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ABSTRACT Transcription of herpes simplex virus 1 (HSV-1) immediate early (IE) genes is
controlled at multiple levels by the cellular transcriptional coactivator, HCF-1. HCF-1 is
complexed with epigenetic factors that prevent silencing of the viral genome upon
infection, transcription factors that drive initiation of IE gene expression, and transcription
elongation factors required to circumvent RNAPII pausing at IE genes and promote pro-
ductive IE mRNA synthesis. Significantly, the coactivator is also implicated in the control
of viral reactivation from latency in sensory neurons based on studies that demonstrate
that HCF-1-associated epigenetic and transcriptional elongation complexes are critical to
initiate IE expression and viral reactivation. Here, an HCF-1 conditional knockout mouse
model (HCF-1cKO) was derived to probe the role and significance of HCF-1 in the regulation
of HSV-1 latency/reactivation in vivo. Upon deletion of HCF-1 in sensory neurons, there is a
striking reduction in the number of latently infected neurons that initiate viral reactivation.
Importantly, this correlated with a defect in the removal of repressive chromatin associated
with latent viral genomes. These data demonstrate that HCF-1 is a critical regulatory factor
that governs the initiation of HSV reactivation, in part, by promoting the transition of latent
viral genomes from a repressed heterochromatic state.

IMPORTANCE Herpes simplex virus is responsible for a substantial worldwide disease
burden. An initial infection leads to the establishment of a lifelong persistent infection
in sensory neurons. Periodic reactivation can result in recurrent oral and genital lesions
to more significant ocular disease. Despite the significance of this pathogen, many of the
regulatory factors and molecular mechanisms that govern the viral latency-reactivation
cycles have yet to be elucidated. Initiation of both lytic infection and reactivation are
dependent on the expression of the viral immediate early genes. In vivo deletion of a central
component of the IE regulatory paradigm, the cellular transcriptional coactivator HCF-1,
reduces the epigenetic transition of latent viral genomes, thus suppressing HSV reactivation.
These observations define HCF-1 as a critical regulator that controls the initiation of HSV
reactivation from latency in vivo and contribute to understanding of the molecular mecha-
nisms that govern viral reactivation.
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Herpes simplex virus (HSV) is a ubiquitous pathogen with an estimated prevalence of 50 to
90% in the human population. Following an initial primary lytic infection, HSV establishes

lifelong persistence or latency in neurons of sensory ganglia. Periodically, this quiescent state
is punctuated by reactivation events that result in lytic infection and recurrent disease.

HSV-mediated disease ranges from oral and genital lesions to more significant manifes-
tations including ocular infections that can lead to HSV-mediated blindness, while neonatal
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infections can result in mortality or developmental and neurological issues (1–3). Importantly,
HSV is also a cofactor in acquisition of HIV (4, 5).

The lytic replication cycle is defined by a cascade of viral gene expression where viral im-
mediate early (IE) genes are first transcribed and IE proteins are critical for subsequent waves
of gene expression (early and late), for subverting host cell antiviral responses, and for the
establishment of a “permissive” state of the host cell. Ultimately productive lytic infection
generates progeny virus that can infect sensory neurons proximal to the initial site of lytic
infection. Here, the virus establishes a quiescent latency state that is characterized by a lack
of significant viral lytic gene expression and the expression of noncoding RNAs (ncRNAs)
derived from the viral latency-associated transcript (LAT) locus (1).

During lytic infection, the induction of viral IE gene expression is controlled by complex
and cooperative interactions of host cell and viral-encoded transcription factors that promote
the assembly of transcription initiation complexes (6) and transcription elongation factors that
are required to stimulate the release of paused RNAPII at IE genes to allow for efficient produc-
tion of IE mRNAs (7, 8). In addition, expression of IE genes is dependent on an initial chromatin
dynamic that can result in either heterochromatic suppression of the infecting viral genome
or a euchromatic state that ultimately promotes IE gene transcription (9–11).

A central mediator of IE gene expression is the cellular transcriptional coactivator HCF-1.
This protein is required for the assembly of an enhancer complex containing the cellular
transcription factor OCT-1 and the viral IE activator VP16 on IE gene enhancer core elements
(6, 12, 13). HCF-1 also interacts with or potentiates the activity of multiple transcription factors
(e.g., SP1, GABP, FHL2, GR) that may synergize with the core complex or stimulate IE expres-
sion in the absence of the core complex (6, 12, 14). In addition to interactions that promote ini-
tiation of IE gene transcription, HCF-1 also plays a role in transcriptional elongation of IE genes
via interactions with the active super elongation complex, a complex that is required to coun-
ter RNAPII pausing during IE transcription (7, 8).

Significantly, HCF-1 plays another critical role in IE expression by modulating the character
of chromatin associated with IE genes. While HCF-1 interacts with multiple epigenetic factors/
complexes, one HCF-1-associated complex consisting of two H3K9-histone demethylases
(LSD1, JMJD2s) and an H3K4-methyltransferase (SETD1A, MLLs) is critical for expression
of IE genes by limiting the deposition or accumulation of repressive heterochromatin on
IE genes and promoting the installation of active histone modifications to stimulate IE
transcription (10, 11, 15). Finally, with respect to stimulation of lytic infection, the roles of
this coactivator are not restricted to promoting IE genes, as the protein has also been
implicated in viral DNA replication by coupling histone chaperones to viral replication
proteins, presumably to promote nucleosome remodeling at the replication fork (16).

In addition to control of viral IE gene expression during lytic infection, HCF-1 has also
been proposed to be a key regulator of viral reactivation as suggested by studies demon-
strating that the protein is (i) uniquely sequestered in the cytoplasm of sensory neurons
during latency and is rapidly transported to the nucleus upon stimuli that induce viral reactiva-
tion (17, 18) and (ii) recruited to viral IE gene enhancer domains at a very early stage of reacti-
vation (19). In addition, inhibition of the HCF-1-associated histone H3K9 demethylases
(LSD1/KDM1A and JMJD2s/KDM4s) suppresses lytic infection, shedding, and spontane-
ous reactivation in vivo (20, 21). Finally, inhibition of the super elongation complex, found
in association with HCF-1, suppressed the initiation of reactivation in the ganglia explant
model system of viral latency/reactivation (7).

However, while HCF-1 has been implicated in control of viral reactivation from latency,
direct evidence of the significance of the coactivator remains to be assessed in vivo. Here, as
HCF-1 is an essential cellular coactivator, a conditional knockout mouse model was devel-
oped. In two approaches to delete HCF-1 in sensory neurons in vivo, loss of HCF-1 suppressed
the initiation of viral reactivation in the ganglia explant model and upon induction of reactiva-
tion in vivo. Inhibition of reactivation in HCF-1 deleted neurons correlated with a defect
in chromatin modulation that normally leads to a reduction in the level of repressive
H3K9me3 heterochromatin associated with latent viral genomes.
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RESULTS
Generation and characterization of a conditional HCF-1-knockout mouse. To assess

the role and impact of the coactivator HCF-1 in vivo, an HCF-1 conditional knockout
(HCF-1cKO) mouse strain was derived via homologous recombination of the wild-type
(WT) locus with a targeting vector containing a selectable marker (Neo, neomycin phospho-
transferase) flanked by FRT sites (flippase recombination targeting sequences) and LoxP sites
(Cre recombinase target sequences) flanking HCF-1 exon 2 and the Neo cassette (see Fig. S1A
in the supplemental material). FLP-mediated recombination resulted in deletion of the Neo
marker to generate the conditional HCF-1cKO strain, while Cre-mediated recombination results
in deletion of the HCF-1 exons 2 and 3 and the expression of an mRNA predicted to encode a
truncated 64-amino-acid (aa) peptide versus the 2,045-aa WT protein.

To initially characterize HCF-1 deletion in the conditional strain, primary fibroblast cells were
derived from HCF-1cKO and control C57BL/6 mice and infected with adenovirus expressing Cre
(Ad-Cre) or control FLP (Ad-FLP) (Fig. S1B). As shown in Fig. 1, infection of HCF-1cKO cells with
Ad-Cre resulted in dose-dependent recombination at the HCF-1 locus (Fig. 1A) with a concomi-
tant reduction in HCF-1 mRNA (Fig. 1B) and protein levels (Fig. 1C and D). In contrast, no
impact on HCF-1 mRNA or protein levels was observed upon infection of HCF-1cKO cells
with Ad-FLP or in control C57BL/6 cells infected with either Ad-Cre or Ad-FLP. Additionally,
no impact of Ad-Cre or Ad-FLP was seen on the expression of cellular SP1 and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) genes (Fig. S1C).

As an alternate approach to supplying Cre, HCF-1cKO and control C57BL/6 cells were
transduced with gesicles containing Cre protein (Fig. 2). Transduction of HCF-1cKO cells

FIG 1 Cre-mediated deletion of HCF-1 in cells derived from the HCF-1cKO mouse line. (A) Levels of recombination at
the HCF-1 locus in primary fibroblast cells derived from HCF-1cKO mice infected with the indicated MOI of adenovirus
expressing enhanced FLP (Ad-FLPe) or Cre (Ad-Cre). Levels are relative to those in mock-infected cells. Data are from
3 independent experiments. (B to D) Primary fibroblast cells derived from HCF-1cKO or control C57BL/6 mice were
infected with the indicated MOI of Ad-FLPe or Ad-Cre. (B) HCF-1 mRNA levels are shown relative to those in mock-
infected cells. Data are from 4 independent experiments. (C) Representative Western blots of HCF-1 and control Actin
protein levels. (D) Quantitation of HCF-1 protein levels normalized to Actin levels. Data are from 3 independent
experiments. (A, B, D) Analysis of variance (ANOVA) with Dunnett’s multiple-comparison test.
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resulted in efficient recombination at the HCF-1 locus (70 to 80%) (Fig. 2A) and, upon
infection, a significant reduction in the levels of viral IE mRNAs (Fig. 2B) that paralleled the
reduction in the level of HCF-1 mRNA. In contrast, Cre transduction of C57BL/6 cells had no
impact on viral IE expression. As expected, reduction in the levels of HCF-1 and viral mRNAs
resulted in a reduction in the levels of HCF-1 and a representative IE protein (ICP4) (Fig. 2C).

FIG 2 Deletion of HCF-1 suppresses HSV IE gene expression. (A to E) Primary fibroblast cells derived from HCF-1cKO or control C57BL/6 mice were transfected with
the indicated amounts of Cre gesicles and 7 days later were infected with HSV-1 ([A to C] MOI, 1; [D to E] MOI, 5). (A) Levels of recombination at the HCF-1 loci. (B)
Levels of HSV IE (ICP0, ICP4, ICP22, ICP27) and control (GAPDH, SP1) mRNAs at 1.5 h postinfection relative to mock-transfected cells (3 experiments; 5 samples). (C)
Representative Western blot of HCF-1, ICP4, and control Actin protein levels. Quantitation of HCF-1 and ICP4 protein relative to Actin from 3 independent
experiments. (D and E) Number and representative images of HCF-1-positive and HSV ICP4-positive cells. Data are represented as the number of positive cells per
100 cells (n $ 13 groups of 100 cells). (F) Viral yields from HCF-1cKO or control C57BL/6 primary fibroblast cells transfected with Cre Gesicles and subsequently
infected for 12 h (3 experiments; 6 samples). (A, B, F) ANOVA with Dunnett’s multiple-comparison test. (C, D, E) Unpaired two-tailed t test.
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Further confirmation of the impact of HCF-1 deletion on IE expression and the initiation
of viral infection was obtained by treating HCF-1cKO and control C57BL/6 cells with Cre
gesicles, infecting with HSV for 1.5 h, and staining with antibodies to HCF-1 and a marker
of early viral transcriptional foci (ICP4). As shown in Fig. 2D and E, reduction in the number
of cells positive for HCF-1 staining correlated with a significant reduction in the number of
HCF-1cKO-infected cells exhibiting ICP4 transcriptional foci. Finally, Cre gesicle-mediated
depletion of HCF-1 in HCF-1cKO cells ultimately led to a significant reduction in viral yields
at 12 h postinfection without impact on yields in the control C57BL/6 cells (Fig. 2F).

Overall, the data demonstrate that recombination-mediated deletion of HCF-1 in primary
cells derived from the HCF-1cKO mouse model results in suppression of viral IE gene expres-
sion and, ultimately, viral yields. These results are consistent with previous studies in which the
levels of HCF-1 protein were reduced using small interfering RNA (siRNA)/small hairpin RNA
(shRNA) (22) and further affirm the significance of HCF-1 in the initiation of HSV lytic infection.

Specific deletion of HCF-1 in latently infected sensory neurons in vivo suppresses vi-
ral reactivation from latency. HCF-1 plays multiple roles in driving the initiation of viral
lytic infection including chromatin modulation, enhancer complex formation, and tran-
scriptional elongation. Previous studies have also suggested that the protein plays a significant
role in the initiation of viral reactivation from latency in sensory neurons. However, to directly
probe the roles and significance of the coactivation during viral reactivation in vivo, two
approaches were used to delete HCF-1 in sensory neurons in the HCF-1cKOmouse model.

The first approach specifically targeted HCF-1 in latently infected sensory neurons
using HSV-1 recombinant viruses that express Cre recombinase under the control of either the
human cytomegalovirus (hCMV) IE, HSV IE ICP0, or the HSV LAT promoters (Fig. 3A) (23, 24).
Here, HCF-1cKO and control C57BL/6 mice were infected with WT or the HSV-1 recombinants
via the ocular route. Following the establishment of latency, trigeminal ganglia were explanted

FIG 3 Expression of Cre in latently infected sensory neurons of HCF-1cKO mice results in reduced viral yields upon explant.
(A) Schematic representation of the experimental strategy. Pools of HCF-1cKO and control C57BL/6 mice are infected with
HSV-1 WT, CMV-Cre, ICP0-Cre, or LAT-Cre. At 30 to 45 days postinfection, ganglia from latently infected mice are explanted to
induce reactivation. Reactivation is quantitated by several assays. (B) Cre mRNA levels in ganglia of HCF-1cKO mice latently
infected with the indicated HSV strain at 0, 12, and 24 h post explant (2 experiments, pool of 4 ganglia per sample). (C) HSV
DNA levels in ganglia of HCF-1cKO mice latently infected with the indicated HSV strain at 0 (latent) and 48 h post explant
(Explant). Ratio E/L represents the ratio of DNA levels in explanted to latent ganglia (n $ 26 ganglia; Kruskal-Wallis test with
Dunnett’s multiple-comparison test).
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to induce a robust reactivation. As shown in Fig. 3B, both the ICP0-Cre and the LAT-Cre
infected mice exhibited readily detectable Cre expression in the latently infected trigeminal
ganglia (0 h) relative to the WT or CMV-Cre infected mice. Upon explant induction, Cre mRNA
levels derived from the CMV-Cre virus increased, while the levels derived from the ICP0-Cre and
LAT-Cre viruses decreased over the course of 24 h. Thus, both ICP0-Cre and LAT-Cre viruses
express Cre during latency in contrast to the CMV-Cre recombinant that expresses Cre primarily
during lytic reactivation.

To assess the impact of HCF-1 deletion on explant-mediated reactivation, ganglia
latently infected with WT, CMV-Cre, ICP0-Cre, and LAT-Cre viruses were bisected, and
the viral DNA loads in latent and explanted halves were determined for each individual
ganglion (Fig. 3C). While there were minor variances in the levels of latent viral genomes
between the groups, viral DNA levels in explanted ganglia infected with the ICP0-Cre and
LAT-Cre recombinant viruses were significantly lower than those in control WT and CMV-Cre
infected ganglia. Furthermore, the ratio of explant to latent viral loads for individual gan-
glia also reflected the decrease in the levels of viral reactivation in ganglia infected with
ICP0-Cre and LAT-Cre viruses relative to the control WT and CMV-Cre infected animals. In
contrast no significant differences in the reactivation ratios were seen in control C57BL/6
mice (see Fig. S2 in the supplemental material).

Deletion of HCF-1 suppresses viral reactivation as determined by viral DNA loads. However,
to directly assess the impact of HCF-1 deletion on the number of neurons initiating viral reacti-
vation, ganglia from mice latently infected with the WT, CMV-Cre, and LAT-Cre viruses were
explanted for 48 h, and sections were stained for the lytic DNA replication protein UL29 (ICP8).
As shown in Fig. 4A, ganglia from mice infected with LAT-Cre exhibited dramatically reduced
UL29 (1) numbers relative to those infected with WT or CMV-Cre viruses. Quantitation of the
number of individual UL29 (1) neurons representing the primary reactivation events (singles)
and clusters of UL29 (1) representing lytic spread (Fig. 4B) confirmed that deletion of HCF-1
during latency (LAT-Cre virus) suppressed the number of primary reactivation events and,
thus, the number of UL29 (1) clusters (Fig. 4B, vehicle, left panel). To further confirm that the
individual UL29 (1) neurons did, in fact, represent primary reactivating neurons, ganglia were
explanted in the presence of the DNA replication inhibitor acyclovir (ACV) to inhibit viral spread
from the initiating neuron (Fig. 4B, ACV, right panel; see also Fig. S3A in the supplemental mate-
rial). Similar to the data obtained in the absence of ACV, the number of UL29 (1) singles/initiat-
ing neurons was significantly decreased in the LAT-Cre infected ganglia relative to that of the
control WT and CMV-Cre infected ganglia. Furthermore, as anticipated based on the level of
Cre expression during viral latency in mice infected with the ICP0-Cre virus (Fig. 3B), ganglia
infected with this virus also showed a significant reduction in the number of UL29 (1) pri-
mary reactivation events (singles) and clusters relative to CMV-Cre infected ganglia (Fig. S3B
and C). Thus, deletion of HCF-1 during latency suppresses the initiation of viral reactivation.

Deletion of HCF-1 in vivo results in a block to the removal of repressive H3K9me3
heterochromatin following stimulation of reactivation. Latent genomes are character-
ized by multiple classes of repressive heterochromatin (e.g., H3K9me3, H3K27me3) (20, 25–30).
Strikingly, an HCF-1 complex consisting of two histone H3K9 demethylases (LSD1, JMJD2s)
and H3K4 histone methyltransferases (SETD1A, MLL1) was identified as being important
for driving the initial chromatin dynamic required to promote viral IE gene expression during
lytic infection of primary cells in vitro and a mouse model of HSV infection in vivo (10, 11, 21).
In addition, inhibition of these histone H3K9 demethylases suppressed viral shedding and
reactivation in several animal models of HSV latency/reactivation (20), indicating that re-
moval of this heterochromatin from the latent viral genome is also a key step in the escape
from latency. While these data would suggest that HCF-1 epigenetic complexes play critical
roles in the initiation of viral reactivation, the direct impact of HCF-1 on the state of viral
chromatin during reactivation has not been demonstrated.

To address this, chromatin immunoprecipitation (ChIP) assays were done to assess
the occupancy of HSV IE gene regulatory regions by HCF-1 during reactivation (Fig. 5A)
and the impact of HCF-1 deletion on the levels of heterochromatin associated with the viral
genome following stimulation of viral reactivation. As anticipated, ganglia from mice latently
infected with the LAT-Cre or control CMV-Cre did not exhibit significant levels of HCF-1
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associated with representative viral IE enhancer/promoters (ICP0, ICP4) of latent viral genomes
(Fig. 5B). However, upon explant-mediated induction of reactivation, HCF-1 could readily be
detected associated with these IE regions in CMV-Cre-infected ganglia. In contrast, HCF-1
occupancy in ganglia infected with the LAT-Cre virus was not detected or was consider-
ably reduced relative to ganglia infected with the control CMV-Cre.

Most significantly, recruitment of HCF-1 to IE enhancer-promoters during reactivation
correlated with a substantial decrease in the levels of repressive H3K9me3 associated with
these regions in CMV-Cre infected mice relative to LAT-Cre (HCF-1 deleted) mice (Fig. 5C).
The differential response is most clearly illustrated by the ratio of change in H3K9me3 levels
in mice infected with CMV-Cre relative to LAT-Cre (Fig. 5D). The results are consistent with
studies demonstrating that HCF-1-associated histone H3K9-demethylases are required for
the initiation of viral reactivation.

Inducible deletion of HCF-1 in neurons of sensory ganglia in the HCF-1cKO/
AvCreERT2 mouse model. As a second approach to deletion of HCF-1 in sensory neurons
that did not depend on expression of Cre from recombinant viruses, the HCF-1cKO strain

FIG 4 Deletion of HCF-1 reduces primary reactivation events. Ganglia from HCF-1cKO mice that were latently infected with the indicated
virus were explanted in the absence or presence of ACV for 48 h. (A) Representative images of ganglia sections stained with anti-UL29 (red)
and 49,6-diamidino-2-phenylindole (DAPI) (blue). See Fig. S3A in the supplemental material for images of sections treated with ACV. (B)
Sections were scored for individual UL291 neurons and clusters. Vehicle, n $ 12 ganglia; ACV, n $ 8 ganglia; Kruskal-Wallis test with
Dunnett’s multiple-comparison test. Representative sections are shown in panel B (vehicle) and Fig. S3A (ACV).
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was mated to a transgenic expressing a tamoxifen-inducible Cre (CreERT2) under the control
of the sensory neuron-specific advillin promoter (Fig. 6A) (31). Treatment of the resulting
progeny (HCF-1cKO/AvCreERT2) with tamoxifen results in nuclear transport of the CreERT2
fusion protein and Cre-mediated recombination in sensory neurons (see Fig. S4 in the sup-
plemental material). As shown in Fig. 6B, tamoxifen treatment of HCF-1cKO/AvCreERT2 mice
resulted in specific reduction in the mRNA levels of HCF-1 and an HCF-1-dependent cellular
gene (MMACHC) in trigeminal ganglia. In contrast, no impact of tamoxifen treatment was
seen in ganglia of control mice or in brains, livers, or kidneys of either the HCF-1cKO/
AvCreERT2 or control strain (Fig. 6B; see also Fig. S5 in the supplemental material). Strikingly,
as shown in Fig. 6C, tamoxifen treatment of HCF-1cKO/AvCreERT2 mice resulted in specific
reduction in HCF-1 protein in;90% of neurons in the ganglia.

Importantly, as shown in Fig. 6D, there was no impact of tamoxifen treatment on
latent viral loads in HCF-cKO/AvCreERT2 mice compared to that in vehicle-treated animals.
However, as determined by viral yields, explant of latently infected ganglia from the tamox-
ifen-treated mice resulted in a significant decrease in reactivation (mean, 129 PFU) compared
to that in vehicle-treated animals (mean, 6,992 PFU) or tamoxifen-treated control HCF-1cKO

FIG 5 Depletion of HCF-1 in vivo blocks the removal of repressive chromatin from latent viral genomes during explant reactivation.
(A) Schematic representing rapid recruitment of HCF-1 to viral IE gene enhancer/promoter domains upon stimulation that results in
reactivation. (B to D) Ganglia of HCF-1cKO mice latently infected with HSV-CMV-Cre or HSV-LAT-Cre were explanted for 0 h (Latent) or
6 h (Expl). (B) ChIP assays showing HCF-1 occupancy of viral IE gene (ICP0, ICP4) promoter/enhancer regions. Data are from pools of
10 ganglia per IP. (C) Levels of repressive H3K9me3 associated with viral IE gene enhancers (ICP0 2218, ICP4 2312) and promoter
(ICP0 14) regions. Levels are shown as the ratio of explant/latent. Data are from pools of 10 ganglia per IP. (D) Ratio of the change
in H3K9me3 levels in HSV-CMV-Cre relative to that of HSV-LAT-Cre. (E) Schematic illustrating that upon stimulation of reactivation, the
level of H3K9me3-heterochromatin associated with the viral genome is reduced; a process that is blocked in HCF-1-depleted neurons.
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mice (mean, 6,417 PFU) (Fig. 6E). Reduction in viral yields/reactivation from ganglia of tamox-
ifen-treated HCF-1cKO/AvCreERT2 mice correlated with reduced mRNA levels of HCF-1 and
a representative viral IE (ICP27) (Fig. 6F). It is important to note that while the reduction in
HCF-1 mRNA levels in sensory ganglia upon tamoxifen treatment of HCF-1cKO/AvCreERT2
mice appears to be “modest” (Fig. 6B and F), these ganglia are composed of populations of
diverse cell types, and neurons are but a smaller fraction of the total population.

Similar to the results using Cre-expressing recombinant HSV viruses, tamoxifen-mediated
deletion of HCF-1 in the HCF-1cKO/AvCreERT2 model resulted in a significant reduction
in the number of primary reactivation events (individual/single neurons) and neuron clusters.

FIG 6 Deletion of HCF-1 in sensory neurons reduces viral yields in explanted ganglia. (A) Generation of latently infected HCF-1cKO/AvCreERT2 mice. Homozygous
HCF-1cKO females were mated to male Advillin-CreERT2 transgenics to generate hemizygous HCF-1cKO males carrying the Advillin-CreERT2 transgene (HCF-1cKO/
AvCreERT2). Animals infected with HSV-1 were allowed to establish latency and subsequently treated with control vehicle or tamoxifen to induce recombination of
the HCF-1 locus in sensory neurons. (B) mRNA levels of HCF-1, MMACHC, and GAPDH in trigeminal ganglia and brains of control HCF-1cKO or HCF-1cKO/AvCreERT2
mice. Levels are graphed as those in tamoxifen-treated mice relative to those in vehicle-treated animals. Data are from 4 pools of 6 ganglia/3 individual brains;
unpaired two-tailed t tests. (C) Ganglia from HCF-1cKO/AvCreERT2 and control HCF-1cKO mice treated with vehicle or tamoxifen were sectioned and stained for
HCF-1 (green) and neurofilament 200 (red). Quantitation is shown as the percent of HCF-1(1) neurons (n $ 11 ganglia per group; Mann-Whitney test). (D) Latent
viral loads in ganglia from HCF-1cKO/AvCreERT2 mice treated with vehicle or tamoxifen (n $ 17; Mann-Whitney test). (E) Viral yields from ganglia explanted from
the indicated strain treated with vehicle or tamoxifen (n $ 25; Mann-Whitney test). (F) Levels of HCF-1 and a viral IE (ICP27) mRNAs in ganglia explanted from the
indicated strain treated with vehicle/JQ1 or tamoxifen/JQ1. Levels are shown in tamoxifen-treated relative to vehicle-treated mice. Data are from 2 experiments;
pools of 5 ganglia per cDNA preparation.
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In contrast, no change in the number of reactivation events was seen in control C57BL/6 mice
(Fig. 7; see also Fig. S6 in the supplemental material). The addition of ACV to the ganglia
explants further confirmed that the individual UL29 (1) neurons were primary events and not
the result of secondary spread in the ganglia.

Loss of HCF-1 does not result in a significant loss of neurons in sensory ganglia.
HCF-1 is an important cellular transcriptional regulator. Therefore, to ensure that upon
deletion of HCF-1, a loss of neurons was not a contributing factor to the observed decrease
in viral reactivation, latently infected ganglia from vehicle-treated and tamoxifen-treated
HCF-1cKO/AvCreERT2 and control C57BL/6 mice were assessed for the presence of apopto-
tic neurons by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) assay (see Fig. S7A and B in the supplemental material). Control treatment of
sections of ganglia of HCF-1cKO/AvCreERT2 mice with DNase I clearly showed a robust
TUNEL signal in cells throughout the ganglia. In contrast, no TUNEL signal was detected in
sections of ganglia derived from either HCF-1cKO/AvCreERT2 or the control C57BL/6 mice
upon either vehicle or tamoxifen treatment. In addition, visual counts of neurons in

FIG 7 Deletion of HCF-1 reduces the number of reactivating neurons. (A and B) Latently infected ganglia from the indicated strain treated with vehicle or
tamoxifen were explanted for 48 h in the absence or presence of ACV. Sections were stained with anti-UL29 (red) and DAPI (blue). (A) Sections were scored for UL291

clusters (Clusters) and individual neurons (Single). (n $ 6 ganglia per strain/condition; Mann-Whitney test). (B) Representative sections from HCF-1cKO/AvCreERT2 mice.
(C) Latently infected mice were treated with vehicle or tamoxifen and subsequently treated with vehicle or JQ1. Ganglia were removed and fixed, and sections were
stained with anti-UL29. The number of UL29 (1) neurons were counted (3 sections each of $11 ganglia per group; Mann-Whitney test).
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ganglia sections did not detect any significant differences in the numbers of neurons
from HCF-1cKO/AvCreERT2 or control C57BL/6 mice treated with tamoxifen compared to
those treated with vehicle. The data indicate that neuronal integrity is not a significant factor
in the apparent decrease in viral reactivation in HCF-1-deleted ganglia.

Deletion of HCF-1 suppresses induction of viral reactivation in vivo. The data
above were derived using the ganglia explant model to induce robust viral reactivation. To
demonstrate that deletion of HCF-1 in sensory neurons reduces viral reactivation following
an in vivo reactivation stimulus, HCF-1cKO/AvCreERT2 mice were treated with vehicle or ta-
moxifen followed by treatment with the BET inhibitor JQ1. As previously demonstrated, JQ1
induces the expression of HSV IE genes by promoting transcriptional elongation, a key rate-
limiting step in the initiation of viral reactivation (7, 8). As shown in Fig. 7C, injection of JQ1
resulted in significant induction of viral reactivation as determined by counts of UL29 (1)
primary reactivation events while deletion of HCF-1 clearly reduced the number of neurons
undergoing in vivo reactivation. Interestingly, in contrast to explanted ganglia, there was no
evidence of spread beyond the initial reactivating neurons as only single UL29 (1) neurons
were seen. This is perhaps reflective of a more restrictive control of the spread of lytic infec-
tion beyond the primary initiating neuron in the context of the ganglia in vivo.

DISCUSSION

Much of what has been learned with respect to latency and reactivation has been eluci-
dated using animal model systems. However, reductionist approaches utilizing primary rodent
neuronal cell culture systems and neuronal cultures derived from differentiation of human
induced pluripotent stem cells (iPSCs) or human embryonic neuronal precursors have also
contributed to understanding aspects of the control of latency and reactivation (32–39).
Importantly, these systems have allowed for the elucidation of neuronal signaling pathways
that either support the maintenance of latency or promote reactivation (17, 40–45). Most
significantly, both animal models and in vitro neuronal cultures have contributed to a dynamic
model of viral latency that may reflect various populations of latent genomes in distinct chro-
matin states and/or stages of transcriptional potential/activity (7, 32, 46, 47).

However, despite advances in understanding parameters of viral latency/reactivation, the
identification and characterization of many of the components and molecular mechanisms
governing this key phase of the viral life cycle remain to be determined. Of particular interest
are those that control the induction of viral IE gene transcription during the initial stage of
reactivation. One key factor that is central to the viral IE gene regulatory paradigm is the cel-
lular transcriptional coactivator HCF-1. With respect to IE expression during lytic infection,
HCF-1 mediates chromatin modulation/dynamics via preventing accumulation of repressive
H3K9-heterochromatin on the infecting viral genome, complexes with multiple transcription
factors involved in initiation of viral IE transcription, and promotes the critical rate-limiting
stage of IE gene transcriptional elongation via interactions with cellular elongation factors
including the super elongation complex.

HCF-1 has also been proposed to play multiple roles in the initiation of viral reactivation.
The protein can be detected associated with viral IE gene enhancer domains at a very early
stage of reactivation, although the factors involved in recruitment of HCF-1 at this point in
reactivation remain unknown. Furthermore, studies utilizing inhibitors of HCF-1-associated
H3K9-histone demethylases (LSD1, JMJD2s) or transcriptional elongation components (super
elongation complex) have indirectly implicated HCF-1 in both chromatin modulation of the
latent viral genome required for IE expression and in mediating the critical rate-limiting step
of IE mRNA transcriptional elongation. Given these data, a model was proposed in which
multiple populations of genomes ranging from strictly repressed to transcriptionally poised
are acted on by HCF-1 complexes to modulate viral chromatin state and drive transcriptional
initiation and elongation of IE genes during the initiation of viral reactivation (7).

These studies/observations have implicated HCF-1 as a critical regulatory factor that
promotes both lytic infection and reactivation from latency. To investigate the role of this
protein in control of viral reactivation in vivo, two approaches were used to selectively
delete it in a conditional knockout mouse model. It should be noted that the first approach
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using Cre-expressing recombinant viruses to selectively delete HCF-1 in infected neurons
was more challenging due to the requirement to establish consistent and comparable
latent infections with the different viruses. Additionally, not all latently infected neurons
express LAT and, therefore, by extension, Cre driven by the LAT promoter. However, simi-
lar results were also obtained using a second recombinant (ICP0-Cre) expressing Cre during
latency (Fig. 3B) (48, 49).

In contrast to the first approach, which was dependent on comparisons between differ-
ent Cre-expressing HSV recombinants, the second approach was based upon transgenic
expression of Cre in the total population of neurons in the sensory ganglia. Irrespective of
approach, the data clearly demonstrate that loss of HCF-1 in latently infected sensory neu-
rons suppressed the number of neurons initiating viral reactivation in the trigeminal ganglia
explant model. Most significantly, using the HCF-1cKO/AvCreERT2 model, depletion of HCF-
1 resulted in a significant reduction in the number of primary reactivating neurons following
in vivo induction of reactivation.

The reduction in the number of neurons undergoing reactivation upon loss of HCF-1 is
reflective of a block in the very early stage(s) of reactivation as indicated by (i) the reduction
in the mRNA levels of an IE gene (ICP27) and (ii) a block in the removal repressive H3K9me3-
heterochromatin associated with viral IE gene promoter/regulatory domains, a chromatin
remodeling process that is expected to be required early in reactivation. Importantly, the
data indicate that HCF-1 is critical for at least one, if not more, steps in the early initiation of
reactivation in vivo. However, given this early block, it is not possible to determine potential
impacts of the loss of HCF-1 on later stages of viral reactivation (e.g., DNA replication) (16). It
is important to note that in the experiments described in this study, the impacts of HCF-1
depletion on viral IE gene expression during lytic infection and on the initiation of viral reac-
tivation are not absolute. This may be due to a lack of complete efficiency of recombination
at the HCF-1 locus and depletion of the HCF-1 protein. Regardless, deletion of HCF-1 in the
conditional knockout mouse model demonstrates the significance of the coactivator in con-
trol of viral reactivation.

With respect to induction of reactivation in vivo, the BET inhibitor JQ1 has been shown to
promote transcriptional elongation of IE genes in vitro by enhancing the levels of the active
super elongation complex-P-TEFb associated with viral IE gene promoter regions (8). In addi-
tion, inhibition of the super elongation complex blocked expression of viral IE genes and the
initiation of viral reactivation in the ganglia explant model (7). Interestingly, the observed
stimulation of viral reactivation by JQ1 in vivo is consistent with the proposed model that a
population of latent viral genomes may be “poised” for reactivation and that transcriptional
elongation is a critical rate-limiting or determining factor in reactivation of these genomes.

HCF-1 is an important cellular transcriptional regulator modulating gene expression
through interactions with multiple transcription factors (e.g., Sp1, EGR2, THAP family members,
Myc, YY1, ZNF143, GABP, E2F family members, insulin receptor) (50–59) and epigenetic com-
plexes (e.g., SET/MLLs, BAP1, NSL, Sin3A) (58, 60–65). These interactions ultimately impact
cellular processes, such as cell cycle progression and differentiation (50, 58, 66, 67). Despite
its significance in regulation of the expression of a large set of cellular genes in replicating
cells, deletion in sensory neurons did not impact neuronal viability within the time frame
of these experiments. The lack of impact may be due to the nonreplicating and highly dif-
ferentiated nature of sensory neurons. The unique cytoplasmic localization of HCF-1 and
signal-mediated nuclear transport in these cells may also reflect a more limited role in sen-
sory neuronal gene expression where its function may be particularly important in or re-
stricted to signal-mediated regulation of transcription.

It is apparent that the chromatin state of viral genomes is a key parameter in the establish-
ment and maintenance of viral latency and that modulation of that chromatin state is critical
for the initiation of viral reactivation. During latency, viral lytic genes are associated with repres-
sive heterochromatin (e.g., H3K9me3, H3K27me3) (20, 25–30), although the contribution of
these different repressive marks and whether they represent distinct populations of latent
genomes remain to be determined. In contrast to latency, reactivation is characterized
by a reduction in the levels of viral associated heterochromatin and the induction of lytic gene
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expression. Importantly, deletion of HCF-1 in vivo resulted in a defect in the modulation of the
levels of viral repressive heterochromatin (H3K9me3) that is normally seen upon initiation of
reactivation. This is likely due to the loss of targeting of HCF-1-associated epigenetic factors,
such as the histone H3K9 demethylases LSD1 and JMJD2s to latent viral genomes. However,
HCF-1 is associated with multiple components/complexes that govern chromatin modulation,
transcription initiation, and transcription elongation. It is, therefore, possible that the reduction
in reactivation events in HCF-1-deleted neurons may reflect blocks in multiple HCF-1-depend-
ent roles in the reactivation of distinct populations of latent viral genomes that may exist in
other chromatin states or in various stages of “poised” transcriptional activation. The HCF-
1cKO/AvCreERT2 model will allow for further investigation into the roles of HCF-1 in both HSV
and neuronal biology.

MATERIALS ANDMETHODS
Generation and breeding of an HCF-1 conditional KO mouse. An HCF-1 conditional knockout

mouse was generated by Ozgene Pty Ltd. The core HCF-1 targeting cassette contained a 59 loxP site,
HCF-1 exons 2 and 3, an FRT flanked selectable marker (PGK promoter-neomycin phosphotransferase [Neo])
and a second 39 loxP site. The core was flanked by 59 (;6.1 kb) and 39 (;3.8 kb) HCF-1 genomic sequences to
produce the complete targeting vector. Recombination in Ozgene C57BL/6 Bruce 4 ES cells resulted in cells
used to generate chimeric mice that were subsequently bred to isolate offspring exhibiting germ line transmis-
sion of the modified HCF-1 allele (HCF-1tm1LVD). A similar approach to generate an HCF-1 conditional line was
previously described (68). Removal of the Neo marker was done via mating of HCF-1tm1LVD mice to an Flp trans-
genic (OzFlp, Ubic-Flpe; Gt(ROSA)26Sortm1.1(UBC-flpe)Ozg) to generate HCF-1tm1.1LVD/Flp, followed by subsequent
breeding to WT C57BL/6J mice to remove the Flp transgene (HCF-1tm1.1LVD). After backcrossing to C57BL/6J for
4 generations, hemizygous males were mated to heterozygous females to generate the hemizygous males
and homozygous females (hereafter referred to as HCF-1cKO mice) that were used in these studies. Genotyping
was done by Southern blotting (Ozgene Pty Ltd.) or sequencing of PCR products from genomic DNA isolated
from ear or tail samples according to standard procedures. PCR primer sequences are listed in Table S1 in the
supplemental material. Animal care and handling were done in accordance with the U.S. National Institutes of
Health Animal Care and Use Guidelines and as approved by the NIAID Animal Care and Use Committee.

Tamoxifen-dependent recombination-depletion of HCF-1 in sensory ganglia. Homozygous HCF-
1cKO females were bred to Tg(Advil-iCre/ERT2)AJwo males (referred to as AvCreERT2; Jax catalog number
032027) (31). Male progeny carrying the HCF-1cKO allele were screened for the presence of the AvCreERT2
transgene (HCF-1cKO/AvCreERT2) by PCR using primers listed in Table S1 or were genotyped by Transnetyx,
Inc. To delete HCF-1, groups of male HCF-1cKO/AvCreERT2 or control mice (HCF-1cKO or C57BL/6) were
injected intraperitoneally with 2 mg tamoxifen (in corn oil, according to standard protocol) or vehicle control
once per day for 5 days. Mice were maintained for 7 to 9 days postinjection before use. Detection of Cre-medi-
ated recombination at the HCF-1 loci in sensory neurons was done by PCR amplification using primer sets to
detect the nonrecombined (P1-P2) and recombined (P1-P6) forms. Primer locations are illustrated in Fig. S5 in
the supplemental material, and the sequences are listed in Table S1.

Cell cultures and viral infections. Vero cells were cultured and maintained according to standard
procedures. Primary fibroblast cultures derived from HCF-1cKO and C57BL/6 mice were prepared by
incubation of minced ear tissue in Dulbecco modified Eagle medium (DMEM) with Liberase TM (0.14 u/mL;
Sigma) at 37°C for 75 min. Pelleted material was washed once in complete DMEM (10% fetal bovine serum [FBS],
non-essential amino acids (NEAA), Pen-Strep, Glutamax, 25 mg/mL Fungin), resuspended, plated, and grown in
complete DMEM at 37°C/5% CO2. HSV-1 infections were done by incubating cells with HSV-1 (strain 17) at the
indicated multiplicity of infection (MOI) for 1 h at 37°C in DMEM containing 1% FBS. Following absorption, the
inoculum was removed, and cells were incubated in DMEM containing 10% FBS for the indicated time. For ade-
novirus infections, primary ear fibroblast cultures were trypsinized, washed, and 4 � 105 cells were resuspended
in 0.2 mL DMEM containing 1% FBS and the indicated MOI of adenovirus-Cre-nls (Ad-Cre) (ViraQuest Inc.; number
041405) or control adenovirus-FLPe (Ad-FLPe) (ViraQuest Inc.; number 1760) in 1.5-mL microcentrifuge tubes.
Tubes were rotated at 37°C for 4 h, brought to 2 mL with DMEM/10% FBS, plated, and maintained for 3.5 days
prior to use. Intracellular delivery of Cre protein was done by treating primary fibroblast cultures with Cre-gesicles
(TaKaRa Bio USA) according to the manufacturer’s instructions. Cre-mediated recombination at the HCF-1 loci in
cells derived from HCF-1cKOmice was assessed by quantitative PCR (qPCR) using primers listed in Table S1.

Mouse infections and reactivation in explanted trigeminal ganglia. Groups of randomized HCF-
1cKO, HCF-1cKO/AvCreERT2, or C57BL/6 mice were infected with the indicated WT HSV-1 strains [HSV-1
(F), HSV-1(SC16)] or HSV-1 SC16-derived recombinant viruses (HSV-CMV-Cre, HSV-ICP0-Cre, and HSV-LAT-
Cre) (23, 24) via the ocular route. After establishment of latency (30 to 45 days), trigeminal ganglia were removed
and were explanted into DMEM/10% FBS/Pen-Strep. Viral yields were determined at 48 h post explant by titering
of ganglia homogenates on Vero cells. Where indicated, latently infected ganglia were bisected, and latent viral
loads were determined from one half while viral yields were determined from the other half following explant for
48 h. mRNA levels of viral and cellular mRNAs were determined at the indicated time post explant. Primer
sequences are listed in Table S1. Animal care and handling were done in accordance with the National Institutes
of Health Animal Care and Use Guidelines and as approved by the NIAID Animal Care and Use Committee
(T.M.K.; Animal Protocol LVD40E). For detection of viral reactivation in neurons of trigeminal ganglia by immuno-
fluorescence, ganglia were explanted for 48 h in the presence or absence of acyclovir (ACV), fixed in 4% parafor-
maldehyde for 12 h, and embedded in paraffin. Deparaffinized sections were treated with citric acid for antigen
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retrieval, stained with the indicated antibodies (Table S1), and visualized using a Leica TSC SP8X confocal
microscope.

JQ1-mediated viral reactivation in vivo. Latently infected HCF-1cKO/AvCreERT2 mice were injected
with vehicle or tamoxifen as noted above. Nine days following the last tamoxifen injection, the mice
were injected intraperitoneally with vehicle or JQ1 (50 mg/kg in 10% hydroxy-b-cyclodextrin/phos-
phate-buffered saline [PBS]) every 12 h for 48 h as previously described (7). Tissue sections of trigeminal
ganglia were prepared at 48 h following the last JQ1 injection and were stained with anti-UL29 to detect
neurons undergoing viral reactivation.

RNA isolation and quantitation. For quantitation of RNA levels, trigeminal ganglia, brains, kidneys,
and livers of HCF-1cKO, HCF-1cKO/AvCreERT2, and C57BL/6 mice were homogenized in TriPure reagent
(Roche; catalog number 11667165001) with Lysing Matrix D (MP Biomedicals; catalog number 6913-100)
using a FastPrep-24 instrument (MP Biomedicals). Total RNAs from tissue homogenates or from primary
cells derived from these mice were isolated using a NucleoSpin RNA kit (Macherey-Nagel; catalog no.
740955.250). cDNAs were synthesized using qScript cDNA (Quant Biosciences; catalog no. 95047-500) or
Maxima First Strand cDNA (Thermo Scientific; catalog no. K1672) synthesis kits and quantitated in triplicate
by qPCR with SYBR green master mix (Roche; catalog no. 04913914001) or TaqMan Universal Master Mix II,
no UNG (Applied Biosystems; catalog no. 4427788) and a QuantStudio 3 (Applied Biosystems; QuantStudio
V1.4 software). The sequence of primers and probes are listed in Table S1.

Western blotting. Fibroblast cultures derived from HCF-1cKO or control C57BL/6 mice were mock
infected or infected with Ad-Cre or Ad-FLPe. At 3.5 days postinfection, cells were lysed, and protein extracts
were prepared using radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.5], 250 mM NaCl,
1 mM EDTA, 1% NP40, 1% sodium deoxycholate (DOC), 0.1% SDS, cOmplete protease inhibitors, 2 mM
NaV04, 1 mM NaF, 10 mM B-glycerophosphate). Western blots were done using antibodies to HCF-1 and
control actin (Table S1), visualized with WesternBright Quantum (Advansta; catalog number K-12042-D20),
and bands were quantitated using Syngene G:Box Chemi XT4 (Syngene; GeneTools 4.03.02.0v software).

Chromatin immunoprecipitations. Trigeminal ganglia from latently infected mice (45 to 60 days
postinfection) were isolated and were flash frozen in liquid nitrogen or were explanted into culture media for
6 h at 37°C. Ganglia were fixed in 1% formaldehyde for 10 min at room temperature (RT), quenched with
125 mM glycine for 10 min at RT. Cross-linked ganglia were homogenized in sonication buffer (0.25% SDS,
10 mM EDTA, 50 mM Tris-HCl [pH 8.1], cOmplete protease inhibitors, and phosphatase inhibitors), and chroma-
tin was fragmented using a Covaris M220 sonicator (15 min 10% duty cycle, 250 burst per cycle, 75 W peak
incident power) to obtain DNA fragments of 200 to 800 bp. Extracts were centrifuged at 12,000 rpm for
10 min at 4°C, and the supernatant diluted 1:2.5 with ChIP dilution buffer (1.6% Triton X-100, 250 mM NaCl,
cOmplete protease inhibitors, and phosphatase inhibitors). After preclearing with Dynabeads Protein G
(ThermoFisher Scientific; catalog number 10009D) for 2 h at 4°C, immunoprecipitations (IPs) were carried
out overnight at 4°C using chromatin from 10 ganglia per IP and 6 mg of rabbit IgG, HCF-1, or H3K9me3
antibodies (see Table S1). Immunoprecipitates were washed twice with low-salt wash buffer (0.1% SDS,
2 mM EDTA, 20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% Triton X-100), once with high-salt buffer (0.1%
SDS, 2 mM EDTA, 20 mM Tris-HCl [pH 8.0], 500 mM NaCl, 1% Triton X-100), once with LiCl buffer (1 mM
EDTA, 10 mM Tris-HCl [pH 8.0], 250 mM LiCl, 1% NP40), and once with Tris-EDTA (10 mM Tris-HCl [pH 8.0],
1.2 mM EDTA). After the final wash, the IPed material was eluted with 1% SDS and 0.1 M NaHCO3 for 30 min at
65°C, and cross-links were reversed overnight at 65°C with the addition of 250 mM NaCl. Following treatment
with RNase and proteinase K, the DNA was purified using the ChIP DNA Clean and Concentrator kit (Zymo
Research; catalog number D5205). Precipitated DNA was assessed by reverse transcriptase quantitative PCR
(RT-qPCR) using the QuantStudio 3 real-time PCR system (Applied Biosystems) and TaqMan Universal Master
Mix II, no UNG (Applied Biosystems; catalog number 4427788) in triplicate. RT-qPCR signals were normalized to
input DNA. The location and sequence of primers and probe sets used are shown in Table S1.

TUNEL assays. To identify DNA breaks, characteristic of apoptotic sensory neurons, paraffin-embed-
ded ganglia from latently infected mice were deparaffinized and treated with citric acid for permeabilization and
antigen retrieval. Sections were subjected to TUNEL assay (Roche; number 11684795910) according to the manu-
facturer’s recommendations and were costained with anti-N200 (neurofilament 200) antibody. Ganglia sections
treated with 1,000 U/mL DNase I at 37°C for 15 min prior to the TUNEL reaction served as positive controls.

Confocal microscopy. Immunofluorescent microscopy was done according to standard protocols
using antibodies listed in Table S1. Stained cells and trigeminal ganglia sections were visualized with a
Leica TCS-SP8 laser scanning confocal microscope using a �63 oil immersion objective. Deconvolution
was completed with Huygens Essential (Scientific Volume Imaging; 21.04.0p6), and sequential z-sections
were assembled with Imaris software (Bitplane AG, 9.6).

Statistical analyses. Results are presented as means 6 standard error of the means (SEM). Analyses
were done using GraphPad Prism 8. Details are presented in the appropriate figure legends and in Table S2
in the supplemental material. Asterisks indicate statistical significance as follows: *, P , 0.05; **, P, 0.01;
***, P, 0.001; and ****, P, 0.0001.
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