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The role of human endogenous retroviruses (HERVS) in disease pathogenesis is unclear. We show
that HERV-K is activated in a subpopulation of patients with sporadic amyotrophic lateral sclerosis
(ALS) and that its envelope (env) protein may contribute to neurodegeneration. The virus was
expressed in cortical and spinal neurons of ALS patients, but not in neurons from control healthy
individuals. Expression of HERV-K or its env protein in human neurons caused retraction and
beading of neurites. Transgenic animals expressing the env gene developed progressive motor
dysfunction accompanied by selective loss of volume of the motor cortex, decreased synaptic
activity in pyramidal neurons, dendritic spine abnormalities, nucleolar dysfunction, and DNA
damage. Injury to anterior horn cells in the spinal cord was manifested by muscle atrophy and
pathological changes consistent with nerve fiber denervation and reinnervation. Expression of
HERV-K was regulated by TAR (trans-activation responsive) DNA binding protein 43, which
binds to the long terminal repeat region of the virus. Thus, HERV-K expression within neurons of
patients with ALS may contribute to neurodegeneration and disease pathogenesis.

INTRODUCTION

Human endogenous retroviruses (HERVSs) constitute nearly 8% of the human genome and
have been termed junk DNA (1). These retroviral sequences are remnants of infections that
occurred over several million years, resulting in the integration of provirus genomes into the
DNA of germline cells. Most HERV proviruses have accumulated numerous nonsense
mutations that have rendered them defective (1). However, it is becoming increasingly
apparent that endogenous retroviral sequences may get expressed under select pathological
circumstances. Multiple complete sequences of the most recently acquired HERV-K are
present in the human genome (2). HERV-K maybe expressed in the brain of patients with
amyotrophic lateral sclerosis (ALS) (3) and reverse transcriptase activity can be found in the
blood and brain tissue of these patients (4-8), but the role of HERV-K in the
pathophysiology of this disease remains unknown. ALS is a progressive neurodegenerative
disease and is universally fatal, except in some patients with HIV infection where an ALS-
like syndrome can be reversed by antiretroviral drugs (9). However, an extensive search for
exogenous retroviruses in ALS has not been successful (5). Here, we explored whether
endogenous retroviral elements could be expressed in these patients and whether HERV-K
could contribute to the pathophysiology of this disease.

RESULTS

HERV-K is expressed in the brain tissue of ALS patients

The HERV-K genome similar to that of other retroviruses has three major structural genes,
the gag, pol, and env genes that encode the capsid, reverse transcriptase, and envelope
proteins, respectively. Primer sets were used to amplify transcripts from each of these genes
by reverse transcription polymerase chain reaction (RT-PCR) (Fig. 1A). We found that
transcripts for all three genes were elevated in postmortem brain tissue samples from ALS
patients (Fig. 1B). There was good correlation between the expression of each of these genes
(Fig. 1C), confirming that the entire viral genome was expressed in these patient samples.
The expression of HERV-K was also compared to the expression of several other HERVSs.
No significant elevation of these HERVs was noted (fig. S1A). Given that there are multiple
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loci that encode the HERV-K genome, we conducted RNA sequencing and analyzed the
transcripts of each of the loci. The loci at chromosomes 7C and 10A were expressed in all
three postmortem brain samples from patients with sporadic ALS at higher levels compared
to controls (fig. S1B and table S1). No specific clinical phenotype was associated with the
expression of HERV-K in ALS patients. To determine the cell types in which HERV-K was
expressed, we immunostained postmortem brain tissue from patients with ALS and found
expression of the env protein in the cortex of ten individuals (Fig. 1D), with a strong
expression in the cytoplasm of large pyramidal neurons (Fig. 1E). Anterior horn neurons in
the spinal cord also showed a similar pattern of immunostaining for HERV-K env protein
(Fig. 1F and fig. S1, C and D). No immunostaining was seen in the lateral or posterior horns
of the spinal cord (fig. S1D). No immunostaining was noted in the glial cells or in the white
matter (Fig. 1G). Furthermore, no immunostaining was noted in the cortex or white matter
of brain tissue from healthy individuals (Fig. 1H) or in postmortem brain tissue from
patients with Alzheimer’s disease (Fig. 11 and fig. S1F). However, robust immunostaining
for amyloid was present in postmortem brain tissue from Alzheimer’s disease patients (fig.
S1E).

Expression of HERV-K in human neurons in vitro causes toxicity

To determine the relevance of HERV-K expression in neurons, we transfected the HERV-K
genome and the HERV-K env gene into human neuronal cultures. Both the entire genome
and the env gene caused a similar decrease in cell numbers and retraction of neurites (Fig. 2,
A to C) in a dose-dependent manner (fig. S2A). The expression of the genes was confirmed
by RT-PCR (fig. S2C). This suggested that the env protein could contribute to neurotoxicity
and neuronal death. To determine the effect of activation of endogenous HERV-K in
neurons, we used the gene-editing tool CRISPR/Cas9 (10) in which the nuclease activity of
Cas9 [CRISPR (clustered regularly interspaced short palindromic repeats)-associated protein
9] was altered to contain four copies of the transcription factor VP16 (11). This was
delivered to the human neurons in culture by a lentiviral vector. We designed a single guide
RNA (sgRNA 8) to direct the transcription factor to the long terminal repeat (LTR) region of
HERV-K. Activation of the endogenous HERV-K through the LTR resulted in neurotoxicity
as evidenced by the loss of neurons (Fig. 2D) and the retraction of neurites (Fig. 2E).
Activation of the viral genes was confirmed by RT-PCR, and a twofold increase in
expression above controls was observed (fig. S2D). To determine whether the process of
neuronal injury led to HERV-K activation, we treated the neurons with 3-nitropropionic acid,
N-methyl-p-aspartate, or hydrogen peroxide. No activation of HERV-K was noted as
determined by measuring viral transcripts (fig. S2B).

Expression of HERV-K env in vivo causes degeneration of motor neurons

The findings were initially confirmed in vivo by in utero electroporation of the envgene into
embryonic mouse brain, which resulted in dysmorphic changes in neurons and punctate
dilatation of neuronal processes (fig. S3). We next generated transgenic animals in which the
env gene was expressed in neurons (fig. S4A). The gene produced the full length and
transmembrane domain of the env protein (fig. S4B). Expression of transcripts in the
animals was confirmed by RT-PCR (fig. S4C). The level of expression of HERV-K env
transcripts was nearly twofold higher in the transgenic animals compared to that in
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postmortem brain tissue of patients with ALS (fig. S4D). HERV-K env protein was detected
by immunostaining and showed widespread expression in cortical neurons of transgenic
mouse brain (fig. S4E). Similar to ALS patient tissues, the mouse neurons showed
expression of env protein in the cytoplasm of the neuronal cell bodies and the apical
dendrites (Fig. 3, A and B, and fig. S4, E to H). There was accompanying astrocytosis in
regions surrounding the neurons where HERV-K env was expressed, but there was no
difference in immune reactivity of microglial cells (Fig. 3, A and B, and fig. S5). Golgi
staining showed decreased length, branching, and complexity of dendrites (Fig. 3, C to E).
The number of dendritic spines was also decreased (Fig. 3F) and was associated with
morphological changes showing loss of stalks resulting in an increase in stubby spines and a
decrease in mushroom spines (Fig. 3G and fig. S6, A to D). There was also beading of the
axons and dendrites (Fig. 3G and fig. S6, E and F).

HERV-K env transgenic animals display specific loss of upper and lower motor neurons

Immunostaining of neurons expressing NeuN showed no significant change in the numbers
of neurons in the frontal cortex (Fig. 3H). However, corticospinal motor neurons
immunostained for Ctip2 showed a decrease in cell numbers (Fig. 31; £<0.05). In contrast,
there was no significant change in the number of callosal projection neurons staining
positive for Sath2, suggesting that the effect was specific for motor neurons (Fig. 3J).
Magnetic resonance images of the brain of transgenic animals also showed a specific
decrease in thickness and volume of the motor cortex (~22%) with no significant changes in
the volume of the cingulate cortex and hippocampus or the thickness of the corpus callosum
(Fig. 3, K to O) or the architecture of the brain (fig. S7, A to G). Immunostaining of the
transgenic mouse spinal cord showed widespread expression of HERV-K env in neurons
(Fig. 4, Ato D).

However, only rare motor neurons were present in the anterior horns, with near absence of
motor neurons at some levels of the spinal cord (Fig. 4, E to H). Immunostaining of the
quadriceps and tibialis anterior muscles for type | and type Il myosin isoforms showed fiber
type grouping and examples of grouped atrophy suggestive of a chronic denervation and
reinnervation process (Fig. 41 and fig. S8). There were no dystrophic changes in the muscle
fibers, and the nuclei were in the periphery of the fibers, suggesting that there were no
myopathic features.

Ongoing neuronal injury was also evident by the presence of double-stranded DNA breaks
as seen by immunostaining for yH2A.X (12), which showed aggregated foci of the
phosphorylated histone protein in the chromatin (Fig. 4J). The number of yH2A.X foci was
increased in neurons in the frontal cortex (Fig. 4J). Nucleolar dysfunction has been observed
in several neurodegenerative diseases including Alzheimer’s disease and Parkinson’s disease
(13). We therefore evaluated whether neurons from transgenic mice showed signs of
nucleolar stress. Immunostaining for the nucleolar marker nucleophosmin showed
translocation from the nucleolus to the cytoplasm of cortical neurons (Fig. 4K). Together,
these data suggested that disruption of nucleolar function may be a key mechanism by which
HERV-K leads to neuronal dysfunction (14).
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HERV-K env transgenic animals develop motor dysfunction

To determine the functional consequences of HERV-K énvexpression in neurons, we
performed a panel of behavioral tests on the animals. These tests showed that the animals
developed progressive motor dysfunction. In an open field, they traveled shorter distances
and rested for longer periods (Fig. 5A). Transgenic mice fell faster in a rotarod performance
test (Fig. 5B) and displayed evidence of spasticity with increased clasping of the hindlimbs
(Fig. 5C and movies S1A and S1B). Y maze testing confirmed that these differences were
not due to an impairment of working memory (Fig. 5D). Sensory and vestibular functions
were also unimpaired (Fig. 5, E and F). Motor function in the transgenic mice showed a
progressive decline from 3 to 6 months of age as evaluated in open-field testing (fig. S9, A
to D) with 50% mortality by 10 months (Fig. 5G). In terminal stages, the animals developed
profound weakness of the limbs and spinal muscles resulting in minimal movement and a
hunched back causing decreased movement of the thoracic cage, affecting the muscles of
respiration (Fig. 5G).

Functional activity of the neurons was also assessed in electrophysiological recordings.
Passive and active membrane properties of layer V cortical pyramidal neurons from wild-
type and transgenic mouse prefrontal cortices were tested by injecting gradient steps of
electrical current into the cell (Fig. 5H). Subthreshold responses (current steps, from —120 to
20 pA) reflected an increase in the global input resistance of the cell (Fig. 51 and table S2).
Membrane excitability was assessed with a series of depolarizing current steps to evoke
action potentials. We found that the number of action potentials was enhanced in transgenic
animals, resulting in a right shift of the input-output function curve (Fig. 51). This increase
in intrinsic excitability is associated with a decrease in the first action potential latency and
the rheobase, defined as the minimal current to induce an action potential (table S2). Other
action potential parameters such as threshold, amplitude, rise time, width, and after-hyper-
polarization amplitude remained unchanged. Finally, we examined synaptic transmission by
recording spontaneous excitatory and inhibitory postsynaptic currents (SEPSCs and sIPSCs).
We found that only the SEPSC amplitude was changed, with a significant decrease in the
SEPSC observed in transgenic animals compared to that in wild-type mice, which could be
attributed to the decrease in spine density (Fig. 5, J and K). The increase in input resistance
was consistent with the decrease in neurite number and branching.

HERV-K expression is regulated by TAR DNA binding protein 43

Previously, HERV-K po/ gene expression was found to correlate with TAR (trans-activation-
responsive) DNA binding protein 43 (TDP-43) mRNA in postmortem brain tissue from
patients with ALS (3). TDP-43 has been shown to regulate the replication of HIV (15), and
it also binds to transposable elements (16). Hence, we determined whether TDP-43 could
also regulate HERV-K expression. When a plasmid with TDP-43 was transfected into human
neurons, HERV-K expression occurred as demonstrated by immunostaining for the env
protein and measuring the viral transcripts (Fig. 6, A and B). When HERV-K and TDP-43
were cotransfected into HeLa cells, there was an increased replication of HERV-K as
evidenced by the reverse transcriptase activity in the culture supernatants (Fig. 6C) and
increased viral transcripts in the cell extracts (Fig. 6D). HIV-transactivator of transcription
(HIV-Tat) protein is known to increase HERV-K replication, and hence it was used as a
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control (17). TDP-43 showed additive responses with Tat, suggesting that they may act on
different sites. This was confirmed using a HERV-K LTR construct with a luciferase reporter
gene (Fig. 6E). Knockdown of endogenous TDP-43 with small interfering RNA (siRNA)
also decreased HERV-K expression (Fig. 6F). We next determined whether TDP-43-
mediated induction of HERV-K involved direct association with the HERV-K promoter. The
consensus HERV-K LTR sequence was scanned to identify pyrimidine-rich motifs
associated with TDP-43 DNA binding. Putative TDP-43 binding sites, consisting of more
than eight contiguous pyrimidine bases (16), were identified at five loci as indicated and
were labeled according to their position relative to the first base of the HERV-K LTR (Fig.
6G and fig. S10A). Binding of TDP-43 to HERV-K LTR was confirmed by chromatin
immunoprecipitation (fig. S10B). Hence, we constructed biotinylated oligomers representing
each of these sites and incubated them with nuclear extracts from 293T cells followed by
washing of DNA/protein complexes under low- and high-salt conditions and then analyzed
the complexes by Western blots using an antibody to TDP-43. We found that TDP-43 bound
to region 726-734 (5'-CCCTCTCCC-3") with the highest affinity, suggesting that it was the
critical binding site on the HERV-K LTR (Fig. 6, H and I). TDP-43 binding to HERV-K LTR
was associated with increased binding of elongation-competent RNA polymerase 11 (fig.
S10C). No effect was seen on an unrelated genomic region (fig. S10D).

DISCUSSION

Here, we show that an endogenous retroviral protein contributes to neurodegeneration in
mammalian brain and spinal cord. Expression of HERV-K env protein in transgenic mouse
neurons led to motor dysfunction with accompanying DNA damage and morphological and
functional changes consistent with axonal and dendritic injury. These findings may have
implications for a subgroup of ALS patients with increased HERV-K expression. Because
activation of HERV-K can lead to neurodegeneration, blocking its activation and replication
may affect the course of ALS.

It is becoming increasingly apparent that mutations in several different genes can lead to the
same phenotypic neurodegenerative disease. Several genetic mutations have been implicated
in ALS. These include superoxide dismutase (SOD-1), TDP-43, fused in sarcoma (FUS),
and repeat expansions in COORF72 (18). However, none of these mutations explain how the
disease spreads along anatomical pathways. ALS typically starts in a focal region in one of
the limbs or the bulbar region and then spreads to contiguous regions. Our finding that full-
length transcripts of HERV-K can be found activated in the brain of some ALS patients
raises the possibility that the virus could spread from one neuron to the next and, in the
process, lead to neurotoxicity through expression of the env protein. Whereas the
mechanism of spread needs to be further investigated, the observation that the HERV-K env
protein was found localized to the neuronal cell body suggests that the spread may occur
laterally from neuron to neuron. This would be different from the transsynaptic spread seen
with rabies virus (19), but would better explain the anatomical spread of ALS from one brain
region to an adjacent region.

Because we studied only autopsy tissues, we considered the possibility that HERV-K was a
response to neurodegeneration. However, HERV-K immunostaining could not be detected in
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brain tissue from patients with Alzheimer’s disease. In a previous study, we showed that
HERV-K gene expression was absent in brain tissue from Parkinson’s disease patients and in
brains from patients who had died in accidents (3). We also showed that treatment of human
neurons in culture with toxins that induced mitochondrial or oxidative stress and
excitotoxicity (pathways that have been implicated in the pathophysiology of ALS) did not
induce HERV-K expression. Further, there was low basal-level HERV-K expression in
neurons in culture; however, endogenous HERV-K activation resulted in neuronal injury. Our
findings contrast with another study claiming that HERV-K may be neuroprotective (20).
However, in this study, HERV-K was expressed in neuronal cell lines. Endogenous
retroviruses including HERV-K can be expressed in tumor cells where they may have
cytoprotective effects (21). In terminally differentiated cells such as neurons, however, the
expression of HERV-K may be cytotoxic.

We developed a transgenic mouse model in which the HERV-K env protein was expressed
under a neuronal promoter leading to widespread expression in neurons. The amount of
expression of the gene was comparable to that in brain tissue from patients with ALS.
Despite the widespread expression of the protein, the animals developed a progressive motor
neuron disease affecting only the upper and lower motor neurons. There were no
developmental abnormalities in the brain, and the cytoarchitecture of the brain appeared
normal. The animals displayed progressive motor dysfunction first noticeable at 2 to 3
months of age and developed selective atrophy of the motor cortex. The neurons showed
morphological changes with abnormal processes and electrophysiological abnormalities.
There were changes consistent with denervation and reinnervation of the muscles due to
anterior horn cell involvement. This profound weakness of the limbs eventually involved the
spinal muscles and thoracic cage resulting in 50% mortality by 10 months. In contrast, the
SOD-1 transgenic mouse model shows predominantly lower motor neuron involvement and
a much more rapid progression (22). In our animal model, we did not control the site of
insertion of the HERV-K env, however, injection of the HERV-K env gene with a
cytomegalovirus promoter into the brains of animals in utero and transfection of neurons in
vitro resulted in similar morphological changes in the neurons, suggesting that the
phenotype in the animals was unlikely to be due to the site of insertion of the gene.

The mechanism by which the HERV-K env leads to neuronal injury is not well understood.
However, we found that there was evidence of double-stranded DNA breaks in the neurons
and entrapment of the nucleolar protein nucleophosmin in the cytoplasm of neurons in the
transgenic animals. Nucleophosmin is a multifunctional protein that shuttles between the
nucleolus and the cytoplasm (23) and is required for ribosome assembly and transport,
molecular chaperoning, and DNA transcription (24). Nucleolar dysfunction has also been
seen in patients with ALS who have C9ORF72 mutations, and emerging evidence suggests
that nucleolar dysfunction with impairment of ribosomal synthesis may play a critical role in
the pathophysiology of ALS in these patients (25).

The Cas-Br-E murine leukemia virus is a retrovirus that is also known to cause a motor
neuron disease (26). In this animal model, a 372-base pair fragment in the env gene was
formd to be critical for causing the motor neuron disease (27). However, the histopathology
in these animals shows the presence of spongiform changes, which is unlike that of ALS or
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the HERV-K envtransgenic mouse model (27). In the murine leukemia vims model, the
virus infects glial cells, and the neurodegeneration is secondary to glial cell infection (28).
The env protein of another human retrovirus, HIV, has also been shown to cause
neurotoxicity. The mechanism by which it causes neurotoxicity has been extensively studied
(29). However, HIV infects perivascular macrophages and microglia in the brain and not
neurons. The HIV env protein gp120 is released extracellulariy from infected cells where it
may interact with neurons or with astroglial cells and block glutamate uptake, setting up a
cascade of events leading to neuronal injury. In contrast, we show that HERV-K env protein
is expressed in neurons and leads to neuronal injury through intracellular processes that are
yet to be fully characterized. The HIV-Tat protein has also been shown to be neurotoxic (30).
However, HERV-K lacks a homolog to Tat.

We have shown that HERV-K rs regulated by TDP-43. TDP-43 is a multifunctional protein.
It is overexpressed in ALS (3) and forms cytoplasmic aggregates (31). Its RNA binding
properties, including binding to transposable elements, have been well studied. TDP-43 also
has been shown to be defective in patients with frontotemporal dementia (16). We have
demonstrated that TDP-43 is also capable of binding to the HERV-K LTR DNA. However,
as opposed to its effects on mMRNA, the DNA binding leads to transactivation of HERV-K.
This is particularly important because the HERV-K LTR has five binding sites for TDP-43.
Thus, TDP-43 may serve as an important regulator of HERV-K expression and contribute to
subsequent neurodegeneration.

Our study has several limitations. We studied only patients with sporadic ALS, hence it
remains unknown whether HERV-K activation can also occur in patients with genetic causes
of ALS. Our small sample size also did not allow us to determine whether there was a clear
phenotype associated with HERV-K activation in patients with ALS. Nonetheless, our study
clearly demonstrates the activation of HERV-K in patients with ALS. This activation results
in neuronal injury with the selective degeneration of motor neurons. The expression of
HERV-K is regulated by TDP-43. Thus, our study implicates HERV-K env in ALS
pathogenesis.

MATERIALS AND METHODS

Study design

We designed this study to determine whether HERV-K could play a role in the pathogenesis
of ALS. We first showed the expression of each of the transcripts of HERV-K in the brains
of 11 patients with ALS. Brain tissue samples from 16 individuals with no known brain
disease were used as controls. The samples were matched for sex, postmortem interval, RNA
integrity values, and the anatomical region of the brain studied. Immunohistochemistry
showed that the expression of the virus was localized to cortical neurons in brain tissue and
anterior horn cells in spinal cord obtained from 10 patients with ALS. Brain tissue samples
from 10 patients with Alzheimer’s disease were used as controls. Sample sizes were based
on the availability of tissues and previous experience with such assays. To determine
whether the expression of the virus in neurons could cause neurotoxicity, we transfected
neuronal cultures with plasmids containing the entire HERV-K genome, HERV-K env;, or
pcDNA and monitored them for cell counts or changes in neurite length. All experiments

Sci Transl Med. Author manuscript; available in PMC 2019 January 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 9

were done in replicates of 18 and repeated twice. Similar amounts of toxicity were seen with
HERV-K and HERV-K env. Hence, in a pilot experiment, we injected the HERV-K env
plasmid (7= 11) or control plasmid (n7=9) into the mouse brain in utero. Expression of
HERV-K envreproduced the morphological abnormalities in the neurons. We next generated
transgenic animals in which HERV-K envwas expressed under a neuronal promoter. Non-
transgenic littermates were used as controls. The transgenic animals developed progressive
motor dysfunction over 6 months at which time nearly 50% of the animals died. Because of
profound motor abnormalities in the animals, it was not possible to perform the testing in a
blinded manner. However, all histopathological and radiological assessments were
performed by an investigator blinded to the genotype of the animals. The transgenic animals
had selective thinning of the motor cortex and morphological abnormalities in neurites of the
motor neurons with DNA strand breaks and nucleolar abnormalities. There was
accompanying astrocytosis. All behavioral experiments were done in sample sizes of at least
15 animals in each group, and histological studies had at least five animals in each group.
The regulation of HERV-K expression was studied in vitro. These data were analyzed from
at least three separate experiments. The data showed that TDP-43 binds to the LTR of
HERV-K to regulate its expression.

Quantitative PCR

All human samples were obtained after the approval by the Office of Human Subjects
Research Protection at the National Institutes of Health (NIH) and the Institutional Review
Boards of Johns Hopkins University. All samples were analyzed by investigators blinded to
the clinical condition or identity of the patients. Total RNA was extracted from frozen brain
tissue (table S1) with RNeasy Plus Mini Kit (Qiagen). The RNA extracts were treated with
ribonuclease-free deoxyribonuclease (Qiagen). The quality of RNA was evaluated with the
Agilent 2100 Bioanalyzer. Only samples that had an RNA integrity number (RIN) >8 were
used for this study to ensure that there was little or no RNA degradation in the samples.
Reverse transcription was performed with 1 pg of RNA using the Superscript 111 first-stand
kit (Invitrogen). Quantitative PCR was done using Applied Biosystems ViiA 7. The amount
of RNA in brain samples was expressed as relative levels to control samples after
normalization with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA. To confirm
that there was no DNA contamination, control PCRs were performed with reverse
transcription product in which Superscript 111 was omitted. Primers for quantitative PCR are
listed in table S3. The HERV-K full-length primer sequences were designed to amplify the
unspliced full-length HERV-K transcript without the LTRs and the spliced transcripts
representing envand rec. Primers for HERV-K env and mouse GAPDH were used to
quantify the relative expression level of envin the transgenic mice (table S3).

DNA constructs

The HERV-K whole genome consensus sequence (32,33) was synthesized and cloned into
pcDNA3.1 vector (Invitrogen). HERV-K 5”LTR was PCR-cloned and inserted into pMetLuc
reporter vector (Clontech). TDP-43 gene was obtained from Addgene and was cloned into
pcDNAS3.1 vector. HIV-Tat plasmids were reported previously (34). Codon-optimized
HERV-K env gene was synthesized and cloned into pcDNA3.1 vector for transfection assays
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and in utero injections and into the Xho | site of a Thy-1 expression cassette from Addgene
for the generation of transgenic mice.

Induction of endogenous HERV-K by lentiviral transduction

Lentiviral constructs encoding HERV-K LTR-targeting sgRNA or nuclease-null Cas9 linked
to the transcription activator domain VP64 were generated using the ViraPower Lentiviral
Packaging Mix according to the manufacturer’s protocol (Invitrogen). Lentivirus stocks
obtained from transfection of human embryonic kidney 293T cells were concentrated using
the Retro-X Concentrator (Clontech), and the copy number was determined using the Lenti-
X gRT-PCR Titration Kit (Clontech). The dCas9-NLS-3xHA-VP64 vector (Addgene) served
as the source of insert material for the Cas9 lentivirus. Briefly, neural stem cell-derived
neurons were incubated with Cas9-VP64 lentiviral vector with polybrene (5 ug/ml) (Sigma).
After 4 hours, the inoculum was diluted with an equal amount of complete medium, and the
cells were incubated overnight. Twenty-four hours after transduction, the supernatant was
removed, and the cells were incubated with the lentiviral vector expressing the sgRNA 8,
with polybrene (5 pug/ml) for an additional 24 hours.

Immunohistochemistry of human autopsy brain tissue

We analyzed human autopsy tissues of 10 patients with ALS from the ALS Center at the
University of Pittsburgh. Samples from the frontal cortex and the cervical spinal cord were
examined. The mean age of patients at the time of death was 59.3 years (range, 45 to 73
years), and patients were 50% male and 50% female. The autopsy was done on an average
of 7.1 hours after death (range, 2 to 10 hours). Sections from 10 Alzheimer’s patients served
as controls. We obtained Alzheimer’s patient samples from the Department of Pathology at
the University of Kentucky. The mean age of patients at the time of death was 84.5 years
(range, 74 to 95 years), and patients were 50% male and 50% female. The autopsy was done
on an average of 3.4 hours after death (range, 2 to 5 hours). Autopsied brains were formalin-
fixed and paraffin-embedded. Five-micrometer-thick sections were obtained and stained as
follows. The slides were deparaffinized and rehydrated using xylene and graded ethanol.
Antigen retrieval was done by steaming in citrate buffer for 20 min. Peroxidase blocking was
achieved with dual enzyme block solution (Dako), and protein blocking was done with
protein block solution (Dako). Incubation with mouse anti-HERV-K env (1:500; Austral
Biologicals) or anti-p amyloid (1:500; BioLegend) was done overnight at room temperature.
PowerVision polymeric horseradish peroxidase (HRP) anti-mouse (Leica Biosystems) or
HRP-conjugated anti-human immunoglobulin G (IgG) was applied as secondary antibodies
for 2 hours at room temperature. Antibody binding was developed with 3,3’ -
diaminobenzidine (DAB; Vector Laboratories). Sections were counterstained with
hematoxylin (Dako). Images were processed using an Aperio whole slide scanner (Leica
Biosystems).

Generation of transgenic mice

The Thyl-HERV-K envtransgene cassette was excised with Eco Rl and Pvu | (fig. S4A).
The purified fragment was injected into the pronuclei of fertilized eggs from C57BL6 mice.
Surviving embryos were implanted into pseudopregnant C57BL6 mice. The transgenic
founders were screened by genotyping with the primer set GT-env-F2: 5’-
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ACCAGCTGGCTGACCTGTAG-3" and GT-env-R2: 5'-
GGCAGCTTCATCTGTTCCTC-3’. All experiments were performed on a single
heterozygous line. HERV-K env transcripts were analyzed by gel electrophoresis and real-
time PCR (fig. S4, C and D). HERV-K env protein was confirmed by Western blot analysis
(fig. S4B) after immunostaining for the HERV-K env, which showed staining in cortical
neurons (fig. S4, E to H). For all studies in this article, littermate animals without the
transgene were used as controls. All experiments involving mice were performed according
to the recommendations in the Guide for the Care and Use of Laboratory Animals of the
NIH. Mice were housed in a pathogen-free barrier facility with a 12-hour light/12-hour dark
cycle and ad libitum access to food and water. Both male and female animals of ages 6
weeks and 3 to 9 months were used. The sample size for each experiment was determined on
the basis of previous experiences with the transgenic animal models. Quantification of data
from all experiments involving mice was done by an investigator blinded to the genotype of
the animals.

Immunohistochemistry and confocal microscopy in transgenic animals

Mice (6 to 9 months old) were deeply anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg) intraperitoneally and perfused transcardially with saline followed by 4% (w/v)
paraformaldehyde (PFA). After postfixing in PFA overnight, the brains and spinal cords
were immersed in a 30% (v/v) sucrose solution. On the following day, the brains and spinal
cords were cryoprotected and cut in the coronal or horizontal plane into 40-pum-thick
sections on a sliding microtome. The sections were washed in tris-buffered saline (TBS) [10
mM tris-HCI (pH 7.5), 150 mM NaCl]. Endogenous peroxidase activity was blocked with
3% (v/v) hydrogen peroxide before incubation in blocking solution [TBS with 0.5% (v/v)
Triton X and 2.5% (v/v) donkey serum]. Mouse anti-HERV-K env (1:500; Austral
Biologicals), mouse anti-NeuN (1:500; Millipore), rabbit anti-BCL11B (1:500; Novus
Biologicals), or rabbit anti—choline acetyltransferase (anti-ChAT, 1:1000; Millipore) was
applied overnight at 4°C. Biotinylated goat anti-mouse IgG or goat anti-rabbit 1gG was used
as the secondary antibody. Antibody binding was developed using the Vectastain Elite
ABCK:it (Vector Laboratories) and visualized with DAB (Vector Laboratories). The sections
were counterstained with hematoxylin (Dako). Images were processed using an Aperio
whole slide scanner (Leica Biosystems). For confocal microscopy, primary antibodies were
diluted in blocking solution as follows: mouse anti-HERV-K env (1:500; Austral
Biologicals), mouse anti-NeuN (1:500; Millipore), mouse anti-nucleophosmin (1:500;
Millipore), mouse anti-phospho-histone H2A.X (1:500; Millipore), and rabbit anti-GFAP
(1:2000; Dako). Secondary antibodies were conjugated with Alexa Fluor 488 or Alexa Fluor
594 (1:250; Invitrogen), followed by washing and counterstaining with DAPI to label all
nuclei. All images were obtained using an LSM 510 META laser scanning confocal
microscope (Carl Zeiss). For quantification, positively labeled cells were counted in at least
three 200 x 200-um fields from the selected brain regions for each animal evaluated to
assess protein expression levels.

Multichannel fluorescence microscopy

Multichannel wide-field fluorescence microscopy was performed on 10-um-thick mouse
brain coronal sections. The sections were immunoreacted for 1 hour at room temperature
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using a mixture of the following primary antibodies: mouse 1gG2a anti-HERV-K éenv (1:200;
Austral Biologicals), guinea pig IgG anti-NeuN (1:500; Millipore), mouse IgGl anti-NeuN
(1:500; Milipore), chicken 1gG (1gY) anti-GFAP (1:500; Abcam), and rabbit 1gG anti-Ibal
(1:200; Wako Chemicals). The sections were then washed in phosphate-buffered saline and
0.5% bovine serum albumin and immunoreacted using a mixture of the following
fluorochrome-conjugated secondary antibodies: goat anti-mouse IgG2a—Alexa Fluor 647
(1:200; Invitrogen), goat anti-guinea pig IlgG—Alexa Fluor 488 (1:200; Invitrogen), donkey
anti-chicken 1gG (IgY)-IRDye 800CW (1:100; Li-Cor Biosciences), and goat anti-rabbit
IgG—Alexa Fluor 594 (1:200; Invitrogen). The sections were then washed in washing buffer,
incubated for 5 min at room temperature in DAPI (1 mg/ml, Invitrogen) to stain the cell
nuclei, rinsed in distilled water, air-dried, and cover-slipped using Immu-Mount medium
(Thermo Fisher Scientific). All sections were imaged using an Axiovert 200M fluorescence
microscope (Carl Zeiss) equipped with a 20x Plan-Apochromat (Phase 2) objective (Carl
Zeiss), a high-resolution ORCA-ER cooled digital camera (Hamamatsu Photonics) sensitive
to a wide spectrum of emission wavelengths, including those approaching infrared, a 100-W
mercury arc lamp (Carl Zeiss), and excitation/dichroic/emission filter sets (Semrock)
optimized to detect the following fluorophores: DAPI, Alexa Fluor 488, Alexa Fluor 594,
Alexa Fluor 647, and IRDye 800CW. Each labeling reaction was captured using filtered
light through an appropriate fluorescence filter set, and the images were individually
digitized at 12-bit resolution using the Volocity imaging program (Improvision). An
appropriate color table was applied to each image either to match its emission spectrum or to
set a distinguishing color balance. The pseudocolored images were then converted into TIFF
files exported to Adobe Photoshop and overlaid as individual layers to create multicolored
merged composites.

Statistical analyses

No statistical methods were used for predetermining the sample size. For animal studies, the
sample size was based on previous experience with transgenic animals. Because animal
groups were defined by genetic status, no randomization was used. The investigators were
blinded to group allocation during the experiment and when assessing the outcome. Because
of profound effects in the transgenic animals, blinding for analysis was not possible for
motor tasks or for histological analysis of spinal cord and muscle. For this reason, the
histological data for spinal cord and muscle are provided as descriptive analyses. All other
data were analyzed with GraphPad Prism version 6 (GraphPad). The Shapiro-Wilk test of
normality was applied to all data sets to determine whether a data set is normally distributed.
The Ftest or Bartlett’s test was used to determine equality of variances between groups.
Differences between means were assessed by paired two-sided Student’s #test or one-way
ANOVA followed by post hoc testing. In cases where the data did not demonstrate a normal
distribution, the Mann-Whitney test or Kruskal-Wallis test was used. Pearson’s correlation
coefficients were used to quantify the linear relationship between two variables. All
available samples or animals were included for statistical analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. HERV-K expression in brain tissue from AL S patients.
(A) HERV-K genome showing regions amplified by PCR. (B) All HERV-K genes showed

increased expression in ALS patients compared to healthy controls (ALS, 7= 11; control, n
= 16). Brain tissue sample information is listed in table S1. Values represent means + SEM.
Significance was determined by unpaired Student’s #test. Variances were significantly
different between groups. (C) Pearson correlation analyses revealed positive correlations
between mRNA expression of HERV-K env; pol, and gag from autopsy brain cortical
tissues. Pearson’s correlation coefficients were used to quantify the linear relationship
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between two variables. (D) Representative images show HERV-K env-immunoreactive
neurons in the frontal cortex of a patient with ALS. (E) A higher-magnification image of the
boxed area in the image shows focal accumulation at the cell membrane of cortical neurons.
(F) Anterior horn motor neurons in the lumbar spinal cord of an ALS patient were also
immunoreactive for HERV-K env. (G) The white matter of a patient with ALS. (H and I)
Cortical neurons of an individual with a normal brain who died in a motor vehicle accident
(H) and cortical neurons from a patient with Alzheimer’s disease showing no
immunoreactivity for HERV-K env (l). Scale bars, 50 ym (D to I).
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Fig. 2. HERV-K env-induced neuronal toxicity in vitro.
(A) The HERV-K env gene or the entire HERV-K genome was transfected into pluripotent

stem cell-derived human neurons expressing tdTomato (a fluorescent marker to label
neurons) and monitored for morphological changes. pcDNA was used as a control. Scale
bars, 200 um; 50 um. (B and C) At 24 hours after transfection, (B) total cell counts and (C)
neurite length were significantly decreased. Values represent means + SEM from three
independent experiments. Significance was determined by one-way analysis of variance
(ANOVA) followed by Newman-Keuls post hoc comparison. Variances were significantly
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different between groups. (D and E) Endogenous HERV-K expression was induced using the
CRISPR/Cas9 system. Stem cell-derived human neurons were transduced with a lentiviral
construct encoding Cas9 fused to the transcription activation domain VP64 for 24 hours.
Cells were either mock-treated (Cas9 alone) or transduced with guide RNA targeting the
HERV-K promoter (sgRNA 8). Forty-eight hours after sgRNA delivery, (D) total cell counts
and (E) mean neurite fiber length were significantly decreased. Values represent means *
SEM from three independent experiments. Significance was determined by unpaired
Student’s ¢test.
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Fig. 3. HERV-K-induced neuronal toxicity in vivo.
(A) Coronal sections of wild-type (WT) and HERV-K envtransgenic (Tg) mice were

immunostained for HERV-K env (red) and glial fibrillary acidic protein (GFAP) (purple).
DAPI, 4’ 6-diamidino-2-phenylindole (blue). (B) Enlarged images of cerebral cortex. (C to
G) Golgi impregnated mouse pyramidal neurons show that (C) total dendrite length, (D)
mean branch number, (E) dendritic complexity by Sholl analysis, and (F) spine density were
significantly reduced in transgenic mice with (G) extensive dendritic beading. Values
represent means = SEM. The number of animals used for quantification was three animals
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per group. Significance was determined by unpaired Student’s ftest. Scale bars, 500 um (A);
50 um (B and G). (H to J) Immunostaining for NeuN as a marker for neurons (H), Ctip2
immunostaining as a marker for corticospinal motor neurons (1), and Satb2 immunostaining
as a marker for callosal projection neurons (J) in layer V of the motor cortex of wild type (n
= 4) and transgenic (7= 3) mice. Values represent means + SEM. Significance was
determined by unpaired Student’s ftest. Scale bars, 50 um. Magnetic resonance images for
wild type (n7=5) and transgenic (/7= 5) mice were acquired on a 14-Tesla magnetic
resonance imaging scanner. (K and L) Regional analysis revealed a reduction in cortical
thickness (K) and volume (L) of the rostral part of the motor cortex. (M to O) There was no
significant difference between wild-type and transgenic mice for the volume of the cingulate
cortex (M), corpus callosum (N),and hippocampus (O). Values represent means + SEM.
Significance was determined by unpaired Student’s #test. The number of animals used for
quantification was five animals in each group.
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Fig. 4. HERV-K env expression and injury to lower motor neurons.
(A to C) Representative photomicrographs show HERV-K env immunoreactivity in the

cervical (A), thoracic (B), and lumbar (C) spinal cord of transgenic mice. (D) This panel
shows lack of HERV-K env immunoreactivity in the thoracic spinal cord of WT mice. (E to
H) ChAT immunoreactivity is shown in the cervical (E), thoracic (F), and lumbar (G) spinal
cord of transgenic mice and in the thoracic spinal cord of WT mice at 6 months of age (H).
Intense ChAT signal seen in the motor neurons of the ventral horn in the thoracic spinal cord
of WT mice (H) contrasts with very few ChAT-positive cell bodies in the ventral horn of the
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thoracic spinal cord of transgenic mice (F). Scale bars, 50 um (A to H). (I) Sections of the
tibialis anterior muscle from 6-month-old animals show a normal mosaic distribution of type
I (green), type 11b (red), and type lla (unstained) fibers in WT mice and fiber type grouping
in the transgenic mice. Skeletal muscles from WT (7= 5) and transgenic (/7= 6) mice were
isolated and immunostained. MyHC, myosin heavy chain. (J) yH2A.X-positive foci in
immunostained entorhinal cortex from 6-month-old WT (/7= 4) and transgenic (7= 4) mice.
Numbers of cells with yH2A.X-positive foci were increased in motor cortex of transgenic
mice. Values represent means + SEM. Significance was determined by unpaired Student’s ¢
test. Scale bar, 20 um. (K) Fluorescence micrographs showing the localization of
nucleophosmin (NPM) in cells in the motor cortex of WT (n7= 4) and transgenic (7= 3)
mice. Numbers of cells with nucleophosmin localized to the cytoplasm were increased in the
motor cortex of transgenic mice. Values represent means = SEM. Significance was
determined by unpaired Student’s #test. Scale bar, 10 um.
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Fig. 5. HERV-K-induced alterationsin behavioral and functional analysis of mouse phenotype.
(A) Open-field testing showed that the transgenic mice were less active than WT animals as

determined by decreased path length traveled, increased periods of immobility, decreased
line crossings, decreased number of rearings, and decreased number of entries into the center
of the field. Representative tracings are shown. There was a progressive decrease in activity
overtime [7= 16(WT)and n = 15 (transgenic) at 3 months; 7= 26 (WT) and n= 24
(transgenic) at 6 months]. (B) Transgenic mice spent less time on an accelerating rotarod [
=18 (WT) and 7= 17 (transgenic) at 3 and 6 months; 7= 18 (WT) and /7= 9 (transgenic) at
9 months]. The sample size declined at 9 months due to increased death at that age. (C)
Transgenic mice showed an increased clasping reaction in the tail suspension test [#7= 18
(WT) and n= 17 (transgenic)]. (D) A Y maze test shows that spontaneous alteration was not
different between WT and transgenic mice [7= 18 (WT) and n= 17 (transgenic) at 3 and 6
months; n= 18 (WT) and 7= 9 (transgenic) at 9 months]. (E) The time to notice adhesive
tapes sticking on the palms of the hind paws in transgenic mice was not significantly
different from WT mice [#7= 10 (WT) and 7= 10 (transgenic)]. (F) When placed on a 45°
angle slope, the time to turn was not different between WT and transgenic mice [7=8 (WT)
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and n= 12 (transgenic)]. (G) A cohort of transgenic animals declined from 30 to 15 animals
over 10 months. Insert shows a 9-month-old terminally ill transgenic mouse with a hunched
back. (H and 1) Electrophysiological properties of mouse cortical pyramidal neurons [n= 3,
WT (blue); n= 3, transgenic (red)]. (H) Voltage traces evoked by —160, —40,40, and 80 pA
current steps (1 s). Scale bar, 200 ms/20 mV. Amplitude of the steady-state membrane
potentials is plotted against each injected current step. (I) Traces of SEPSCs (scale, 5 s/100
pA) and average sEPSCs (scale, 10 pA/5 s). (J) Change in membrane potential (AVm) and
number of action potentials evoked for a range of current injections. (K) Pooled data values
of SEPSC frequency (left) and amplitude (right). Values represent means + SEM and were
analyzed by the Mann-Whitney nonparametric test.
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Fig. 6. HERV-K activation by TDP-43 and identification of binding siteson LTR.
(A and B) Stem cell-derived neurons were transfected with either pcDNA control or TDP-43

expression construct. (A) Forty-eight hours after transfection, cells were fixed with PFA and
stained for HERV-K env protein. Scale bar, 50 um. (B) Twenty-four hours after transfection,
cells were collected for RNA extraction, and quantitative RT-PCR was used to measure
HERV-K transcripts. (C and D) HERV-K plasmid was cotransfected with chloramphenicol
acetyltransferase (CAT) (control), Tat, TDP-43, or Tat and TDP-43 in HeLa cells, and 24
hours after transfection, reverse transcriptase activity (HERV-K RT) was measured in culture
supernatants by the product-enhanced reverse transcriptase (PERT) assay. (D) The levels of
HERV-K transcripts were measured using RT-PCR and expressed as fold change compared
to CAT control. (E) HERV-K LTR-MetLuc plasmid was cotransfected with CAT, Tat,
TDP-43, or Tat and TDP-43, and luciferase activity was measured. RLU, relative light units.
(F) Knockdown of endogenous TDP-43 with siRNA reduced HERV-K expression. (G)
Putative TDP-43 binding sites in HERV-K LTR reported relative to the first base of the LTR.
(H) Binding of TDP-43 to biotinylated oligonucleotides derived from the putative binding
sites under low- or high-salt conditions. (I) Quantification of (H) indicating binding affinity.
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Values represent means = SEM from three independent experiments. Significance was
determined by unpaired Student’s ¢test, nt, nucleotide.
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