF1 (SC497; Santa Cruz), rabbit anti-human NF-kB p65
(ab7970; Abcam), rabbit anti-human NF-kB p50 (ab32360; Abcam), or
rabbit anti-human NF-«B p52 (4882S; Cell Signaling) antibodies. Immu-
noprecipitation with an IgG antibody was used as the negative control.
Q-PCR was performed on the immunoprecipitated DNA, with SYBR
green detection, to amplify the ISREs in the ERVK 5" LTR. Primers for the
first ISRE (nucleotides [nt] 380 to 392) were 5'-TCACCACTCCCTAAT
CTCAAGT-3' (forward) and 5'-TCAGCACAGACCCTTTACGG-3’ (re-
verse), and those for the second ISRE (nt 563 to 575) were 5'-CTGAGAT
AGGAGAAAAACCGCCT-3’ (forward) and 5'-GGAGAGGGTCAGCAG
ACAAA-3' (reverse). Data were analyzed using the AAC, method and
were normalized to the input and IgG controls for each condition. All data
were graphed as means = standard errors of measurement. Statistical
analyses were performed in GraphPad Prism, using two-way ANOVA and
Tukey’s multiple-comparison test.

Fluorescence microscopy. SVGA cells and ReNcell CX cell-derived
neurons in Alvetex scaffolds were treated with 10 ng/ml human TNF-«
(PeproTech) or human LIGHT (PeproTech). Untreated cells were used as
the negative control. At 24 h posttreatment, cells were fixed with methanol
for 40 s and rinsed with 1X PBS. Cells were permeabilized with 250 pl of
PBS-T (PBS with 0.25% Triton X-100) and blocked with 250 pl of 3%
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bovine serum albumin (BSA) in TBS-T (Tris-buffered saline with 0.25%
Triton X-100) for 30 min. Immunocytochemistry was performed using
1:750 mouse anti-human ERVK RT (H00002087A01; Abnova) primary
antibody for 3 h and 1:1,000 AF488-conjugated goat anti-mouse (A11017;
Molecular Probes) secondary antibody for 2 h. Nuclei were counter-
stained with 1:50,000 DAPI. ReNcell CX cells were also stained with flu-
orescent Niss] to detect neurons (Molecular Probes). Coverslips or Alve-
tex membranes were mounted onto slides by use of ProLong Gold
antifade reagent (Molecular Probes) and dried overnight. Controls were
prepared by immunostaining without the primary antibodies. Confocal
microscopy was performed using an Olympus FV1200 laser scanning con-
focal microscope. Olympus Fluoview, version 4.0B, software was used to
outline cellular boundaries for assessment of the mean intensities of total
cellular ERVK RT and DAPI staining, and the ERVK RT/DAPI staining
ratio is reported for each representative micrograph.

RESULTS

TNF-a and LIGHT enhance ERVK polyprotein and RT expres-
sion in a cell-type-dependent manner. Augmented levels of the
proinflammatory cytokines TNF-« and LIGHT play a crucial role
in ALS neuropathology (18-20, 30). Considering that ERVK reac-
tivation coincides with proinflammatory signatures in ALS, we
sought to determine whether these cytokines can enhance ERVK
expression in human astrocytes and neurons. Treatment of the
human astrocytic SVGA cell line and human neurons derived
from the ReNcell CX cell line with TNF-a or LIGHT dose-de-
pendently enhanced ERVK polyprotein and RT levels, albeit in a
cell-type-dependent manner. LIGHT increased ERVK protein
levels most prominently in astrocytes, whereas TNF-a was best
able to induce ERVK expression in neurons (Fig. 1A and 2A). We
also observed enhanced ERVK polyprotein processing in these
cytokine-stimulated cells, which culminated in the production of
a catalytic RT subunit containing an RNase H domain (RT-RH)
and a structural RT subunit without an RNase H domain (Fig. 1A
and 2A). These observations are in line with our previous finding
of IFN-y-mediated ERVK polyprotein cleavage to produce a het-
erodimeric mature and active ERVK RT (29). Interestingly, TNF-
a-treated neurons exhibited marked cleavage of the ERVK poly-
protein to generate the RT-RH catalytic subunit (Fig. 2A),
suggesting that neuronal ERVK RT activity detected in ALS may
optimally occur in the context of chronic TNF-a exposure.
Confocal microscopy revealed that under optimal stimulating
conditions, LIGHT-treated astrocytes and TNF-a-treated neu-
rons exhibited marked ERVK RT protein accumulation (Fig. 1B
and 2B). In astrocytes, the ERVK polyprotein/RT formed a peri-
nuclear ring and a large aggregate proximal to the nucleus (Fig.
1B). Nuclear ERVK RT expression also increased and exhibited a
speckled pattern (Fig. 1B). We previously observed similar ERVK
RT staining patterns in IFN-y-treated cells (29), suggesting that
ERVK polyprotein/RT aggregation is a common cellular feature
occurring in the context of CNS inflammation. Moreover, the
neurotoxic ERVK envelope protein was also upregulated in cyto-
kine-stimulated cell cultures (data not shown). In addition, en-
hanced ERVK protein expression occurred concomitantly with
the upregulation of the IRF1 and NF-kB p65, p50, and/or p52
transcription factors in astrocytes and neurons (Fig. 1A and 2A).
This finding suggests that IRF1 and NF-kB isoforms likely play a
crucial role in ERVK reactivation in astrocytes and neurons, and
thus we sought to explore the mechanism behind this process.
IRF1 and NF-kB synergize to markedly enhance ERVK tran-
scription. Previously, in silico analysis revealed that two ISREs are
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FIG 1 LIGHT, but not TNF-a, markedly enhances ERVK polyprotein and RT
expression in astrocytes. SVGA cells were treated with various doses of TNF-a
or LIGHT for 24 h. Western blotting and confocal microscopy were used to
detect alterations in ERVK RT, IRF1, and NF-«kB p65, p50, and p52 protein
levels. (A) Western blot (cropped) showing that LIGHT strongly induced
ERVK polyprotein (125 kDa) expression and cleavage to produce the small,
52/54-kDa RT without RNase H and the larger, 60-kDa RT with RNase H,
concomitantly with upregulation of IRF1 and NF-«B protein levels. In com-
parison, TNF-a slightly enhanced ERVK polyprotein and RT subunit expres-
sion. B-Actin was used as the loading control (n = 3). Quantification of the
54-kDa band is depicted in green. (B) Representative confocal micrographs
depicting LIGHT-mediated induction of ERVK RT expression. ERVK RT ag-
gregates were deposited proximal to the nucleus and formed a perinuclear ring
(n = 3). Quantification of the ERVK RT/DAPI staining ratio is presented in
each merged micrograph.

a conserved feature of ERVK promoters called 5" LTRs (Fig. 3A)
(1). ISREs are known to bind interferon regulatory factors, such as
IRF1 (31). The ERVK 5" LTR also harbors numerous conserved
putative NF-«B binding sites, including sites that partially overlap
and are adjacent to IRF1 binding sites (Fig. 3A). The binding of
IRF1 and NF-kB to their cognate sites is required for optimal
transcriptional activation from the HIV-1 5’ LTR (32). Similarly,
these proinflammatory transcription factors may be crucial for
enhancing ERVK transcription in neuroinflammatory diseases,
such as ALS.

To screen for which forms of NF-kB and IRFs modulate ERVK
expression, 293T cells were transfected with a series of constructs
overexpressing wild-type and/or phosphomimetic variants of
p50, p65, IRF1, IRF2, IRF3, IRF5, IRF7, and IRF8 (Fig. 3B). In
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FIG 2 TNF-q, but not LIGHT, markedly enhances ERVK polyprotein and RT
expression in neurons. ReNcell CX cell-derived neurons were treated with
various doses of TNF-a or LIGHT for 24 h. Western blotting and confocal
microscopy were used to detect alterations in ERVK RT, IRF1, and NF-«kB p65,
p50, and p52 protein levels. (A) Western blot (cropped) showing that TNF-a
strongly induced ERVK polyprotein (180 and 125 kDa) expression and cleav-
age to produce the small, 56/58-kDa RT without RNase H and the larger,
68-kDa RT with RNase H, concomitantly with upregulation of IRF1 and
NF-kB protein levels. In comparison, LIGHT enhanced the expression of the
RT subunit without RNase H but not RT with the RNase H domain, suggesting
that optimal RT activity may occur during exposure of neurons to TNF-a.
B-Actin was used as the loading control (n = 3). Quantification of the 56-kDa
and 68-kDa bands is depicted in green. (B) Representative confocal micro-
graphs depicting TNF-a-mediated induction of ERVK RT expression in neu-
rons. The fluorescent Nissl stain was used to identify neurons (n = 3). Quan-
tification of the ERVK RT/DAPI staining ratio is presented in each merged
micrograph.

these cells, only NF-«kB p65 and IRF1 significantly induced ERVK
pol expression; thus, subsequent experiments focused on these
select transcription factors.

To determine whether IRF1 and NF-kB cooperatively enhance
ERVK transcription, we transiently transfected astrocytes with
plasmids expressing constitutively active NF-kB (isoforms p65
and p50) and IRF1, individually or in combinations. The overex-
pression of IRF1 or NF-kB p65 alone was sufficient to significantly
enhance ERVK pol transcription in astrocytes (Fig. 3C). We did
not observe a perceivable effect of overexpression of NF-kB p50
alone on ERVK pol RNA levels. However, coexpression of IRF1
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and NF-kB p65 and p50 in astrocytes produced a marked (68-
fold) increase in ERVK pol RNA levels. These findings support the
notion that IRF1 and the NF-kB p65/p50 heterodimer synergize
to drive optimal transcriptional reactivation of ERVK in astro-
cytes. Enhanced expression of the Sp1 and Sp3 transcription fac-
tors, which have previously been shown to bind the ERVK pro-
moter (33), can also regulate ERVK expression (data not shown),
but not nearly to the extent seen with proinflammatory TFs.

TNF-a and LIGHT enhance the binding of IRF1 and NF-«B
to ISREs in the ERVK 5’ LTR. Proinflammatory cytokines, such as
TNF-a and LIGHT, are generally potent activators of NF-kB and
also lead to IRFI activity (21, 24). Therefore, we sought to deter-
mine whether TNF-a- and LIGHT-mediated induction of ERVK
expression is facilitated by enhanced interactions of NF-kB and
IRF1 with their cognate binding sites on the ERVK 5" LTR. For the
first time, we showcase the biological importance of ISREs in the
ERVK 5" LTR, as they can interact with IRFI and with NF-kB
isoforms. Astrocytes and neurons exhibited basal IRF1 and NF-kB
binding to both ISREs (Fig. 3D), which alludes to the basal ERVK
expression observed in these cells. However, under optimal stim-
ulating conditions, LIGHT-treated astrocytes (Fig. 3D) and TNF-
a-treated neurons (Fig. 3D) exhibited markedly enhanced NF-kB
p65 and p50 binding to each ISRE in the ERVK promoter. We did
not observe any perceivable change in the binding of the NF-kB
p52 isoform to the ISREs. This suggests that the canonical NF-kB
p65/p50 complex or p50 homodimers predominantly bind the
ERVK promoter and partake in proviral transcriptional reactiva-
tion. Furthermore, ChIP data did not support a role for the non-
canonical p50/p52 NF-kB complex in ERVK transcription. Al-
though the binding of IRFI to the ISREs increased considerably
with cytokine stimulation (9- and 7-fold in SVGA cells and neu-
rons, respectively), the differences did not reach statistical signif-
icance. Overall, these findings support the notion that TNF-a- or
LIGHT-induced IRF1 and NF-kB p65 and p50 binding to the
ERVK promoter reactivates this endogenous retrovirus in the
context of inflammation.

Interestingly, cytokine-mediated IRF1 and NF-kB binding to
the ERVK promoter occurred in a cell-type-dependent manner.
LIGHT, but not TNF-a, significantly enhanced NF-kB p65 and
p50 binding to the ISREs in astrocytes (Fig. 3D). In contrast,
TNF-a, but not LIGHT, significantly increased NF-kB p65 and
p50 protein levels, as well as their interaction with the ISREs in the
ERVK promoter, in neurons (Fig. 3D). Consistently, these results
were associated with increased ERVK polyprotein/RT expression
in LIGHT-treated astrocytes and TNF-a-treated neurons.

The ERVK pol gene was used as the negative control for ChIP
Q-PCR (data not shown); however, transcription factor binding
to the ERVK pol region was detected. This can be explained by
extensive binding of NF-«kB and IRF1 to regions other than pro-
moters throughout the human genome (31). Cytokine treatment
did not notably drive NF-kB and IRF1 binding to the ERVK pol
gene, which confirms that transcription factor enrichment at the
ERVK promoter region is not a random event under conditions of
inflammation.

IRF1 and NF-kB expression is markedly increased in ERVK™*
cortical neurons from ALS patients. We previously demon-
strated that ERVK RT expression is specifically increased in the
cortical neurons of patients with ALS compared to those of neu-
ronormal controls (11). However, the signals that lead to neuronal
ERVK RT accumulation have remained unidentified. Augmented
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FIG 3 NF-kBand IRF1 interact with the ISREs in the ERVK 5’ LTR and synergize to enhance ERVK gene transcription. (A) In silico-predicted IRF1 and NF-«B binding
sites, including two ISREs in the ERVK 5’ LTR consensus sequence. The data are from reference 1. (B) IRF1 and NF-«B p65 significantly enhance ERVK pol transcription
in 293T cells. 293T cells were transfected with 1 pug of pPCMVBL or pPCMV2 empty vector (negative controls) or with plasmids encoding wild-type or phosphomimetic
forms (5D, 4D, and 6D) of IRF and NF-kB for 48 h. The modulation of ERVK pol RNA levels was measured by using SYBR green detection and Q-PCR, and data were
normalized to the negative control (**, P < 0.01; ****, P < 0.0001; n = 3). 185 rRNA was used as the endogenous control. Only IRF1 and NF-kB p65 significantly induced
ERVK pol transcription. (C) IRF1 and NF-«B p65 and p50 synergize to significantly enhance ERVK pol transcription in astrocytes. SVGA cells were transfected with 1 pg
of empty vector (negative control) or with plasmids encoding IRF1 and NF-kB isoforms, individually and in combinations, for 48 h. The modulation of ERVK pol RNA
levels was measured by using SYBR green detection and Q-PCR, and data were normalized to the negative control (*, P < 0.05; ****, P < 0.0001; n = 3). 18S rRNA was
used as the endogenous control. Although IRF1 or NF-kB p65 alone was sufficient to significantly induce ERVK pol transcription, IRF1 and NF-«kB p65 and p50
synergized to further enhance ERVK pol RNA levels (up to 68-fold). (D) TNF-a and LIGHT markedly enhanced the binding of IRF1 and NF-«B p65 and p50 to both
ISREs in the ERVK 5’ LTR, in a cell-type-dependent manner. Chromatin was extracted from SVGA cells and ReNcell CX cell-derived neurons treated with TNF-a (10
ng/ml) or LIGHT (10 ng/ml) for 8 h. Chromatin immunoprecipitation (ChIP) was performed with anti-human IRF1 or NF-kB p65, p50, or p52 antibody. Q-PCR was
used to amplify immunoprecipitated ISRE sequences within the ERVK 5’ LTR, and products were detected using SYBR green detection. The fold enrichment of
transcription factors at each ISRE was first normalized to the input control and then to the IgG negative control. All transcription factors were bound to the ISREs at basal
levels. However, the binding of NF-kB p65 and p50 was significantly enhanced by LIGHT treatment, but not TNF-« treatment, in astrocytes (top panels) (n = 3; %, P <
0.05; ¥¥**, P < 0.0001). In contrast, the binding of NF-kB p65 and p50 was significantly enhanced by TNF-a treatment, but not LIGHT treatment, in neurons (bottom
panels) (n = 2;%, P < 0.05; ***, P < 0.001).
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FIG 4 Representative images of ERVK reverse transcriptase (RT) in cortical brain tissue. Representative images show ERVK RT expression (green) in prefrontal
cortex autopsy tissues (Brodmann area 9; NIH NeuroBioBank) from an individual with cancer (neuronormal; individual 3371) and a patient with ALS
(individual 5215). Five total tissues were examined for each clinical group. (Left) Mosaic tiling (magnification, X10) reveals enhanced ERVK RT expression in
deep cortical tissue (cortical layer V) and upper cortical tissue (cortical layer III) in an ALS specimen. (Right) Nissl-stained cells reveal ERVK RT staining mainly
in large pyramidal neurons. Nuclear DAPI staining is shown in blue. Bars, 10 wm for middle and right panels.

levels of TNF-a and LIGHT in the CNS are hallmarks of ALS (14,
16-20). We are the first to demonstrate that these proinflamma-
tory cytokines lead to ERVK expression in human astrocytic and
neuronal cell lines. In order to validate our in vitro findings, we
sought to determine whether cortical brain tissue from patients
with ALS exhibits increased NF-kB and IRF1 nuclear localization
in ERVK™" neurons compared to that from neuronormal controls.
Here we highlight that ERVK RT expression predominantly
accumulated in large pyramidal neurons in the third and fifth
cortical layers of prefrontal and motor cortex tissue and was asso-
ciated with a loss of cortical tissue organization in ALS (Fig. 4).
Weak basal ERVK expression was observed in the neuronormal
cortex, but a striking enhancement and expanded distribution of
ERVK expression occurred in ALS cortical tissues. Interindividual
differences in ERVK expression levels were maintained on com-
paring prefrontal and motor cortex samples, suggesting that either
genetic background (polymorphisms in proteins of key cellular
pathways) or disease severity (degree of inflammation) accounts
for differential ERVK expression. Immunohistochemistry re-
vealed that in comparison to those from neuronormal controls,
motor cortex neurons from patients with ALS exhibited clear nu-
clear translocation of the proinflammatory transcription factors
IRF1 and NF-kB p50 and, to a lesser degree, p65 (Fig. 5). Quanti-
fication of total neuronal ERVK RT and nuclear TF staining in
cortical neurons revealed that the expression of each of these pro-
teins was significantly upregulated in ALS tissues compared to
neuronormal control tissues (P < 0.0001) (Fig. 6A). In addition,
nuclear translocation of IRF1, NF-kB p50, and NF-kB p65 was
strongly correlated with enhanced total ERVK RT levels in cortical
neurons (Fig. 6B). Overall, our findings strongly support the
premise that ERVK reactivation in the motor cortex in patients
with ALS stems from enhanced interactions of cytokine-induced
IRFI and NF-kB transcription factors with the ERVK promoter.
We further utilized receiver operating characteristic (ROC)
curve analyses to evaluate the ability of augmented ERVK RT and
nuclear proinflammatory transcription factor levels to discrimi-
nate between neuronormal and ALS tissues (Fig. 6C). Based on the
AUC values, total cellular ERVK RT expression in ALS motor
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cortex tissues was determined to be a biomarker of ALS (AUC,
0.8961). Enhanced nuclear localization of IRF1 and NF-«kB p50
was also able to accurately distinguish between normal and ALS
tissues (AUC of 0.9634 and 0.9834, respectively). In comparison,
nuclear levels of NF-kB p65 were able to discriminate between the
normal and diseased states, but to a lesser extent (AUC, 0.9137).
Nonetheless, these findings support the notion that inflamma-
tion-induced ERVK is a novel biomarker of ALS, as previously
proposed (11).

DISCUSSION

Several lines of evidence suggest that augmented levels of the cy-
tokines TNF-a and LIGHT drive enhanced activity of proinflam-
matory transcription factors in neurological diseases (18, 19, 30).
These signaling pathways may be important triggers of ERVK
transcription in the CNS. Here we show that TNF-a and LIGHT
are potent inducers of ERVK polyprotein and RT expression in
neurons and astrocytes, respectively. To delineate the mechanism
behind cytokine-induced ERVK reactivation, we utilized ChIP
and confirmed that the ISREs in the ERVK promoter are tran-
scription factor docking sites and that enhanced binding of IRF1
and NF-kB p65/p50 to these elements synergistically augments
ERVK gene expression in response to proinflammatory stimuli
(Fig. 7). The cooperative binding of IRF1 and NF-kB to their
cognate sites is a conserved feature of many IRFI1- and NF-kB-
responsive gene promoters. For instance, synergy between IRF1
and NF-kB is required to induce transcription from the human
inducible nitric oxide synthase, interleukin-15, major histocom-
patibility complex class I, vascular cell adhesion molecule I, and
IFN-B promoters (22, 34-37). Accordingly, overlapping or adja-
cent IRFI and NF-kB binding sites have been described for these
promoters, similar to those observed for the ERVK promoter (1).
IRF1 and NF-kB also synergistically activate transcription from
the HIV-1 promoter, although IRF1 binding sites are not found
adjacent to or overlapping NF-kB sites (32). In line with these
findings, we have added the ERVK LTRs to the growing list of
IRF1- and NF-kB-responsive enhancer elements. Future studies
are required to perform mutational analysis of the various forms
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FIG 5 The expression of ERVK RT is markedly enhanced in cortical neurons from patients with ALS and associates with increased levels and enhanced nuclear
translocation of IRF1 and NF-kB. Representative confocal micrographs show ERVK RT, IRF1, and NF-kB p50 and p65 protein detection in Brodmann area 6
motor cortex tissues from an ALS patient (individual 5215) and a neuronormal control (individual 3371). ERVK RT expression was increased in the perinuclear
region and in the axons of large pyramidal neurons in the ALS motor cortex. This occurred concomitantly with increased IRF1 (A), NF-«kB p50 (B), and NF-kB
p65 (C) nuclear translocation in cortical neurons. Five total tissues were examined for each clinical group.

of ERVK promoters within the human genome to confirm the
functionality of ISRE and k3B sites in modulating ERVK transcrip-
tion.

Itis interesting that TNF-o and LIGHT enhance ERVK expres-
sion in a cell-type-dependent manner. TNF-a increased ERVK
protein levels most prominently in neurons, whereas LIGHT was
best able to induce ERVK in astrocytes. This effect can be ex-
plained by differential enrichment of NF-kB at the ERVK pro-
moter during TNF-a or LIGHT stimulation of astrocytes and
neurons. TNF-a, but not LIGHT, significantly increased the in-
teraction of NF-kB p65 and p50 with the ISREs on the ERVK
promoter in neurons. In contrast, LIGHT, but not TNF-aq, signif-
icantly enhanced NF-kB p65 and p50 binding to the ISREs in
astrocytes. The cell type specificity of TNF-a and LIGHT may also
be explained by differential expression of their cognate cell surface
receptors, as well as downstream signaling molecules, in astrocytes
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and neurons. TNF-a is known to be biologically active in both
transmembrane and soluble forms (17, 38). Soluble TNF-« sig-
nals mainly through TNF receptor 1 (TNFRI1) (17), which is
found at a lower level in astrocytes than in neurons (The Human
Protein Atlas [http://www.proteinatlas.org/ENSG00000067182
-TNFRSF1A/tissue]). Overproduction of soluble TNF-a has been
shown to cause neurodegeneration in the CNS (38). Transmem-
brane TNF-q, on the other hand, signals mainly through TNFR2,
which is found primarily in microglial cells (17, 19). Since we
utilized soluble TNF-a in our cell line models, it is not surprising
that neurons, not astrocytes, were more responsive to this cyto-
kine. Adaptor molecules that associate with TNF receptors,
known as TRAFs, exert a second layer of control over cell-specific
TNF-a and LIGHT signaling. TRAF3 is basally expressed in neu-
rons but not in glial cells (The Human Protein Atlas [http://www
.proteinatlas.org/ENSG00000131323-TRAF3/tissue]), and it has
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FIG 6 Augmented ERVK RT levels in ALS cortical neurons correlate with enhanced nuclear localization of proinflammatory transcription factors. (A) The mean
optical intensity (relative intensity) was used as a metric to quantify the level of total ERVK RT, as well as the level of nuclear IRF1, NF-«kB p50, or NF-kB p65,
in cortical neurons from neuronormal individuals (1 = 86 cells [10 to 29 cells per case]) and patients with ALS (n = 105 cells [10 to 27 cells per case]). Clinical
groups (n = 5 each) were compared using the nonparametric Mann-Whitney U test. The expression of total ERVK RT and nuclear translocation of each
transcription factor increased significantly in ALS cortical neurons compared to the controls (***, P < 0.0001). (B) Pearson’s correlation between the mean
relative intensities of total ERVK RT and nuclear IRF1, NF-kB p50, or NF-kB p65 measured in neuronormal (NN) (red) and ALS (blue) cortical neurons. ERVK
RT expression exhibited a moderate (p65 [0.6863]) to strong (IRF1 [0.8574] and p50 [0.8405]) correlation with the extent of nuclear localization for each
transcription factor. (C) ROC curve analyses depicting the accuracy (area under the curve [AUC]) of augmented ERVK RT and proinflammatory transcription
factor levels in discriminating between cortical neurons in controls and those in ALS tissues. IRF1 and NF-kB p50 levels were excellent predictors of ALS. In
contrast, total ERVK RT and nuclear NF-kB p65 levels were less accurate at distinguishing between the normal and diseased states.

been shown to be much more inducible in neurons than in astro-
cytes (39). TRAF3 is a negative regulator of LIGHT signaling, as it

bind the consensus decamer GGGGATYCCC, where Y is a pyrim-
idine base, while p65/p50 heterodimers have a high affinity for

inhibits the function of the LT receptor, which results in NF-kB
inactivity (39). In contrast, TRAF3 has no effect on TNF-a-in-
duced NF-kB signaling (39). Neuronal expression of TRAF3 may
have inhibited LIGHT-induced NF-kB signaling, leading to a lack
of any perceivable effect on ERVK expression in our neuronal
models.

The transcription factors of the NF-kB class function as het-
erodimers or homodimers comprised of various combinations of
the subunits p65, RelB, c-Rel, p50, and p52 (40). The most com-
mon NF-kB species found in human neurons are the canonical
p65/p50 complex and the noncanonical p50/p50 complex (41).
Different NF-kB dimers recognize slightly different binding se-
quences with high affinity (42). For instance, p50 homodimers
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NE-kB sites with AT-rich centers (42). The majority of the NF-kB
binding sites in the ERVK 5" LTR are GC rich (60 to 80% GC
content) (1), and thus the ERVK promoter is likely most respon-
sive to p50 homodimers. Indeed, ChIP experiments revealed the
most dramatic enrichment in the binding of NF-kB p50 at the
ISREs in the ERVK promoter in both astrocytes and neurons.
Nevertheless, p50 may be present in homodimeric complexes or
in heterodimeric complexes with p65 at the ERVK promoter. No-
tably, NF-kB p50 homodimers are known to repress HIV-1 tran-
scription, leading to retroviral latency (43). Thus, the type of p50
complex that forms at ERVK LTRs may either promote or repress
the production of viral transcripts. In addition, the ERVK pro-
moter harbors binding sites for coactivators, such as Spl and
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TFII-1, in the vicinity of NF-kB sites (1), suggesting that multiple
transcription factors partake in the complexity of LTR-driven
ERVK reactivation. Our results point to a synergistic effect of the
IRF1-p50-p65 transcription factors in driving ERVK expression.

Compared to that in neuronormal controls, ERVK RT expres-
sion was markedly enhanced in large pyramidal neurons in BA9
prefrontal and BA6 motor cortex ALS tissues. Pyramidal neurons
in the motor cortex normally exhibit constitutive basal NF-kB
activity, which is required to maintain neuronal plasticity (44). In
the presence of already active NF-«kB, proinflammatory stimuli,
including TNF-a and LIGHT, which culminate in IRF1 activa-
tion, may be sufficient to drive ERVK reactivation in pyramidal
neurons. This is in contrast to IRF1 activation in cortical neurons
during vesicular stomatitis virus (VSV) infection, which serves as
a protective mechanism limiting viral replication and spread
within the CNS (45). This highlights how select virus groups, in-
cluding retroviruses (32), usurp inflammatory signaling as a
means of self-promotion, whereas other types of infection are lim-
ited through the action of these signaling cascades.

Confocal microscopy revealed a unique pattern of ERVK RT
expression in cells, consisting of punctate structures that accumu-
lated in the perinuclear region along with the formation of a large
aggregate proximal to the nucleus. This type of staining is typically
seen for specialized inclusion bodies called aggresomes, which are
compartments that sequester unwanted proteins and facilitate
their clearance by autophagy, thereby dissipating the cytotoxic
effects of protein aggregates (46, 47). Likewise, formation of
ERVKRT aggresomes may be a cellular response to protect against
toxic ERVK protein accumulation. Unfortunately, the appearance
of aggresomes can impair vital cellular functions, e.g., inactivating
the proteasomal pathway responsible for clearing protein aggre-
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gates (47). Interestingly, protein clearance pathways, such as the
proteasome system and autophagy, are dysregulated in ERVK-
associated neurological diseases, including ALS (48). Recently, we
demonstrated that the proteasome system and autophagy are cru-
cial for homeostatic clearance of ERVK proteins (49). In the ab-
sence of functional protein degradation pathways, inflammation-
induced ERVK aggresomes may persist and propagate chronic
neuronal damage.

In concert, the genetic background and transient insults can
lead to chronic inflammation in the CNS (reviewed in references
50 and 51). It has been well established that exacerbated TNF-a
and LIGHT signaling pathways in ALS converge at NF-kB to pro-
mote neuronal damage (25). Our findings suggest that inflamma-
tion-driven IRF1 and NF-kB activity promotes ERVK reactivation
in neurons of the motor cortex in ALS (Fig. 7). A causative link
between viral infection and the pathology of ALS is a highly de-
bated topic. Our study suggests that chronic proinflammatory sig-
nals may perpetuate ERVK-mediated tissue damage through the
action of select viral proteins (12). This may also prove to be a
more general phenomenon occurring during lifetime inflamma-
tory events. Thus, quenching ERVK activity through antiretrovi-
ral or immunomodulatory regimens may hinder virus-mediated
neuropathology and improve the symptoms of ALS or other
ERVK-associated chronic diseases (52-55).
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