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ABSTRACT

FROM RETROVIRIDAE TO FLAVIVIRIDAE: ADVENTURES IN MOLECULAR

VIROLOGY

The work presented here encompasses two avenues of investigation: the first,
regarding the identification of a novel retrovirus in Gunnison’s prairie dogs, and the
second regarding the role of cyclin-dependent kinases 8 and 19 (CDK8 and CDK19) as
transcriptional regulators during infection with dengue virus serotype 2 (DENV2) and
during the innate immune response.

Part I: During the course of research and wildlife disease surveillance efforts, we
identified three cases of thymic lymphoma in free-ranging Gunnison’s prairie dogs
(Cynomys gunnisoni). As Gunnison’s prairie dogs are keystone species, that is, critical
for the maintenance of their ecosystems, we investigated the potential for an
association between the observed thymic lymphomas and retroviral infection. We
identified a novel retroviral sequence which exhibits genetic organization consistent with
a type D betaretrovirus and which was highly associated with thymic lymphoma in
Gunnison’s prairie dogs. The proposed name of this virus is Gunnison’s prairie dog
retrovirus (GPDRV).

Part Il: CDK8 and CDK19 are transcriptional regulators which are critical for
modulating gene expression changes during induced states such as hypoxia and
starvation. We investigated the role of CDK8 and CDK19 in two distinct but related

induced states: infection with DENV2 and the type | interferon response. We found that



in the context of DENV2 infection, CDK8/19 regulate metabolic gene expression
changes, the result of which is a reshaping of the host cell metabolic environment which
is ultimately beneficial to viral replication. Therefore, chemical inhibition or reduced
expression of CDK8 or CDK19 significantly restricted viral replication. Both within the
context of DENV2 infection and with non-viral stimulation of innate immunity, we
identified a role for CDK8 and CDK19 as regulators of the type | interferon response.
CDK8 and CDK19 have distinct and overlapping functions as regulators of IFN-
expression dependent on the nature of the stimulus. This work not only furthers our
understanding of host transcriptional regulation during DENV2 infection and within
innate immunity, but also the diverse and complex functions of CDK8 and CDK19 as

key modulators of cellular stress responses.
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PART I: IDENTIFICATION OF A NOVEL RETROVIRUS IN GUNNISON'S PRAIRIE

DOGS



CHAPTER 1: OVERVIEW OF LITERATURE, PART |

1.1 Gunnison’s Prairie Dogs

1.1a Geographic Distribution and Ecological Importance

Colorado is home to three of the five free-ranging prairie dog species native to
North America: the white-tailed prairie dog (Cynomys leucurus), the black-tailed prairie
dog (Cynomys ludovicianus), and the Gunnison’s prairie dog (Cynomys gunnisoni).
Prairie dogs are a member of the Sciuridae family, along with squirrels and other
burrowing rodents. Prairie dogs are considered “keystone” species in that prairie dogs
and their burrows provide prey and habitat for a number of wild birds and mammals
which supports diverse plant and pollinator communities, and the health of the local
ecosystem often depends on the health of prairie dog populations (Hardwicke, 2006;

Miller et al., 2007a).

1.1b Health Threats to Gunnison’s Prairie Dogs

Disease threats from plague (caused by Yersinia pestis) are well understood in
prairie dogs which are highly susceptible to fatal infections from Y. pestis (Richgels et
al., 2016). However, the roles of other infectious agents in the health of free-ranging

prairie dog colonies have not been extensively considered.



Much of the available information about prairie dog health, including the incidence
of cancer, comes from studies in prairie dogs that are kept in captivity either as pets or
for research. The most commonly reported tumors of captive prairie dogs are
elodontoma and hepatocellular adenocarcinoma, of which hepatocellular carcinoma
may be associated with infection by a hepadnavirus (Thas and Garner, 2012; Wright et
al., 2017). Other tumors are less commonly encountered in captive prairie dogs but do
include lymphoma and thymoma (Matsumoto et al., 2017; Miwa et al., 2006; Thas and
Garner, 2012). An infectious cause for lymphoid tumors in prairie dogs has not been
investigated, although retroviruses are a well-known cause of several human and
veterinary lymphoid cancers (Hardy et al., 1973; Mammerickx et al., 1987; Miwa et al.,

2006; Poiesz et al., 1980; Xu et al., 2013).

1.2 Retroviruses

1.2a Retrovirus Genome Organization

Retroviral genomes are single-stranded, positive-sense RNA genomes and
contain at a minimum gag, pro-pol, and env coding regions. Gag and env encode
structural and envelope proteins while pro-pol encodes for the viral enzymes required
for replication including protease, reverse transcriptase, and integrase.

Retroviruses employ mechanisms to regulate the translation of viral mMRNA
transcripts due to the demand for a much greater amount of Gag proteins compared to

enzymatic proteins. Differential expression is achieved by completing translation after



production of Gag with much greater frequency than allowing translation to progress
through pro-pol (LeBlanc et al., 2013). The two primary mechanisms are frameshifting
and termination suppression. Frameshifts occur when gag and pro-pol are in different
reading frames, separated by a “slippery” A-U rich sequence. Ribosomes pause on the
“slippery” sequence and then “slip” back one nucleotide, therefore entering into the -1
reading frame, avoiding the stop codon, and allowing translation of Pro-pol. This is a
low-frequency event, allowing much more robust translation of Gag than Gag-pro-pol
(LeBlanc et al., 2013). Termination suppression occurs when gag and pro-pol are in the
same reading frame and separated by a stop codon. Termination suppression after
translation of Gag is achieved with an insertion of a glutamine tRNA at the gag stop
codon, allowing readthrough into the pro-pol sequence (LeBlanc et al., 2013). Like
frameshifts, termination suppression is a low-frequency event and thereby a mechanism
for differentially regulating Gag and Pro-pol expression from the same mRNA transcripts
(LeBlanc et al., 2013).

In addition to the essential components of gag, pro-pol, and env, many retroviral
genomes encode additional proteins which serve accessory functions in viral replication.
Complex retroviral genomes, such as those of lentiviruses and deltaretroviruses,
encode many accessory genes which aid in viral replication and host immune evasion.
For example, the lentivirus human immunodeficiency virus 1 (HIV-1) encodes six
accessory proteins: transactivator of transcription (Tat), regulator of virion (Rev), viral
protein R (Vpr), viral protein U (Vpu), viral infectivity factor (Vif), and negative regulatory
factor (Nef) (Frankel and Young, 1998). These six accessory proteins are responsible

for functions essential for viral replication including transport into the nucleus upon



infection (Vpr), transcription initiation and processivity (Tat), export of unspliced viral
transcripts out of the nucleus (Rev), host immune evasion (Vif and Nef), and viral

particle release (Vpu) (Frankel and Young, 1998).

1.2b Characteristic Features of Betaretroviruses

Betaretroviruses, such as mouse mammary tumor virus (MMTYV), jaagsiekte
sheep retrovirus (JSRV), and enzootic nasal tumor virus (ENTV), have characteristic
features, which while individually are not completely exclusive to the genus, in
combination allow for classification distinct from other genera of retroviruses in
accordance with sequence similarity in highly conserved regions such as pro-pol. In
betaretroviruses, regulation of expression of structural versus enzymatic viral proteins is
achieved through two frameshift events (one between gag and pro and one between
pro and pol) where a translating ribosome slips back one base and allows the
translation of Pro-pol at lower frequency than Gag (Hizi and Herschhorn, 2008; Hizi et
al., 1987). Additionally, a classic feature of betaretroviral genomes is a coding sequence
for a viral dUTPase which, by limiting the ratio of dUTP to dTTP, functions to prevent
the erroneous incorporation of dUTP into DNA products (Hizi and Herzig, 2015).
Additionally, some, but not all, betaretroviruses encode an immunosuppressive domain
in the Env protein, as exhibited by Mason-Pfizer monkey virus (Sonigo et al., 1986).

Betaretroviral genome organization is summarized in Figure 1.1.



Betaretrovirus Genome Organization
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Figure 1.1 Betaretrovirus Genome Organization. Untranslated elements (cap, R, U5,
U3, polyA tail) are indicated in blue. Frameshifts allow differential translation of Gag and
Pro-pol and are indicated in overlap in coding regions in betaretroviral genomes. The
dUTPase, characteristic of betaretroviruses, is encoded by the 3’ end of gag and the 5’
end of pro.

1.2c Retrovirus Replication Cycle

Retroviral particles contain two copies of the RNA genome, as well as the viral
proteins reverse transcriptase (RT) and integrase. Upon cellular receptor binding, the
contents of the viral particle enter the cytoplasm and reverse transcription is initiated.
Viral RT, which has RNA-dependent DNA polymerase and RNase H activity, transcribes
the single-stranded RNA genome into double-stranded DNA, which then translocates to
the nucleus and is inserted into the host genome through the activity of viral integrase.
The provirus is transcribed by host transcription machinery. Full-length transcripts,
which are capped and polyadenylated by host machinery, may serve as viral genome
copies while others are spliced to yield Env transcripts. Gag-pol and Gag precursor
polypeptides are translated and processed into individual viral proteins in the cytoplasm.
Viral particles assemble and then bud through the plasma membrane (Flint et al., 2015).

The retroviral replication cycle is summarized in Figure 1.2.



Retroviral Replication Cycle
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Figure 1.2 Retroviral Replication Cycle. Top panel: Fusion of the viral envelope with the
plasma membrane allows release of viral particle contents into the cytoplasm. Viral
MRNA is reverse transcribed into cDNA by viral reverse transcriptase, forming the pre-
integration complex which then translocates to the nucleus. Middle panel: Viral cDNA
integrates into the host DNA through the action of viral integrase. The provirus is
transcribed by host transcription machinery. Bottom panel: Full-length viral transcripts
are translated by host machinery to produce Gag and Pro-pol, spliced transcripts are
translated on the ER to produce Env. Additional full-length capped and polyadenylated
viral transcripts function as viral genome copies. Particle assembly occurs at the plasma
membrane, and viral particles bud out of the host cell.



1.3 Oncogenic Retroviruses

1.3a Overview of Oncogenic Retroviruses

Since the initial discovery by Rous in 1911 of transmissibility of tumors through
inoculation of cell-free filtrates, many oncogenic retroviruses have been identified in a
wide range of species (Burmeister, 2001; Rous, 1911; Rubin, 2011). Representative
members of all genera of retroviruses with the exception of Spumaretrovirus are
associated with malignant disease, summarized in Table 1.1.

Malignancies associated with retroviral infection can arise from a wide variety of
cell types and manifest as a diverse array of disease states. Lymphocytes are common
targets of retroviral oncogenesis, manifesting in the form of lymphoma and/or leukemia.
Development of lymphoma is associated with feline leukemia virus (FeLV) infection and
feline immunodeficiency virus (FIV) infection, as well as infection with murine leukemia
and avian leukosis viruses (Burmeister, 2001).

In some cases, such as infection with FeLV and FIV, possible sequela of
retroviral infection also include immune suppression (Beatty et al., 1998; Hartmann,
2012; Hoover et al., 1987; Magden et al., 2013). This immunosuppression is an indirect
mechanism by which retroviral infection can lead to neoplastic disease, as is primarily
the case for lymphomas associated with FIV infection (Beatty et al., 1998; Magden et

al., 2013).



Table 1.1 Representative Sample of Oncogenic Animal Retroviruses

Genus Representative Associated References
Virus Malignant Disease

Epsilonretrovirus Walleye dermal Sarcoma (Rovnak and
sarcoma virus Quackenbush,

2010)

Gammaretrovirus Feline leukemia Leukemia/ (Hardy et al., 1973;

virus lymphoma, Hoover et al., 1987;
predominately T- Tsatsanis et al.,
cell 1994)

Deltaretrovirus Bovine leukemia Leukosis (Mammerickx et al.,
virus 1987)

Alpharetrovirus Rous sarcoma virus | Sarcoma (Rous, 1911)

Betaretrovirus Mouse mammary Mammary (Graff et al., 1949;
tumor virus adenocarcinoma Theodorou et al.,

2007)

Lentivirus Feline Lymphoma, (Beatty et al., 1998;
immunodeficiency predominately B- Magden et al.,
virus cell 2013; Poli et al.,

1994)

1.3b Mechanisms of Retroviral Oncogenesis

In addition to indirect oncogenesis through immunosuppression, there are

several other mechanisms by which retroviral infection can lead to neoplastic disease.

These fall broadly into four categories: insertional mutagenesis, cellular oncogene

capture, virally encoded regulatory or accessory genes which contribute to

oncogenesis, and dysregulation of cellular signaling pathways (Maeda et al., 2008).

Insertional mutagenesis refers to the process by which retroviral genome

insertion into the host genome disrupts transcription at the site of insertion. Insertional

mutagenesis can be the result of insertion of a long terminal repeat (LTR) element near

a transcription start site, resulting in increased promoter activity off of the LTR to

promote increased transcription of whichever cellular genes is regulated by said




promoter. Likewise, enhancer activity can be promoted by insertion of LTR elements,
also leading to increased host gene expression. Dependent on the site of insertion, both
of these events have the potential for cellular proto-oncogenes to become
overexpressed and lead to uncontrolled cellular proliferation (Maeda et al., 2008).

Avian leukosis virus (ALV) provides a classic example of insertional mutagenesis
in which a large majority of lymphomas associated with ALV viral genome integration is
adjacent to the cellular gene c-myc (Hayward et al., 1981). Insertion of the LTR element
immediately upstream of c-myc results in overexpression of myc and uncontrolled
cellular proliferation (Hayward et al., 1981). Similarly, insertion sites of MMTV are
commonly adjacent to cellular proliferation pathway components including components
of the Wnt, fibroblast growth factor (FGF), Notch, and Ras signaling pathways
(Theodorou et al., 2007).

Cellular oncogene capture occurs when a cellular gene is “captured” into a
retroviral genome as a replication error. Recombination between the genome copy
which contains the cellular gene and a typical viral genome generally results in a
replication defective virus but allows expression of the cellular gene during transcription
of the provirus, resulting in overexpression of the oncogene (Maeda et al., 2008). The
capture of avian c-src by avian sarcoma virus (ASV) is the classic example of cellular
oncogene capture, by which c-src is incorporated into a replication-defective ASV
genome and then expressed upon integration (Stehelin et al., 1976).

Virally encoded genes are also known to contribute to retroviral oncogenesis.
Tax, a transcriptional regulator expressed by human T-cell leukemia virus type | (HTLV-

1), has transforming capability, as inoculation of Tax-expressing but uninfected cells into

10



naive animals results in tumor formation (Tanaka et al., 1990). Additionally, the
envelope protein (Env) of both JSRV and ENTV has been shown to be a primary driver
of bronchioalveolar tumor formation in infected animals (Alberti et al., 2002; Palmarini et
al., 1999; Wootton et al., 2006; Zavala et al., 2003). This is primarily thought to be the
result of disruption of cellular proliferation pathway activation by Env (Alberti et al.,
2002; Zavala et al., 2003). In addition to JSRV and ENTV, other retroviruses are known
to contribute to oncogenesis through dysregulation of cell signaling. Friend spleen
focus-forming virus (SFFV) infection leads to constitutive activation of MAPK,
overexpression of c-jun, and constitutive Ras-GTP binding, resulting in a constitutive
cellular state which mimics the typically transient cellular response to growth factors

(Muszynski et al., 1998, 2000).
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CHAPTER 2: A NOVEL RETROVIRUS (GUNNISON'S PRAIRIE
DOG RETROVIRUS) ASSOCIATED WITH THYMIC LYMPHOMA IN GUNNISON'S

PRAIRIE DOGS IN COLORADO, USA'

2.1 Summary

As part of research and wildlife disease surveillance efforts, we performed necropsy
examinations of 125 free-ranging (n = 114) and captive (n = 11) prairie dogs in Colorado
from 2009 to 2017. From these cases, we identified three cases of thymic lymphoma in
free-ranging Gunnison’s prairie dogs (Cynomys gunnisoni), and we identified a novel
retroviral sequence associated with these tumors. The viral sequence is 7700
nucleotides in length and exhibits a genetic organization that is consistent with the
characteristics of a type D betaretrovirus. The proposed name of this virus is
Gunnison’s prairie dog retrovirus (GPDRV). We screened all 125 prairie dogs for the
presence of GPDRYV using PCR with envelope-specific primers and DNA extracted from
spleen samples. Samples were from Gunnison’s prairie dogs (n = 59), black-tailed
prairie dogs (Cynomys ludovicianus) (n = 40), and white-tailed prairie dogs (Cynomys
leucurus) (n = 26). We identified GPDRYV in a total of 7/125 (5.6%) samples including all
three of the prairie dogs with thymic lymphoma, as well as spleen from an additional
four Gunnison’s prairie dogs with no tumors recognized at necropsy. None of the

GPDRV-negative Gunnison’s prairie dogs had thymic lymphomas. We also identified a

Butler, M.D.; Griffin, K.; Brewster, C.D.; Kapuscinski, M.L.; Stenglein, M.D.; Tripp,
D.W.; Quackenbush, S.L.; Fox, K.A. (2020). A Novel Retrovirus (Gunnison’s Prairie Dog
Retrovirus) Associated With Thymic Lymphoma in Gunnison’s Prairie Dogs in Colorado,
USA. Viruses. 12, 606
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related, apparently endogenous retroviral sequence in all prairie dog samples. These
results suggest that GPDRYV infection may lead to development of thymic lymphoma in

Gunnison’s prairie dogs.

2.2 Introduction

Colorado is home to three of the five free-ranging prairie dog species native to
North America: the white-tailed prairie dog (Cynomys leucurus), the black-tailed prairie
dog (Cynomys ludovicianus), and the Gunnison’s prairie dog (Cynomys gunnisoni).
Prairie dogs are a member of the Sciuridae family, along with squirrels and other
burrowing rodents. Prairie dogs are considered “keystone” species in that prairie dogs
and their burrows provide prey and habitat for a number of wild birds and mammals,
they support diverse plant and pollinator communities, and the health of the local
ecosystem often depends on the health of prairie dog populations (Hardwicke, 2006;
Kotliar et al., 2006). Disease threats from plague (caused by Yersinia pestis) are well
understood in prairie dogs (Ecke and Johnson; Richgels et al., 2016) which are highly
susceptible to fatal infections from Y. pestis. However, the roles of other infectious
agents in the health of free-ranging prairie dog colonies have not been extensively
considered.

Much of the available information about prairie dog health, including the
incidence of cancer, comes from studies in prairie dogs that are kept in captivity either
as pets or for research. The most commonly reported tumors of captive prairie dogs are

elodontoma and hepatocellular adenocarcinoma, of which hepatocellular carcinoma
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may be associated with infection by a hepadnavirus (Thas and Garner, 2012; Wright et
al., 2017). Other tumors are less commonly encountered in captive prairie dogs but do
include lymphoma and thymoma (Matsumoto et al., 2017; Miwa et al., 2006; Thas and
Garner, 2012). An infectious cause for lymphoid tumors in prairie dogs has not been
investigated, although retroviruses are a well-known cause of several human and
veterinary lymphoid cancers (Hardy et al., 1973; Jarrett et al., 1964; Mammerickx et al.,
1987; Poiesz et al., 1980; Rosenberg and Jolicoeur, 1997; Xu et al., 2013). In some
cases, such as infection with feline leukemia virus and feline immunodeficiency virus,
possible sequela of retroviral infection also include immune suppression (Beatty et al.,
1998; Hartmann, 2012; Hoover et al., 1987; Magden et al., 2013; Orosz et al., 1985).
During the course of wildlife disease research and surveillance activities in
Colorado, USA, we identified three free-ranging Gunnison’s prairie dogs with thymic
lymphoma, and a novel type D betaretrovirus associated with these tumors. Based on
the known sensitivity of prairie dogs to sylvatic plague, we also considered retroviral

infections as a possible source of immune suppression that could contribute to mortality.

2.3 Materials and Methods

2.3a Necropsy, Histopathology, and Immunohistochemistry

From 2009 to 2017, we necropsied 125 free-ranging (n = 114) and captive (n =

11) prairie dogs from Colorado. Species examined included Gunnison’s (n = 59), black-

tailed (n = 40), and white-tailed (n = 26) prairie dogs. Animals examined were either
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found dead (n = 118), died during processing (n = 3), or were euthanized due to disease
concerns (n = 4). Research methods included trapping and brief anesthesia with
isoflurane gas (Tripp et al., 2017) and were approved (06/06/2013) by the Colorado
Parks and Wildlife Animal Care and Use Committee #06-2013.

Gross necropsy was performed for all 125 prairie dogs to determine cause of
death, and we pursued histopathology if cause of death was not apparent from gross
necropsy and tissues were suitable. Prior to necropsy, the carcasses were either frozen
at —20 C to preserve the carcass and to kill fleas, or fresh carcasses were treated with
insecticide (Deltamethrin/DeltaDust, Bayer Environmental Science, Cary, NC, USA)
prior to necropsy to kill fleas without the need for freezing. Necropsies were conducted
in a biological safety cabinet (NU-S813-400, Nuaire, Plymouth, MN, USA) with
additional personal protective equipment in accordance with BSL-2 biosafety practices.

After necropsy, carcasses were frozen at —20 C until Y. pestis PCR results were
obtained, and any carcasses with tissues confirmed positive for Y. pestis or Francisella
tularensis were disposed of by chemical digestion. For histopathology, tissues were
fixed in 10% neutral buffered formalin, embedded in paraffin wax, sectioned by
microtome to approximately 8 micrometers, affixed to glass slides, and stained with
hematoxylin and eosin.

We used immunohistochemistry to identify T-lymphocytes (CD-3 (LN10, Leica
Biosystems, Buffalo Grove, IL, USA)), B-lymphocytes (PAX-5 (1EW, Leica Biosystems,
Buffalo Grove, IL, USA)), and epithelial cells/cytokeratin (MCK (AE1/AE3, Leica
Biosystems, Buffalo Grove, IL, USA)) in formalin-fixed paraffin embedded tissues. The

above monoclonal mouse anti-human antibodies were applied using a Leica BOND-

15



MAX automated IHC staining platform (Leica Biosystems, Buffalo Grove, IL, USA), with
chromogen Poly-AP anti-mouse (PV6110, PowerVision, Leica Biosystems, Buffalo
Grove, IL, USA) used for PAX-5 and MCF, and chromogen Poly-HRP anti-mouse
(PV6113, PowerVision, Leica Biosystems, Buffalo Grove, IL, USA) used for CD-3.
Slides were counterstained with hematoxylin. Negative controls of duplicate tissue
sections were incubated in antibody diluent and homologous nonimmune sera. Non-
specific staining was not observed.

To confirm efficacy in prairie dog tissues, we applied IHC stains to control
tissues, including thymus, spleen, and skin from a yearling prairie dog that died from
enteric disease. These control tissues demonstrated expected staining properties
including robust staining of T-lymphocytes in the thymus with CD-3, scattered staining
of B-lymphocytes in the thymus with PAX-5, and staining of epithelial cords and nests
(Hassall's corpuscles) in the thymus with MCK. Control prairie dog spleen demonstrated
robust staining with PAX-5, highlighting follicular structure, and skin epithelium

demonstrated robust staining with MCK.

2.3b PCR for Yersinia pestis and Francisella tularensis

We extracted DNA from spleen tissue of all (n = 125) prairie dogs, under BSL-2
conditions, using a DNeasy blood and tissue kit (Qiagen, Valencia, CA, USA). Each
sample was tested for presence of Y. pestis by PCR using primers caf 1-F/caf 1-R
(Table 2.1) (Begier et al., 2006) and cycling conditions as previously described (Griffin

et al., 2010). Primers (50puM) and DNA template (50-250 ng) were added to a 0.2 mL
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PCR tube containing a puReTaq Ready-To-Go PCR bead (lllustra, GE Healthcare Bio-
Sciences Corp, Piscataway, NJ, USA) for a final volume of 25 yL. Cycling conditions
were: 94 C for 10 min (1 cycle), followed by 94 C for 1 min, 55 C for 1 min, 72 C for 30 s
(35 cycles), and 72-C for 10 min (1 cycle). The final product was visualized on a 2%
agarose gel. DNA extracted from spleen (see above) was also tested for F. tularensis
using primers P2/P3 (Table 2.1) and cycling conditions as previously described (Junhui
et al., 1996). Primers (20 uM) and DNA template (50-250 ng) were added to a 0.2 mL
PCR tube containing a puReTaq Ready-To-Go PCR bead (lllustra, GE Healthcare Bio-
Sciences Corp, Piscataway, NJ, USA) for a final volume of 25 yL. Cycling conditions
were: 97 C for 10 min (1 cycle), followed by 94 C for 1 min, 55 C for 1 min, 75 C for 1
min (35 cycles), and 75 C for 10 min (1 cycle). The final product was visualized on a 2%

agarose gel.

2.3c. RNA Extraction and RT-PCR

Total RNA was extracted from fresh-frozen spleen (case nos. 11-1310, 14-1342,
15-1406) and thymic tumor (case nos. 14-1342, 15-1406) tissue samples using TRIzol
(ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. One microgram of DNased (Ambion Turbo DNase; ThermoFisher
Scientific, Waltham, MA, USA) RNA was reverse transcribed into cDNA using
SuperScript Il (ThermoFisher, Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. A 3:1 mix of random hexamers and oligo-dT or the degenerate

primer, YMDD, was used as the reverse primer (Table 2.1). PCR was performed using
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Taq DNA polymerase (ThermoScientific, Waltham, MA) with the degenerate primers
LPQG and YMDD (Table 2.1). PCR reactions contained 2 yL cDNA in reaction buffer
comprised of 200 nM of each primer, 2 mM MgCl2, 0.2 mM dNTPs and 0.5 units of
Fermentas Taq DNA polymerase (ThermoFisher Scientific, Waltham, MA, USA) in a
total volume of 50 pL. The cycling conditions were as follows for cycles 1-10: 94 C for 1
min, 37 C for 2 min, and 72 C for 3 min. The conditions for cycles 11—-40 were: 94 C for
30 s, 55 C for 1 min, and 72 C for 1 min (Donehower et al., 1990). The PCR product
was purified (QlAquick PCR Purification Kit (Qiagen, Valencia, CA, USA)), cloned into
the pCR2.1 TOPO vector (ThermoFisher Scientific, Waltham, MA, USA) and submitted

for sequencing.

Table 2.1 PCR primers

Primer Designation Primer Sequence

caf1-F 5 ATA CTG CAG ATG AAAAAAATC AGT TCC &
caf1-R 5 ATAAAGCTTTTATTG GTT AGATAC GGT &
P2 5 TAG GAT CCC ATT AGC TGT CCACTT ACC 3
P3 5 GGA ATT CGT TAG GTG GCT CTG ATG AT 3
YMDD 5 ATC AGATCC TACTAACDRTCRTCCATRTAZ
LPQG 5 TAC CAG TGG AAT GTT CTACCN 3

LTR-F 5 GACCGT GACTTGTTT ATCTAACCACAAYZ
Env-7073 5 AGA CTG CAATCTTTG GTAATG AACCTG 3
SP3 5 AAG GTT CTT CAT CCA GGA GGT ATATCTC 3
SP4 5 TTT GGA CTT CAACCATGG GGAAAATAC 3
SP5 5 TTC CGT ACT TACCCCTTCTTT CCGATJ
LTR-R 5" CCAAGG TTC TTC ATC CAG GAG GTATAT &
494F 5 AAG GAT GTG AAG GAA CTATAC AGC CAT &
591R 5 TCG GGG TGA ATT GGA ATT GAA AAG AAA 3
393F 5 ATG CTG ACT GGG ATATGG TCA AAAATG &
1961R 5 GTATCG GGT TTC CTT GGA CAT CAAATT &
5729F 5 GGA TGG CAAATC GTATTATCAGGCTAC &
5840R 5 TAG AGT TCC CAC TGA GGT ACC TAA GAT 3
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2.3d Library Preparation, NextGen Sequencing, Genome Assembly and Analysis

The KAPA Biosystems RNA HyperPrep Kit (Roche, Pleasanton, CA, USA) was
used to prepare sequencing libraries from 100 ng total RNA isolated from the lymphoma
and spleen from two Gunnison’s prairie dogs (14-1342, 15-1406) with tumors, the
spleen from two Gunnison’s prairie dogs (15-656, 15-671) without tumor, and the spleen
from a Black-tailed prairie dog (14-1382) without tumor according to the manufacturer’'s
protocol using half-scale reactions without fragmentation. Pooled libraries were length-
selected for 300-500-bp fragments using a BluePippin 2% cassette (Sage Biosciences,
Beverly, MA, USA). Length-selected libraries were cleaned using a 1:1.4 ratio of solid
phase reversible immobilization (Caspritz and Hadden, 1987) beads (Kapa Biosystems,
Roche, Pleasanton, CA, USA). Individual libraries were then pooled for sequencing. The
library pool was diluted to 4 nM based on fluorometric DNA quantification (Qubit High
Sensitivity DNA Assay; ThermoFisher Scientific, Waltham, MA, USA) and quantified by
gPCR using the KAPA Library Quantification Kit (Kapa Biosystems, Roche, Pleasanton,
CA, USA). Paired-end 2 x 150 bp sequencing was performed on an Illlumina NextSeq,
producing an average of 5 x 108 read pairs per dataset.

Datasets were processed as previously described, with the goal of taxonomically
categorizing all non-prairie dog reads (Cross et al., 2018). Briefly, first low-quality and
adapter sequences were filtered using Cutadapt v1.18 (Martin, 2011). Duplicate read
pairs (reads that shared >96% pairwise identity) were removed using cd-hit v4.8.1 (Fu
et al., 2012). Bowtie2 was used to remove host-derived reads by mapping to a

combined index built from the Marmota marmota (European marmot;
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GCF_001458135.1) and Ictidomys tridecemlineatus (thirteen-lined ground squirrel;
GCF_000236235.1) genomes and transcriptomes (Gossmann et al., 2019; Langmead
and Salzberg, 2012). Reads with an alignment score >60 were removed. Remaining
reads were assembled using the SPAdes assembler (Bankevich et al., 2012). Contigs
were taxonomically assigned by searching the NCBI nt database using BLASTN and
then by searching the NCBI nr database using diamond (Buchfink et al., 2015;
Camacho et al., 2009). Candidate retrovirus-derived contigs were manually inspected in
Geneious Prime 2020.0.3 (https: //www.geneious.com) and validated by re-mapping
reads using bowtie2 as above. This analysis pipeline is available at
https://github.com/stenglein-lab/taxonomy_pipeline. Libraries from HelLa cell total RNA
and water were constructed and analyzed in parallel as positive and negative controls.
PCR and Sanger sequencing confirmation of the Gunnison’s prairie dog
retrovirus (GPDRV) genome assembly was performed on high-molecular weight splenic
DNA from a tumor-negative but GPDRV sequence positive prairie dog using a forward
primer in the LTR (LTR-F) and a reverse primer in env (Env-7073) (Table 2.1). PCR
conditions were as follows: 98 C for 30 s, then 30 cycles of 98 C for 10 s, 66 C for 20 s,
and 72 C for 4min, followed by 72 C for 5 min. A single PCR product of the expected
size (7266 bp) was cloned into Strataclone Blunt vector (Agilent Technologies, LaJolla,
CA, USA) Plasmid DNA was isolated from individual colonies. Samples were confirmed
positive for the insert by restriction digest and sent for Sanger sequencing. The
sequence was confirmed using primer walking. Fisher’s exact test was performed as

implemented in R (RC Team, 2017).
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2.3e Phylogenetics

To collect relevant Pol sequences, we used two strategies. First, we queried the
GPDRYV Pol sequence against the NCBI nr protein database using BLASTP (Altschul et
al., 1990) and retrieved all aligning sequences that produced alignments with E-values
lower than 10°. We removed sequences shorter than 600 amino acids and used cd-hit
to collapse sequences that shared >95% pairwise identity (Fu et al., 2012; Martin,
2011). Secondly, we collected all Pol sequences in the NCBI RefSeq protein database
annotated under the family Retroviridae (taxid 11632). To collect Env transmembrane
protein (TM) domain sequences, we collected all Env sequences in the NCBI RefSeq
protein database annotated under the family Retroviridae. Because of the high level of
sequence divergence between retrovirus Env sequences, we selected the subset of
these Env TM refseqs that produced a blastp alignment with an E-value <1049,

In all of these cases, we aligned collected sequences using the MAFFT aligner
v7.407 with default parameters and trimmed alignments using TrimAL v1.4.rev15
(Capella-Gutierrez et al., 2009; Katoh and Standley, 2013). The best model for tree
inference was selected using modeltest-ng and trees were created using RaxML-ng v.
0.9.0 with standard parameters (Darriba et al., 2020; Stamatakis, 2014). Trees were

visualized using the Interactive Tree Of Life (iTOL) v4 (Letunic and Bork, 2019).
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2.3f Integration Site Analysis

We performed an integration site analysis using Retro-X Integration Site Analysis
Kit (Clontech, Mountain View, CA, USA) according to the manufacturer’s instructions.
Briefly, high molecular weight genomic DNA was isolated from tumor tissue and then
digested with restriction enzymes Ssp1, Hpa1, or Dra1. Digested DNA was purified and
then ligated to GenomeWalker (Clontech, Mountain View, CA, USA) adaptors using T4
DNA ligase. A primary PCR reaction was performed on the adaptor-ligated DNA using
an outer, adaptor-specific forward primer AP1, and an outer, GPDRV sequence-specific
reverse primer (SP3, SP4, or SP5, Table 2.1). A secondary, or nested PCR reaction
was performed using the primary PCR reaction amplicons as template, a nested
adaptor-specific primer AP2, and a nested GPDRYV sequence-specific reverse primer
(SP3 or LTR-R, Table 2.1). Secondary PCR products were visualized by
electrophoresis on an agarose gel to confirm a single, predominant PCR product. PCR
products were cloned (Topo TA (ThermoFisher, Waltham, MA, USA)) and plasmid DNA
was isolated from individual colonies. Samples were confirmed positive for inserts by
restriction digest and submitted for Sanger sequencing. Sequences that partially
overlapped on the 3’ end with the 5’ end of the GPDRV sequence, but that diverged

upstream were identified as integration sites.
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2.3g PCR Screening for GPDRV and ERV-PDRV.1-Cynomys ludovicianus

Endogenous pro/pol: Primers 494F/591R (Table 2.1) were used to screen DNA
extracted from 42 prairie dog spleen samples (DNeasy blood and tissue kit (Qiagen,
Valencia, CA, USA)). These samples were selected to include captive (n = 7) and free-
ranging (n = 35) animals representing the timespan of the entire project, and originating
from carcasses with minimal to mild autolysis suggesting good DNA quality. DNA
template (10 ng) was added to a PCR mixture containing 5 yL 10x Taq buffer with
(NH4)2S04, 0.5 yL Taq polymerase (Fermentas, ThermoFisher Scientific, Waltham
MA, USA), 200 uM (each) dNTPs, 500 pmol (each primer), 1 mM MgCI2, and sterile
water to a final volume of 50 pL. Cycling conditions were: 95 C for 3 min (1 cycle),
followed by 95 C for 30 s, 53.7 C for 30 s, 72 C for 30 s (30 cycles), and 72 C for 5 min.
The final product was visualized on a 1% agarose gel.

GPDRYV gag gene: Primers 393F/1961R (Table 2.1) were used to screen DNA
extracted from 42 prairie dog spleen samples (DNeasy blood and tissue kit (Qiagen,
Valencia, CA, USA)). DNA template (10 ng) was added to a PCR mixture containing 5
ML 10x Taq buffer with (NH4)2S04, 0.5 uL Taq polymerase (Fermentas, ThermoFisher
Scientific, Waltham, MA, USA), 200 pyM (each) dNTPs, 500 pmol (each primer), 1 mM
MgCI2, and sterile water to a final volume of 50 yL. Cycling conditions were: 95 C for 3
min (1 cycle), followed by 95 C for 30 s, 51 C for 45 s, 72 C for 30 s (30cycles), and 72
C for 5 min. The final product was visualized on a 1% agarose gel.

GPDRYV env gene: Primers 5729F/5840R (Table 2.1) were used to screen DNA

extracted from prairie dog spleen samples (DNeasy blood and tissue kit (Qiagen,
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Valencia, CA, USA)). DNA template (10 ng) was added to a PCR mixture containing 5
pL 10x Taq buffer with (NH4)2S04, 0.5 yL Taq polymerase (Fermentas, ThermoFisher
Scientific, Waltham, MA, USA), 200 uyM (each) dNTPs, 500 pmol (each primer), 1 mM
MgCI2, and sterile water to a final volume of 50 uL. Cycling conditions were: 95 C for

3 min (1 cycle), followed by 95 C for 30 s, 54.3 C for 30 s, 72 C for 30 s (30 cycles), and
72 C for 5 min. The final product was visualized on a 1% agarose gel.

Primers 5729F/5840R (Table 2.1) were also used to screen DNA extracted from
an additional 83 prairie dog spleen samples (DNeasy blood and tissue kit (Qiagen,
Valencia, CA, USA)). Primers (0.5 uM) and DNA template (50-250 ng) were added to a
0.2 mL PCR tube containing a puReTaq Ready-To-Go PCR bead (lllustra, GE
Healthcare Bio-Sciences Corp, Piscataway, NJ, USA) for a final volume of 25 pL.
Cycling conditions were: 95 C for 3 min (1 cycle), followed by 95 C for 30 s, 54.3 C for
30 s, 72 C for 30 s (30 cycles), and 72 C for 5 min (1 cycle). The final product was

visualized on a 2% agarose gel.

2.3h Deposition of Sequences and of Expression Data

Sequences have been deposited in GenBank under accession numbers

MT361316, MT361317, and MT316318. The data have been deposited with links to

BioProject accession number PRINA631279 in the NCBI BioProject database

(https://www.ncbi.nim.nih.gov/bioproject/).
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2.4 Results

2.4a Thymic Lymphoma in Gunnison'’s Prairie Dogs

Causes of death in prairie dogs included bacteremia, trauma, capture-related
factors, environmental factors, intraspecific aggression, euthanasia for disease concern,
and thymic lymphoma (Table 2.2). Plague, caused by Y. pestis, accounted for nearly all
(49/54; 91%) of the cases of bacterial disease. Two prairie dogs had severe lesions of
tularemia, caused by F. tularensis. Three Gunnison’s prairie dogs were affected by
thymic lymphoma. No other tumors were observed in any of the other 122 prairie dogs

examined. The three cases of thymic lymphoma are further described below.

Table 2.2 Causes of death in 125 prairie dogs in Colorado from 2009 to 2018.

Cause of Death # | G2 | BT | WT¢ | TLY | GPDRV*®
Thymic lymphoma only 2 |2 0 0 2 2
Bacterial 54121 23 | 10 0 3
Plague 49120 19 | 10 0 2
Tularemia 2 |1 1 0 0 1
Other bacteremia 310 3 0 0 0
Trauma 21114 3 4 0 0
Capture related 10| 9 1 0 1 2
Environmental 8 |3 5 0 0 0
Intraspecific aggression 6 | 2 1 3 0 0
Euthanized for disease concern | 4 | 1 3 0 0 0
Undetermined 200 7| 4 9 0 0
a8 G Gunnison’s prairie dog

BT black-tailed prairie dog

¢WT white-tailed prairie dog

4TL thymic lymphoma

¢ GPDRYV Gunnison’s prairie dog retrovirus
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Thymic lymphoma case number 11-1310 was a free-ranging yearling female
Gunnison’s prairie dog found dead lying half-way out of a burrow with no evidence of
trauma. The chest was filled with cloudy fluid and few fibrin strands. The lungs were
mottled and the heart was dilated. The thymus was enlarged to approximately 10x
normal size by a soft, white mass with a mottled appearance suggesting multifocal
hemorrhage and necrosis. Histopathology was complicated by freeze/thaw artifacts but
demonstrated uniform infiltrates of neoplastic lymphocytes determined to be T-cells by
immunohistochemistry for CD-3. The tumor did not contain a significant population of B-
cells or epithelial cells as determined by immunohistochemistry for Pax5 and MCK.
Neoplastic cells invaded beyond the tissue capsule of the mass and infiltrated the
surrounding adipose tissue. The tumor was diagnosed as T-cell ymphoma. Metastasis
was not observed. The spleen and liver were PCR negative for Y. pestis and F.
tularensis.

Thymic lymphoma case number 14-1342 was a free-ranging, lactating adult
female Gunnison’s prairie dog trapped as part of research and management activities.
The prairie dog was observed to have slightly labored breathing when found in the trap
but did not raise concern for iliness. The same prairie dog had been captured
approximately one-year prior without complications. While anesthetized, the prairie dog
was noted to have stopped breathing. Oxygen was administered but the prairie dog
never recovered from anesthesia. At necropsy, erythema of the skin was observed on
the vulva and lower limbs. An approximately 1 cm diameter granuloma was present
within the mesenteric adipose tissue of the abdomen. Firmly adhered to the base of the

trachea was an approximately 3 cm diameter mass that displaced the heart caudally
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(Figure 2.1). The mass was white and firm, with a mottled appearance on cut surface
suggesting hemorrhage and necrosis. Histopathology was complicated by freeze/thaw
artifacts but demonstrated uniform infiltrates of neoplastic lymphocytes (Figure 2.1)
determined to be T-cells by immunohistochemistry for CD-3 (Figure 2.1). The tumor did
not contain a significant population of B-cells or epithelial cells as determined by
immunohistochemistry for Pax5 and MCK. The tumor was diagnosed as T-cell
lymphoma. Metastasis was not observed. PCR of liver and spleen were negative for Y.
pestis and F. tularensis.

Thymic lymphoma case number 15-1406 was a free-ranging, approximately 1-2
year-old female Gunnison’s prairie dog found dead in a burrow with no evidence of
trauma. Body condition was good, with plentiful fat stores in the abdomen. The chest
contained an approximately 4 cm diameter mass, with red-tinged fluid filling the chest
cavity. The mass was white, soft, and contained multifocal hemorrhages on cut surface.
The spleen was moderately enlarged, and the inguinal lymph nodes were dark red.
Histopathology was complicated by freeze/thaw artifacts but the thymic mass
demonstrated uniform infiltrates of neoplastic lymphocytes determined to be T-cells by
immunohistochemistry for CD-3. The tumor did not contain a significant population of B-
cells or epithelial cells as determined by immunohistochemistry for Pax5 and MCK.

The tumor was diagnosed as T-cell ymphoma. Metastasis was not observed. PCR of

liver and spleen were negative for Y. pestis and F. tularensis.
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Figure 2.1 Thymic lymphoma identified in a Gunnison’s prairie dog (Case 14-1342). (A)
An approximately 3 cm diameter, soft, white mass displaces the heart caudally. (B)
Histologic findings included uniform infiltrates of neoplastic lymphocytes (hematoxylin
and eosin). (C) Immunohistochemical staining with anti-CD3 identified neoplastic cells
as T-lymphocytes.

2.4Db ldentification of Prairie Dog Retroviral Sequences Associated with Thymic

Lymphoma

Initial investigation for a possible retroviral etiology involved use of reverse
transcription polymerase chain reaction (RT-PCR) with degenerate retrovirus primers
(LPQG and YMDD) targeting a well-conserved region in the reverse transcriptase gene
(Donehower et al., 1990). Sequencing of the PCR products from tumors 14-1342 and

15-1406 identified two unique sequences with homology to known retroviruses.
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To obtain additional sequences of these two potential viruses we utilized a meta-
genomics approach. Total RNA was isolated from the lymphoma and spleen from two
Gunnison’s prairie dogs (14-1342, 15-1406) with tumors, the spleen from two
Gunnison’s prairie dogs (15-656, 15-671) without tumor, and the spleen from a black-
tailed prairie dog (14-1382) without tumor. An individual library was prepared from each
sample and sequenced on an lllumina NextSeq. Sequencing produced an average of 5
x 108 2 x 150 read pairs per sample. Following removal of low-quality reads, adapter
sequences, duplicate reads, and host-derived reads, an average of 2.4 x 10* read pairs
remained in each dataset (0.5% of starting datasets). These remaining reads were
assembled and the resulting contigs were taxonomically classified.

Retroviral sequences were identified in the lymphoma and spleen from the two
tumor-positive animals but not in the spleens from the three tumor negative animals. A
complete sequence of 7700 nucleotides (nt) in length was assembled from both tumors.
The organization of the assembled genome appeared to be similar to that of
betaretroviruses with gag, pro, pol and env genes (Figure 2.2). The nucleotide
sequences of the two assembled genomes were 99.2% identical. The two sequences
differ at 57 nucleotides resulting in eight amino acid changes in Gag, two in Pro, one in
Pol and five in Env. The pro and pol genes are predicted to utilize ribosomal
frameshifting for expression of gag-pro and gag-pro-pol precursors. The env transcript
is likely generated by splicing. These data represent the first report of retroviral
sequences associated with lymphoma in Gunnison’s prairie dogs, with the provisional

name Gunnison’s prairie dog retrovirus (GPDRV).

29



PBS P0I|V(A)

= S PP
R US| gag | U3 R
\ pol |
pro \ env |
1 2 3 4 5 6 7
1 1 1 1 1 1 1
nts x 1000

Figure 2.2 Gunnison’s prairie dog retrovirus genome organization. Diagram of the
assembled GPDRYV genome from tumors from prairie dogs 14-1342 and 15-1406. The
Gag-Pro-Pol polyprotein is predicted to be translated from the genome by ribosomal
frameshifting. Location of predicted sites-PBS-primer binding site, SD-splice donor, SA-
splice acceptor, polypurine tract (ppt), and polyadenylation (poly(A)) sequence.

2.4c Prairie Dog Endogenous Retroviral Sequence

A second, distinct retroviral sequence was identified and a consensus contig was
assembled from the black-tailed prairie dog (14-1382) spleen sample. This sequence is
6132 nucleotides in length and includes predicted gag, pro, and pol genes. An env-
coding region and LTR sequences were not definitively identified. Sequence reads from
the tumors and all spleen samples (animals 14-1342, 15-1406, 15-656, 15-671 and 14-
1382) align with the 14-1382 consensus contig suggesting this sequence is likely an
endogenous retrovirus, provisionally named ERV- PDRV.1-Cynomys Iudovicianus. This

sequence shares 54% nucleotide identity with the GPDRV gag-pro-pol sequence.

2.4d Features of the Gunnison's Prairie Dog Retrovirus Sequence, Predicted Proteins,

and Phylogenetic Analysis

The long terminal repeat (LTR) and the 5’ and 3’ untranslated regions of retroviral

genomes contain regulatory sequences that are central for viral replication. The LTR of
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GPDRYV is 403 bases in length and is bound by inverted repeat sequences CAAG (nt
94-97) and CTTG (nt 7376—7379) that are essential for integration. U3 is 308 bp, R is
15 bp and U5 is 79 bp (Figure 2.2). The U3 region is preceded by a polypurine tract (nt
7358-7375), the site for initiation of plus-strand synthesis of viral DNA during retroviral
replication. The U3 region in the 5’ LTR serves as the promoter and enhancer for
transcription of viral RNA. A consensus TATA box (TATATAA) is located 29 bp
upstream of the predicted transcription initiation site. Binding sites for the transcription
factors, NF1, AP1, EIk1, and NF-AT are present in the U3 region. The highly conserved
polyadenylation signal, AATAAA, is located in the 3’ LTR at nt 7680—7686, similar in
position to that of the betaretroviruses, jaagsiekte sheep retrovirus (JSRV), and enzootic
nasal tumor virus (ENTV) (Cousens et al., 1999; York et al., 1992).

The 5" untranslated region harbors a predicted primer-binding site (PBS) with
sequence complementary to the 15 bases at the 3’ end of tRNAC" that would serve as
the site for reverse transcriptase to initiate minus-strand DNA synthesis. A predicted
splice donor site for the generation of the subgenomic env transcript is located at nt
124-131 in the untranslated region between the PBS and start of gag.

The gag open reading frame (nt 212-1915) is predicted to encode a 567 amino
acid (aa), 62.8 kDa polyprotein. The n terminus of GPDRV Gag contains a consensus
myristylation motif (Met-Gly) like that of many retroviruses. The GPDRYV capsid protein
(CA) is predicted to be a 206 aa, 22.8 kDa protein. A highly conserved major homology
region (MHR), QGPSESYSDFIGRLMQSA, is located in CA. Two Cys-His motifs (Cys-

X2-Cys-Xs-His-X4-Cys) separated by 14 amino acids are located in the nucleocapsid
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protein (NC) at nt positions 1565-1607 and 1649-1690. The NC protein is predicated to
be 14.3 kDa.

The pro open reading frame (nt 1705-2712) is predicted to encode a 334 aa,
35.7 kDa protein expressed as a Gag-Pro fusion polypeptide generated by ribosomal
frameshifting. The protein encoded by the pro open reading frame is comprised of two
domains, similar to that of betaretroviruses: a pseudoprotease domain with dUTPase
activity and the active protease (Figure 2.3). GPDRV dUTPase exhibits 54—57% amino
acid identity with other betaretroviruses. The active protease site with a core aspartyl
protease sequence, Leu-Asp-Thr-Gly, is located at amino acid 198-201 (nt 2296-2307).
A glycine-rich G patch domain similar in sequence to that found in betaretroviruses is

present near the C-terminus of protease (Aravind and Koonin, 1999; Gifford et al.,

2005).
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Figure 2.3 Amino acid alignment of the dUTPase domain from several betaretroviruses.
Amino acid alignment was constructed using sequences GPDRV- Gunnison’s prairie
dog retrovirus (this manuscript), MPMV- Mason-Pfizer monkey virus (NC_001550), SRV
(M11841), MMTV (NC_001503), JSRV (NC_001494), ENTV-1 (NC_007015), and
ENTV-2 (NC_00494) with Geneious Prime 2019.2.3.

The pol open reading frame (nt 2685-5375) is predicted to encode a peptide of

896 aa with a molecular mass of 101.8 kDa. Pol is predicted to be expressed as a Gag-

32



Pro-Pol polypeptide generated by ribosomal frameshifting. The Pol polypeptide encodes
reverse transcriptase and integrase activity. The conserved polymerase sequences
LPQG and YMDD are located at amino acids 157 and 191 (nt 3153 and 3255),
respectively. RT contains an RNase H domain with a conserved active site (DEDD).
There is an N-terminal Zn* binding domain present in the integrase protein.

To determine the relationship between GPDRYV and members of established
retrovirus subfamilies and genera, the entire Pol amino acid sequence was used to infer
phylogenies. We took a two-fold approach to identify closely related sequences. First,
we created a tree using all of the Pol sequences in the NCBI RefSeq protein database
that were annotated as belonging to viruses in the family Retroviridae (Figure 2.4). In
this tree, GPDRV and ERV- PDRV.1 clustered within betaretrovirus Pol sequences
(genus Betaretrovirus) (Figure 2.4). Second, we used BLASTP to identify the most
closely related protein sequences in the NCBI protein database: those producing
alignments with E-values less than 1074 (Figure 2.5). The most closely related
sequences were a mixture of retroviral and endogenous retroviral-like sequences from
mammalian genome assemblies. The GPDRYV Pol sequences clustered with sequences
present in the alpine marmot (Marmota marmota) genome assembly (Gossmann et al.,
2019). In fact, GPDRYV Pol was more closely related to these marmot sequences than to

ERV- PDRV.1 Pol (Figure 2.5).
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Human T-lymphotropic virus 2 NP 041003
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ERV PDRV.1 MT361317
GPDRV MT361318
Squirrel monkey retrovirus NP 041261 Betaretrovirus
Ovine enzootic nasal tumor virus YP 241114
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Simian retrovirus 8 YP 009305201
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Feline immunodeficiency virus NP 040973
Human immunodeficiency virus 2 NP 663784
Simian immunodeficiency virus NP 687035
Human immunodeficiency virus 1 NP 057849
Simian immunodeficiency virus SIV-mnd 2 NP 758887

Figure 2.4 GPDRYV is a betaretrovirus. All Pol sequences in the NCBI RefSeq protein
database annotated as belonging to the Retroviridae family longer than 600 amino acids
were used to infer a maximum-likelihood tree. The Felsenstein bootstrap (FBP) support
values of select branches are indicated. Retrovirus genera and subfamilies (except for
Spumaretrovirinae) are indicated. The tree is unrooted and was arbitrary midpoint
rooted.
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Figure 2.5 GPDRYV is most closely related to retroviral-like sequences in the marmot
genome. A tree was made from the sequences in the NCBI protein database most
closely related to GPDRYV Pol as determined by a BLASTP search. The Felsenstein
bootstrap (FBP) support values of select branches are indicated. The GPDRV and GPD
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ERV Pol sequences are colored blue. Sequences annotated as belonging to the
Retroviridae family are colored red. The rest of the sequences are annotated as
belonging to the indicated mammalian species and are present in the corresponding
genome assemblies. The tree was rooted using lymphoproliferative disease virus Pol,
which was included as an outgroup.

The envelope protein is likely translated from a spliced transcript that utilizes a
splice acceptor site located at nucleotide 5209. The env open reading frame (nt 5275—
7092) is predicted to encode a 605 amino acid, 64.9 kDa protein. A hydrophobic region
located from nt 5275 to 5388 would serve as the signal peptide. Proteolytic cleavage at
the furin cleavage consensus recognition site (RHRR) in Env would generate a 410 aa,
43.7 kDa surface protein (SU) and 195 aa, 21.2 kDa transmembrane protein (TM). The
TM subunit contains two heptad repeats (HR1 and HR2) that form a coiled coill
structure. Located between HR1 and HR2 resides a conserved immunosuppressive
domain (ISD) (Figure 2.6) followed by a cysteine-rich region (CXeCC), which is
predicted to form a covalent disulfide bond with SU. The GPDRYV ISD is 94% identical to
that found in Mason-Pfizer monkey virus (Sonigo et al., 1986). A 21 aa hydrophobic
region within TM (nt 6850-6945) likely serves as the transmembrane anchor with a 43
amino acid cytoplasmic region. There are ten predicted N-linked glycosylation sites,
nine in SU and one in TM. Phylogenetic analysis of the TM subunit demonstrates
GPDRV TM is found in the branch of retroviruses that have an ISD and covalent TM
(Figure 2.7). The group that includes GPDRV TM includes sequences from

betaretroviruses and gammaretroviruses, but due to the relatively short length of the TM

domain, branches of the tree generally had low support values.
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RSV HQONRAAND BNNEAEGHG

Figure 2.6 Alignment of the immunosuppressive domain from retroviral transmembrane

protein sequences. Amino acid alignment was constructed using sequences GPDRV-

Gunnison’s prairie dog retrovirus (this manuscript), MPMV- Mason-Pfizer monkey virus

(NC_001550), GaLV- Gibbon ape leukemia virus (NC_001885), MoMLV-Moloney

murine leukemia virus (NC_001501), FeLV- feline leukemia virus (NC_001940), REV-

reticuloendotheliosis virus NC_006934), HTLV-1- human T cell leukemia virus

(NC_001436), and RSV- Rous sarcoma virus (NC_001407) with Geneious Prime

2019.2.3.
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Figure 2.7 GPDRYV Env transmembrane protein (TM) clusters with gamma and
betaretrovirus sequences. All ENV TM sequences in the NCBI RefSeq protein database
annotated as belonging to the Retroviridae family were used to infer a maximum-
likelihood tree. The Felsenstein bootstrap (FBP) support values of select branches are
indicated. Retrovirus genera are indicated. The tree is unrooted and was arbitrary
midpoint rooted.

2.4e Integration Site Analysis

|dentification of integration sites in tumor DNA resulted in four unique sites: two
sites were identified in the 14-1342 tumor and two in the 15-1406 tumor. The
Gunnison’s prairie dog genome sequence recently became available (Tsuchiya et al.,
2020) which enabled identification of the genome location of the four integration sites.
The GPDRYV sequence in the 14-1342 tumor was integrated at positions 309,469 (+
orientation) and 81,902 (- orientation) and the GPDRYV sequence in the 15-1406 tumor

was integrated at positions 1,301,104 (+ orientation) and 629,910 (- orientation).

2.4f Screening for GPDRYV with Virus-Specific Primers

Following the identification of two retroviral sequences with the metagenomics
approach we developed virus specific primers to screen additional samples. We
selected 42 prairie dog spleen samples to screen for the presence of ERV-PDRV.1-
Cynomys ludovicianus using virus-specific primers (494F/591R, Table 2.1) that amplify
a region spanning pro-pol. This sequence was detected in DNA from all (n = 42) prairie

dog spleen samples tested, strongly supporting this as an endogenous retroviral
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sequence. These samples represented Gunnison’s (n = 25), black-tailed (n = 14), and
white-tailed (n = 2) prairie dogs.

Alignment of the endogenous and exogenous sequences was used to identify
primers that specifically amplify only gag from the exogenous GPDRV. Of the 42 prairie
dog spleen samples, GPDRV was only detected in the spleen (and tumor) from 14-1342
and 15-1406 and in the spleen of a Gunnison's prairie dog (14-1344) without a tumor.
Animal 14-1344 was from the same colony as 14-1342.

Spleen tissues from all 125 prairie dogs in this study were screened for GPDRV
using env-specific primers 5729F/5840R (Table 2.1). GPDRV was detected only in
Gunnison’s prairie dogs, including detection in thymus from 11-1310 and spleen and
thymus from 14-1342 and 15-1406. We also detected GPDRYV in spleen from four
additional Gunnison’s prairie dogs that did not have tumors observed at necropsy.
Causes of death in these four prairie dogs included: plague (16-633 and 16-778),
tularemia (16-675), and suspected stress-related capture mortality (14-1344). Detection
of GPDRV RNA is therefore significantly associated with presence of thymic lymphomas
(Fisher’s exact test; p = 0.002).

Using primers located in U3 and env we were able to amplify a 7.14 kb fragment
from the spleen of animal 14-1344. Sequencing of this product confirmed the presence
of GPDRYV with 99.7% and 99.1% nucleotide identity with the assembled genomes from

14-1342 and 15-1406, respectively.
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2.5 Discussion

In any population, clusters of tumor cases can suggest an underlying or
predisposing factor (Chang et al., 2017; Hardy et al., 1977; Parkin, 2006) and three
cases of thymic lymphoma in Gunnison’s prairie dogs in Colorado, USA warranted
further investigation. We specifically investigated a possible retroviral etiology due to
similar retrovirus-associated lymphoid tumors in other species (Hoover et al., 1980;
Jarrett et al., 1964; Kozak and Ruscetti, 1992; Rosenberg and Jolicoeur, 1997; Xu et al.,
2013). Using PCR and next-generation sequencing, we identified and were able to
assemble two unique retroviral sequences from lymphoid tissue of prairie dogs.

One of the sequences was identified in DNA from all samples screened, which
included members from each of three species of prairie dogs included in the study. This
widespread occurrence is consistent with the expected distribution of an endogenous
viral sequence (Boeke and Stoye, 1997; Gifford et al., 2005; Mager and Stoye). This
sequence lacked an apparent env-coding region, suggesting a possible
mutation/deletion typical of endogenous viruses (Boeke and Stoye, 1997; Mager and
Stoye). We suspect that this consensus sequence likely represents endogenous
retroviral sequence(s) of prairie dogs, and we propose the name ERV-PDRV.1-
Cynomys ludovicianus (Gifford et al., 2018). The presence of ERV-PDRV.1-Cynomys
ludovicianus in all three species of prairie dogs suggests that endogenization occurred
prior to evolutionary divergence of these species (Arnaud et al., 2007; Boeke and Stoye,
1997; Gifford et al., 2005). Screening of other prairie dog species and other Sciuridae

species may provide further insights as to when this viral sequence was acquired.
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Gifford et al. (Gifford et al., 2005) screened for the presence of class Il endogenous
retroviral sequences using conserved PR and RT primers and identified a sequence
from a black-tailed prairie dog that is 62% identical to the ERV-PDRV.1-Cynomys
ludovicianus and 59% identical to GPDRV nucleotide sequences identified in this study.

A second retroviral sequence identified in thymic tissue and spleen of two prairie
dogs with thymic lymphoma included gag-pro-pol-env coding regions. Using env-
specific primers this sequence was identified in thymic tissue and spleen from all (3/3)
of the prairie dogs with thymic lymphoma, and from splenic tissue of only 3.3% (4/122)
of prairie dogs that did not have tumors identified grossly. All of the env-positive animals
were from prairie dog colonies located in the Gunnison Basin in Colorado, USA.
Gunnison's prairie dogs located outside the Gunnison Basin were all negative for
GPDRV. This consistent association with tumors and infrequent occurrence in the
overall population of animals examined in the study is an expected pattern for an
infectious, exogenous oncogenic virus. Isolation of virus in culture was not pursued in
this study. The finding of multiple integration sites supports classification as an
exogenous infectious virus. We suggest that this sequence represents the first
exogenous retroviral sequence identified in prairie dogs and propose the name
Gunnison’s prairie dog retrovirus (GPDRV).

As we were finalizing this paper, a Gunnison’s prairie dog genome assembly was
published (Tsuchiya et al., 2020). This assembly contained multiple contigs with
sequences similar to both GPRDV and to ERV-PDRV.1-Cynomys ludovicianus. A
BLASTN search of the assembly with ERV-PDRV.1-Cynomys ludovicianus yielded

3156 alignments with E-values less than 107'°. Many of these are nearly identical to the
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ERV-PDRV.1 sequence over more or less its entire length: 652 of the alignments cover
>80% of the ERV sequence with >90% identity. The highest scoring alignment was
95.9% identical over 100% of the ERV-PDRV.1 sequence, which represents a
consensus sequence assembled from our metagenomic datasets. A similar BLAST
search with GPDRYV produced 759 alignments with E-values less than 107'°. For these,
the highest scoring alignment was on 84.9% identical to GPDRYV, over 99% of the
GPDRYV sequence. We conclude that the Gunnison’s prairie dog genome contains a
large number of sequences related to both GPDRV and to ERV-PDRV.1 that may
represent endogenized retrovirus sequences and possibly proviruses from other
exogenous retroviruses.

The genetic organization of GPDRYV is typical of a betaretrovirus. The protease
and polymerase proteins are expected to be expressed as Gag-Pro and Gag-Pro-Pol
polypeptides by ribosomal frameshifting. The protein encoded by pro harbors dUTPase
and active protease domains. Phylogenetic analysis based on Pol amino acid
sequences supported the classification of GPDRYV as a betaretrovirus.

The retrovirus envelope protein is cleaved by cellular furin to generate SU and TM
subunits. The SU and TM subunits remain associated after cleavage either through
noncovalent interactions or formation of a covalent bond, which is determined by the
cysteine motif located between the heptad repeats within TM (Opstelten et al., 1998;
Wallin et al., 2004). The betaretroviruses, MMTV, JSRV and ENTV, contain a CX7C
motif, which forms noncovalent interactions (Henzy and Coffin, 2013). The TM subunit
found in alpha-, gamma- and delta- retroviruses contain a cysteine motif, CXeCC that

forms a covalent bond with a cysteine in the SU subunit (Johnston and Radke, 2000;
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Leamnson and Halpern, 1976; Li et al., 2008a; Opstelten et al., 1998). The TM subunit
of alpha-, gamma-, delta-retroviruses and the D-type betaretrovirus, Mason-Pfizer
monkey virus (MPMV), also contain an immunosuppressive domain (Bénit et al., 2001;
Cianciolo et al., 1985; Sonigo et al., 1986). The envelope gene of MPMV was derived
by a recombination event, which resulted in the acquisition of an envelope gene from a
gammaretrovirus (Barker et al., 1986; Sonigo et al., 1986). The GPDRV TM harbors a
CXeCC and an immunosuppressive domain similar to that of MPMV suggesting GPDRV
is a D-type betaretrovirus that may have undergone a similar recombination event.
The significance of GPDRYV to prairie dog populations is uncertain. For all three
cases with thymic lymphoma, the tumor was determined to be the cause of death or
related to the cause of death by compromising cardiovascular function under
anesthesia. However, overall occurrence of thymic lymphoma was low (3/125) and not
considered to be a significant source of mortality at the population level. Of the four
prairie dogs which tested positive for GPDRV but were unaffected by thymic lymphoma,
three died from bacterial infections. Based on the immunosuppressive effects of other
retroviruses, we considered possible population effects due to increased susceptibility
to bacterial infections. However, prairie dogs positive for GPDRV were not over-
represented among animals that died from bacteremia. Although three of the seven
(43%) prairie dogs with GPDRYV died from bacterial infections, 51 of the 118 (43%)
prairie dogs without GPDRYV also died from bacterial infections. One prairie dog that
was positive for GPRDV but unaffected by thymic lymphoma died from capture-related
factors (heat stress) with no signs of immune suppression. This rare complication of

trapping is unfortunate but GPDRYV was not suspected to be associated with the cause
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of death in this animal. No other lesions observed were suggestive of immune
suppression. The small proportion of animals testing positive for GPDRYV prevented
further analysis of possible effects of the virus.

GPDRYV is statistically associated with thymic lymphoma in Gunnison’s prairie
dogs. Future investigations could include isolation of virus, experimental infection
studies, and corroboration of the association with larger sample sets. Further analysis of
integration sites may yield insight into potential mechanisms of oncogenesis.
Surveillance areas were limited to the state of Colorado, with access to only three
prairie dog species. GPDRV sequences were only found in Gunnison’s prairie dogs.
This could suggest either species specificity or lack of exposure in other species.
Continued surveillance of other prairie dog species may help understand the species

host range of the virus.
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PART II: THE ROLE OF CYCLIN-DEPENDENT KINASES 8 AND 19 AS

TRANSCRIPTIONAL REGULATORS DURING VIRAL INFECTION AND IN THE

INNATE IMMUNE RESPONSE
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CHAPTER 3: OVERVIEW OF LITERATURE, PART Il

3.1 Dengue Viruses

Global incidence of dengue disease has increased dramatically since 2000, with
an estimated 390 million cases annually and approximately one third of the world’s
population at risk for infection each year (Bhatt et al., 2013; Pang et al., 2017; World
Health Organization, 2020). Reported cases represent only a small fraction of actual
infections due to asymptomatic, mildly symptomatic, and non-specific febrile clinical
presentations that prevent diagnosis of all cases (World Health Organization, 2020).
Dengue disease, caused by the four serotypes of dengue virus (DENV1-4), is the most
aggressive arthropod-borne disease currently in circulation (Bhatt et al., 2013; Pang et
al., 2017). While the majority of dengue cases result in asymptomatic or self-limiting flu-
like illness, some will progress to severe dengue, characterized by plasma leakage
resulting in hemodynamic instability and organ dysfunction (Pang et al., 2017; Wilder-
Smith et al., 2019; World Health Organization, 2020). Current treatment is limited to
supportive care, and vaccine development remains challenging due to subtle but
important differences among serotypes and the potential for exposure to one serotype,
by vaccination or infection, to contribute to more severe disease upon exposure to a
second serotype (Guzman and Harris, 2015).

Infections caused by the four serotypes of dengue viruses (DENV1-4) represent
a significant, ongoing public health concern (Guzman and Harris, 2015). Understanding

both the molecular virology of DENV2 and the host requirements for efficient dengue
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replication may provide insight into potential avenues of therapeutic interdiction. Key
among these requirements of the host cell that DENV2 relies on is a metabolic
environment which supports viral replication (Abernathy et al., 2019; Fernandes-
Siqueira et al., 2018; Fontaine et al., 2015; Gullberg et al., 2018; Heaton et al., 2010;

Jordan and Randall, 2017; Zhang et al., 2018).

3.1a Dengue Virus Serotype 2 (DENV2) Genome and Proteins

DENVZ2, family Flaviviridae, genus Flavivirus, has a 10.72 kb positive-sense,
single-stranded RNA genome which is translated into a single polypeptide and
subsequently cleaved into three structural (C, prM, E), and seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) The genomic organization of DENV2

is shown in Figure 3.1.

DENV2 Genome Organization

5 UTR 3’ UTR

Cap =y C )| prM E NS1 |[2A[[2B|| NS3 |(4A [ 4B NS5

Figure 3.1 DENV2 Genome Organization. Untranslated, structural elements (cap, &’
untranslated region (UTR), 3’ UTR) are indicated in blue, structural proteins in green,
and nonstructural proteins in purple.

Capsid (C) is a highly basic 12 kDa protein and is the least conserved protein

among dengue serotypes (Byk and Gamarnik, 2016; Markoff et al., 1997). Capsid
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functions as a homodimer, with each monomer comprised of four alpha helices (Byk
and Gamarnik, 2016; Ma et al., 2004). The capsid homodimer associates with viral
RNA, presumably through hydrostatic interactions, to form the nucleocapsid (NC). This
association is critical for viral particle assembly, and the reversal of this association is
required for viral genome release upon infection of a new host cell (Byk and Gamarnik,
2016).

A hydrophobic signal peptide on the C-terminal end of capsid serves as an
anchor within the ER membrane (Markoff et al., 1997). Capsid is first cleaved from the
anchor on the cytoplasmic surface by the viral protease NS2B-3 (Lobigs, 1993; Stocks
and Lobigs, 1998). On the C-terminal end of the signal peptide anchor is the cleavage
site for the host protease signal peptidase, which cleaves the anchor from the N-
terminus of prM, leaving prM in the lumen of the ER (Stocks and Lobigs, 1998).

While capsid is therefore primarily cytoplasmic or associated with ER
membranes, capsid has also been found to localize to lipids droplets and the nucleus
(Samsa et al., 2009; Sangiambut et al., 2008; Wang et al., 2002). The functional
purpose of this localization is not well understood, though it has been proposed that
capsid localization to lipid droplets may serve to temporarily sequester capsid protein
until viral particle assembly commences, or that lipid droplets may serve as a platform
for viral particle assembly (Miyanari et al., 2007; Samsa et al., 2009).

The remaining two structural proteins, prM (pre-membrane or precursor
membrane) and E (envelope) are also processed by host signal peptidase but remain
associated with the ER membrane. In the cell-associated, immature particle

conformation, prM and E associate as heterodimers arranged in a trimeric, spiky
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conformation (Li et al., 2008b; Yu et al., 2008). The pr-M junction contains a conserved
furin cleavage site flanked by basic residues which allow regulation of the timing and
efficiency of furin-mediated cleavage of prM (Junjhon et al., 2008). Following furin-
mediated cleavage, soluble pr is no longer associated with the viral particle, and M
remains associated with the viral envelope but is no longer exposed on the surface of
the virion (Kuhn et al., 2014; Li et al., 2008b; Yu et al., 2008). The surface arrangement
of E then shifts to homodimers arranged in a trimeric, smooth, herringbone arrangement
characteristic of mature viral particles (Kuhn et al., 2014; Li et al., 2008b; Yu et al.,
2008). E mediates attachment to cellular receptors to initiate viral infection and upon
entry into slightly acidic endosomes changes conformation, revealing the fusion peptide
and allowing release of the viral genome into the cytoplasm (Fritz et al., 2008; Liao et
al., 2010; Modis et al., 2003, 2004, 2005).

The seven non-structural proteins of DENV2 serve a diverse array of functions
required for viral replication and immune evasion. Non-structural protein 1 (NS1) is a 48
kDa glycoprotein which can be associated with viral replication complexes in a
monomeric form, with cellular membranes in a dimeric form, or can be secreted from
infected cells in a hexameric form (Chen et al., 2018; Mackenzie et al., 1996).
Intracellular NS1 contributes to viral genome replication and viral particle assembly
(Ptaszczyca et al., 2019; Scaturro et al., 2015). The secreted form of NS1 is thought to
contribute to dengue pathogenesis by promoting endothelial hyperpermeability resulting
in vascular leakage (Beatty et al., 2015; Chen et al., 2016) and platelet activation and

apoptosis resulting in thrombocytopenia and coagulopathy (Chao et al., 2019). In
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addition, endocytosis of NS1 by dendritic cells (DCs) increases DC susceptibility to
infection and enhances viral replication in DCs (Alayli and Scholle, 2016).

Non-structural protein 2A (NS2A) is associated with the ER membrane through
five transmembrane domains, with NS2A cleaved from NS1 by a host protease in the
ER lumen, while the C-terminal end is cleaved in the cytoplasm by viral NS2B-NS3
protease (Xie et al., 2013). NS2A functions in viral replication by recruiting structural
proteins and viral RNA to sites of virion assembly (Wu et al., 2015; Xie et al., 2013,
2015, 2019). In addition, NS2A is known to interfere in the host antiviral response by
reducing type | interferon (IFN) signaling and production of IFN- (Munoz-Jordan et al.,
2003).

Non-structural protein 2B (NS2B) is an approximately 15 kDa protein with four
transmembrane helices and a hydrophilic, cytoplasmic-facing domain (Li et al., 2015).
This hydrophilic domain serves as a cofactor for the viral serine protease NS2B-NS3
(Arias et al., 1993; Clum et al., 1997; Falgout et al., 1991, 1993; Yusof et al., 2000). The
NS2B-NS3 protease acts in cis and frans to mediate cleavage of NS2A/NS2B,
NS2B/NS3, NS3/NS4A, and NS4B/NS5, as well as internal cleavages of C, NS2A, NS3,
and NS4A (Reddy et al., 2018). As with several other DENV2 non-structural proteins,
NS2B has been implicated in interference with the type | IFN response through
inhibiting IRF3 phosphorylation and promoting degradation of the cytosolic DNA sensor,
cyclic GMP-AMP synthase (cGAS) (Aguirre et al., 2017; Angler6-Rodriguez et al.,
2014). Due to the absolute requirement of the NS2B-NS3 protease activity in viral
replication, NS2B-NS3pro has been identified as a potential antiviral drug target (Luo et

al., 2015; Nitsche, 2019).
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In addition to its protease activity, NS3 also functions as an ssRNA-activated
NTPase and helicase (Bartelma and Padmanabhan, 2002; Li et al., 1999). The N-
terminal 168 amino acids of NS3 are essential for protease activity, followed by a 10
amino acid flexible linker, and the C-terminal helicase/NTPase (Luo et al., 2008a,
2008b, 2010). The essential functions in viral replication carried out by NS3 require
association with NS2B, NS4B, and NS5 (Chatel-Chaix et al., 2015; Tay et al., 2015;
Umareddy et al., 2006). NS3 has also been shown to be involved in virally-directed
metabolic changes in the host cell by inducing relocalization of fatty acid synthase to
sites of viral replication (Heaton et al., 2010).

Non-structural protein 4A (NS4A) is a small, 16 kDa, hydrophobic protein highly
associated with the ER membrane through three transmembrane domains (Li et al.,
2018; Miller et al., 2007b). NS4A localizes to viral replication complexes and induces
membrane rearrangement through oligomerization in concert with the host protein
reticulon 3.1 (Aktepe et al., 2017; Lee et al., 2015; Miller et al., 2007b; Stern et al.,
2013). The formation of viral replication complexes is also supported by an interaction
between NS4A and the host intermediate fiber protein vimentin, which provides a
structural scaffold for the viral replication complexes (Teo and Chu, 2014).

Supplementary to this key role of NS4A in formation of viral replication
complexes, NS4A interaction with host ancient ubiquitous protein 1 (AUP1) has been
implicated as a key driver of DENV-induced lipophagy which supports infectious particle
production (Heaton and Randall, 2010; Jordan and Randall, 2017; Zhang et al., 2018).
NS4A is also known to manipulate the type | IFN response through binding to

mitochondrial antiviral signaling protein (MAVS). MAVS is required for retinoic acid
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inducible gene | (RIG-I) signaling and subsequent IRF3 translocation to the nucleus;
therefore, MAVS inhibition reduces the production of IFN-f in response to DENV2
infection (He et al., 2016).

An approximately 2 kDa signal sequence (2K) separates NS4A and NS4B
(approximately 27 kDa) and dictates that the N-terminus of NS4B is located in the
lumen of the ER (Li et al., 2016; Miller et al., 2006). The highly hydrophobic NS4B
remains associated with the ER membrane despite cleavage from the 2K fragment by
host signalase due to several transmembrane domains (Li et al., 2016; Miller et al.,
2006). During DENV infection, NS4B primarily localizes at sites of viral replication, in
association with NS3 and dsRNA (Miller et al., 2006). The cytosolic loop of NS4B
associates specifically with the helicase domain of NS3 and enhances helicase activity
of NS3 by promoting disassociation of NS3 with ssRNA, allowing reinitiation of
unwinding on a subsequent RNA molecule (Chatel-Chaix et al., 2015; Umareddy et al.,
2006). In addition to NS3, NS4B is thought to homodimerize and to associate with
DENV NS1 and NS4A to modulate viral replication (Giraldo et al., 2018; Ptaszczyca et
al., 2019; Zou et al., 2014, 2015).

NS4B interferes with the type | IFN response to reduce IFN-a/p signaling by
preventing phosphorylation of signal transducer and activator of transcription 1 (STAT1)
(Munoz-Jordan et al., 2003; Mufioz-Jordan et al., 2005). NS4B has also been implicated
in disruption of mitochondrial dynamics during DENV2 infection which involves
decreased mitochondrial fission, mitochondrial elongation, and presumed enhanced

metabolic capacity of infected cells in combination with reduced mitochondrial-
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membrane-dependent anti-viral signaling (Barbier et al., 2017; Chatel-Chaix et al.,
2016).

The final non-structural protein encoded by the DENV2 genome is NS5
(approximately 105 kDa). The N-terminus of NS5 contains a methyltransferase (MTase)
domain, required for "MeGpppA2ome capping of nascent viral genomes to allow for
efficient translation by host machinery (Egloff et al., 2002, 2007). The C-terminus of
NS5 contains an RNA-dependent-RNA-polymerase (RdRp) domain responsible for viral
RNA replication (Bartholomeusz and Wright, 1993; Iglesias et al., 2011; Yap et al.,
2007). A flexible linker joins the MTase and RdRp domains which can adopt unique
conformations resulting in different interfaces between the MTase and RdRp domain,
providing a regulatory mechanism of viral capping and RNA replication (Klema et al.,
2016; Zhao et al., 2015).

Despite cytoplasmic replication of DENV2, NS5 is known to localize to the
nucleus in infected cells (Johansson et al., 2001; Kapoor et al., 1995; Kumar et al.,
2013; Pryor et al., 2007; Tay et al., 2013, 2016). The functional significance of this
nuclear localization is currently unclear, although NS5 has been implicated in disruption
of splicing by interaction with components of the host spliceosome (De Maio et al.,
2016). NS5 is also known to disrupt the type | IFN response through mediating
degradation of STATZ2, thereby reducing IFN-a/p signaling and production of interferon-

stimulated genes (Ashour et al., 2009; Kumar et al., 2013).

53



3.1b DENV2 Replication

The DENV?2 replication cycle begins with virion-cell surface interaction. While a
definitive DENV2 receptor has not been identified, several host proteins have been
implicated in DENV2 attachment and endocytosis. The cellular factors implicated in
DENV2 attachment and entry fall broadly into two categories: C-type lectin receptor and
TIM/TAM transmembrane receptor families. Of the C-type lectin receptors, dendritic
cell-specific intracellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) and
mannose receptor (MR) mediate viral attachment (Lozach et al., 2005; Miller et al.,
2008; Navarro-Sanchez et al., 2003; Pokidysheva et al., 2006; Tassaneetrithep et al.,
2003). DC-SIGN is known to complex with the DENV2 E protein (Pokidysheva et al.,
2006). In contrast, TIM-1 is thought to mediate DENV2 attachment through recognition
of lipids in the viral envelope, rather than interaction with viral glycoproteins (Carnec et
al., 2016; Dejarnac et al., 2018; Meertens et al., 2012; Richard et al., 2015). In addition
to the these two receptor families, cell surface expression of heparan sulfate facilitates
virion-cell interaction and adsorption (Chen et al., 1997; Dalrymple and Mackow, 2011;
Germi et al., 2002).

Following receptor-virion interaction, DENV particles enter the host cell through
clathrin-mediated endocytosis (Acosta et al., 2008, 2011; Krishnan et al., 2007; Mosso
et al., 2008; Peng et al., 2009; Suksanpaisan et al., 2009). Acidification of the
endosomal compartment is required for fusion between the viral and endosomal
membranes for release of the viral genome into the cytoplasm (Kao et al., 2018;

Krishnan et al., 2007; Perreira et al., 2015; van der Schaar et al., 2007, 2008).
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Transition from a neutral pH to low a pH in the endosome initiates a conformational
change in the E glycoprotein, exposing the fusion loop and resulting a trimeric rather
than dimeric conformation of E, the result of which is the viral and endosomal
membranes entering into close proximity and fusing, opening a pore and releasing the
viral nucleocapsid into the host cytoplasm (Modis et al., 2003, 2004).

Uncoating of the viral genome after release from the endosome occurs in the first
2-4 hours post infection and requires disassociation of viral RNA from capsid protein,
which undergoes proteasome-mediated degradation (Byk et al., 2016). Viral RNA is
then free to be translated by host ribosomes, which initiate translation of viral proteins 3-
5 hours post infection (Byk et al., 2016). Translation initiation is aided by recognition of
the 5’ cap by host machinery, but translation of DENV RNA is not strictly dependent on
the 5’ cap (Edgil et al., 2006; Song et al., 2019). This not-fully-described cap-
independent mechanism of translation initiation is likely achieved through an internal
ribosome entry site located in the 5" UTR of the DENV genome and/or interaction
between RNA structures in the 5" and 3’ UTRs of the viral genome (Edgil et al., 2006;
Song et al., 2019). Translation of the DENV2 genome into a multi-pass transmembrane
polypeptide is exclusively carried out by ER-associated ribosomes, as opposed to
cytosolic ribosomes, and requires host ER machinery to ensure proper topology (Ngo et
al., 2019; Reid et al., 2018).

Viral non-structural proteins produced through this initial translation then induce
massive restructuring of the ER membrane and formation of viral replication
complexes(Aktepe et al., 2017; Miller et al., 2007b; Stern et al., 2013; Teo and Chu,

2014; Welsch et al., 2009). Because the positive-sense genome serves as the template
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for both translation and viral genome replication, and the polymerase and ribosomes
work in opposing directions, a switch from translation to replication is required to
temporally regulate these two critical functions. This most likely involves a structural
change in the positive-sense template from a linear form which is most efficiently used
for translation, to a circularized form which is most efficiently used for negative-strand
synthesis (Sanford et al., 2019). Interactions between secondary RNA structures in the
5" and 3’ ends prevent effective ribosome scanning, thereby inhibiting translation on the
circularized RNA (Sanford et al., 2019). The negative-strand then serves as a template
for production of capped positive-sense genomes which are packaged into immature
virions. Replication of the negative-strand template and production of the capped
genome copies requires the RNA-dependent RNA-polymerase and methyltransferase
activity of NS5, as well as the NTPase and helicase activity of NS3 (Bartelma and
Padmanabhan, 2002; Bartholomeusz and Wright, 1993; Egloff et al., 2002, 2007;
Iglesias et al., 2011; Li et al., 1999; Luo et al., 2008b; Sanford et al., 2019; Yap et al.,
2007).

Viral structural proteins and viral genomes are recruited for assembly by NS2A
(Xie et al., 2019). Immature viral particles bud into the ER and then are trafficked to the
Golgi, a process dependent on host trafficking machinery (Neufeldt et al., 2019).
Immature viral particles are characterized by a “spiky” conformation of E-prM
heterodimers on the surface of the viral particle in neutral pH environments (Li et al.,
2008b; Yu et al., 2008; Zhang et al., 2004). Upon entry into the acidic environment of
the trans-Golgi network, M undergoes a conformational change which induces a

“smooth,” dimeric conformation of E which exposes the furin cleavage site in prM (Li et
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al., 2008b; Yu et al., 2008; Zhang et al., 2012, 2004). Cleaved pr remains associated
with the viral particle until a subsequent pH change upon release from the cell (Yu et al.,
2008, 2009). As pr obscures the fusion loop on E, this pH-dependent cleavage and
dissociation is required to prevent premature exposure of the fusion loop in E which
would initiate fusion with host membranes prior to release from the cell (Yu et al., 2008,

2009). A summary of DENV2 replication is represented in Figure 3.2.
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Figure 3.2 DENV2 Replication Cycle. Top panel: A DENV2 virion interacts with the cell
surface, enters through an endosome, and then is released into the cytoplasm through
fusion of the virion membrane with the endosomal membrane. Mid panel: The DENV2
genome is directly translated by host machinery to produce DENV2 proteins. The newly
produced DENV2 proteins initiate membrane restructuring and formation of viral
replication complexes on the ER membrane. Bottom panel: DENV2 genome copies are
replicated and immature viral particles are assembled in the ER. Viral particles mature
through the Golgi network and are released from the cell. The necessary membrane
remodeling required for replication and viral particle assembly is supported by increases
in glucose metabolism and autophagy.

3.1c Metabolism Changes during DENV2 Infection

Efficient infectious particle formation relies on coordinated completion of each
step of the viral replication cycle and is heavily dependent on not only host cell
machinery such as ribosomes and trafficking proteins, but the metabolic environment of
the host cell. Key among the viral functions reliant on the cellular metabolic environment
is the well-documented restructuring of cellular membranes that allows viral particle
formation (Gillespie et al., 2010; Gullberg et al., 2018; Heaton and Randall, 2010;
Jordan and Randall, 2017; Perera et al., 2012; Uchida et al., 2015; Welsch et al., 2009).
Not only does the amount of lipids within the cell need to increase, the composition of
these lipids is critical for infectious viral particle formation (Gullberg et al., 2018; Perera
et al., 2012).

Acetyl-CoA and NADPH are two key metabolic intermediates required for fatty
acid synthesis. Acetyl-CoA is the 2-carbon building block from which fatty acids are
assembled while NADPH is required as a reducing agent. Acetyl-CoA and NADPH are
products of glucose metabolism through the glycolytic and pentose phosphate

pathways. Increased input and/or rate of either or both of these pathways would benefit
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viral replication by providing the necessary metabolic intermediates for the upregulation
of fatty acid synthesis required for viral particle assembly, as well as precursors for
nucleotide synthesis and therefore viral genome replication. Glucose metabolism has
been shown to be altered during DENV2 infection, including increased glucose uptake
into infected cells (Fernandes-Siqueira et al., 2018; Fontaine et al., 2015). Virus-induced
changes in lipogenesis are, at least in part, coordinated by DENV2 non-structural
proteins; for example, host fatty acid synthase is relocalized to sites of viral replication
by NS3 (Heaton et al., 2010).

Enhancement of glucose metabolism is thought to function in a primarily
anaplerotic fashion in the context of DENV2 infection — that is, by functioning in the
production of necessary metabolic intermediates rather than energy (Fernandes-
Siqueira et al., 2018; Silva et al., 2019). This in contrast to an upregulation of glycolysis
for ATP production. At least one described mechanism by which DENV2 infection
results in an induction of these metabolic pathways is by the upregulation of hexokinase
(HK) (Fontaine et al., 2015). HK is the first rate limiting enzyme in glycolysis and is
responsible for the phosphorylation of glucose into glucose 6-phosphate (Wolf et al.,
2011). Glucose 6-phosphate can then enter glycolysis or can be shunted into the
pentose phosphate pathway. HK is therefore a key hub in the control of both glycolysis
and the pentose phosphate pathway. The RNA and protein levels of HK were found to
be upregulated during DENV2 infection (Fontaine et al., 2015). Glucose metabolism is

summarized in Figure 3.3.
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Figure 3.3 Glucose Metabolism. Key steps and intermediates in glucose metabolism.
Glucose is phosphorylated to glucose 6-phosphate by hexokinase. Glucose 6-
phosphate then progresses through glycolysis to produce pyruvate or is shuttled into the
pentose phosphate pathway (left) to produce NADPH and NTPs. Pyruvate can be
converted to lactate in anerobic conditions or into acetyl-CoA. Acetyl-CoA can enter the
TCA cycle or can be used in lipid biosynthesis. Metabolic intermediates required for
efficient DENV2 replication are indicated in purple.

In addition to an upregulation of glucose metabolism, DENV2 is known to induce
changes in other metabolic pathways. Key among these is autophagy (Chen et al.,
2016; Heaton and Randall, 2010; Jordan and Randall, 2017; Lee et al., 2008, 2013;
Zhang et al., 2018). A pro-viral lipophagy induced during DENV2 infection promotes

viral replication, presumably through the release of free fatty acids from lipid droplets for
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entry into the mitochondria to undergo p-oxidation, ultimately supporting membrane
restructuring and infectious particle production (Jordan and Randall, 2017; Zhang et al.,
2018). This increased release in free fatty acids is matched with increased
mitochondrial respiration during DENV2 infection, evident in both metabolic output
(Fernandes-Siqueira et al., 2018) and changes in mitochondrial dynamics including
increased fusion (Barbier et al., 2017). These mitochondrial changes carry important
implications not only for metabolic outcomes, but also innate immune signaling (Chatel-
Chaix et al., 2016).

Lipophagy is initiated with autophagosome component assembly on the lipid
droplet, followed by formation of a limiting membrane, pinching off a portion of the lipid
droplet with generation of the sealed autophagosome, and ultimately lysosomal fusion
(Martinez-Lopez and Singh, 2015; Singh et al., 2009). Light chain 3 (LC3) is a
membrane-associated protein which is often used as a marker for autophagosomes.
LC3 is initially modified to LC3-I by the autophagy factor Atg4, and then subsequently
modified to the membrane-associated, lipidated form LC3-II by autophagy factors Atg3
and Atg7 (Martinez-Lopez and Singh, 2015). Conversion of LC3-| to LC3-Il is therefore
considered a measure of autophagic activity (Martinez-Lopez and Singh, 2015; Singh et
al., 2009). Increased conversion of LC3-I to LC3-1l and subsequent depletion of lipid
droplets has been noted in DENV2 infection (Heaton and Randall, 2010; Lee et al.,

2008). Lipophagy is summarized in Figure 3.4.
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Figure 3.4 Lipophagy. An overview of the key steps and outcomes of lipophagy.
Portions of lipid droplets are sequestered into autophagosomes. Autophagosomes fuse
with lysosomes and the neutral lipids stored in lipid droplets are released as free fatty
acids which then can be shuttled into mitochondria and undergo beta-oxidation, the
products of which are acetyl-CoA and ATP. Key metabolic intermediates required for
efficient DENV2 replication are indicated in purple.

As with glucose metabolism, DENV2 has been implicated in the disruption of
lipophagy (Heaton and Randall, 2010; Jordan and Randall, 2017). NS4A and NS4B
were found to have key roles in the induction of lipophagy during DENV2 infection

(Zhang et al., 2018). NS4A, in the presence of NS4B, was found to interact with ancient

ubiquitous protein 1 (AUP1), a protein which localizes on the surface of lipid droplets
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and regulates induction of lipophagy through acyltransferase activity (Zhang et al.,
2018). Despite this identification of the role of viral non-structural protein dysregulation
of metabolic enzymes, the upstream mechanisms by which these metabolic enzymes
are transcriptionally regulated during DENV2 infection has not been previously
described. Beyond metabolic pathways, there are many other critical cellular pathways
which are differentially regulated at the level of transcription during infection with
DENV2. Each of these pathways has the potential, when manipulated, to promote or
restrict viral replication. We were interested in understanding the mechanisms of
transcriptional regulation of these pathways, specifically the type | interferon (IFN)
response, due to the well-established importance of type | IFNs in restricting viral

replication.

3.2 The Type | Interferon Response

The IFN response is a key innate immunity pathway, allowing host cells to
recognize the presence of non-self entities and restrict pathogen replication. The type |
interferons, comprised of IFN-B and the multiple isoforms of IFN-a, are primary drivers
of antiviral innate immunity. The type | IFN response, while critical for early control of
viral infection, must be tightly regulated. An unchecked IFN response can lead to
immunopathologies including autoimmune disorders. Each step within pathogen
recognition, initiation of type | IFN expression, IFN-a/p receptor (IFNAR) ligation and
downstream signaling, and interferon-stimulated gene (ISG) expression is regulated by

host factors at multiple levels (Chen et al., 2017a; Ivashkiv and Donlin, 2014). Viruses,
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in turn, have multiple mechanisms for evading initiation of type | IFN responses and/or
type | IFN signaling (Iwasaki, 2012). Each level of regulation of the type | IFN response
is key to understanding not only host antiviral responses but also the mechanism by

which viruses evade innate immunity.

3.2a Type | IFN Induction and Signaling Pathways

The type | IFN response is comprised of two phases. The first involves
recognition of pathogen-associated molecular patterns (PAMPs) and initiation of type |
IFN secretion. In the second phase, secreted type | IFN acts in an autocrine or
paracrine fashion to promote the expression of the innate antiviral gene program, the
ISGs (Goubau et al., 2013; Honda et al., 2006; Odendall and Kagan, 2017; Takaoka
and Yamada, 2019).

Cytoplasmic, double-stranded RNA (dsRNA), either capped or uncapped, is a
PAMP which is recognized by pattern-recognition receptors (PRRs). Uncapped, 5’
triphosphate dsRNA is recognized by the host cytoplasmic helicase, retinoic acid-
inducible gene | (RIG-I), while capped dsRNA is primarily recognized by melanoma
differentiation-associated gene 5 (MDA-5). The synthetic, dSRNA mimic,
polyinosinic:polycytidylic acid (poly(l:C)) is recognized by both helicases (Gitlin et al.,
2006; Hornung et al., 2006; Kato et al., 2006, 2008). Binding of dsRNA to RIG-I or
MDA-5 induces a conformational change and allows association with mitochondrial
antiviral signaling protein (MAVS, also known as IPS-1), leading to dimerization of

MAVS, recruitment of the E3-ubiquitin ligase complex component TNF receptor
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associated factor 6 (TRAFG6), activation of tank-binding kinase 1 (TBK1), and activating
phosphorylation of interferon regulator factors 3 and 7 (IRF3 and IRF7), which allows
translocation to the nucleus and activation of expression of type | IFNs (Goubau et al.,
2013; Honda et al., 2006; Odendall and Kagan, 2017; Takaoka and Yamada, 2019).

Alternatively, dsRNA in endosomes is recognized by toll-like receptor 3 (TLR3)
(Alexopoulou et al., 2001). Ligand-binding of TLR3 initiates dimerization, recruitment of
TIR domain-containing adaptor molecular (TRIF) and the E3 ubiquitin ligase TRAF3,
activation of TBK1 and inhibitor of nuclear factor kappa-B kinase subunit epsilon (IKKg),
and activating phosphorylation of IRF3 and IRF7 (Doyle et al., 2002; Takaoka and
Yamada, 2019).

Secreted type | IFNs bind to IFN-a/p receptor (IFNAR). Ligand-binding to IFNAR
initiates dimerization and activation of the Janus kinases JAK1 and tyrosine kinase 2
(Tyk2) and recruitment of signal transducer and activator of transcription (STAT), which
then becomes phosphorylated and dimerizes. Homo- and heterodimers of the STAT
isoforms dimerize in a context-dependent manner. Type | IFN activation of IFNAR
canonically leads to STAT1-STAT2 heterodimers. The STAT1-STATZ2 heterodimer
associates with IRF9, forming the interferon-stimulated gene factor 3 (ISGF3)
transcription factor complex which translocates to the nucleus and acts to initiate the
transcription of ISGs (Honda et al., 2006; Ivashkiv and Donlin, 2014). Full activation of
STATSs requires tyrosine phosphorylation upon IFNAR activation, and serine
phosphorylation in the transactivation domain upon nuclear translocation (Michalska et
al., 2018; Platanias, 2005). The type | IFN response associated with dsRNA is

summarized in Figure 3.5.
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The Type | Interferon Response
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Figure 3.5 The Type | Interferon Response Associated with Double-Stranded RNA. Left
panel: dsRNA in the cytoplasm is recognized by MDA-5 and/or RIG-I, allowing
association with MAVS, activation of TRAF®6, activation of TBK1 and IKKg, and
phosphorylation of IRF3. dsRNA in endosomes is recognized by TLRS3, allowing
activation of TRIF, TRAF3, TBK1 and IKKg, and phosphorylation of IRF3.
Phosphorylated IRF3 translocates to the nucleus where, in combination with other
transcription factors, promotes the expression of IFN-B, which is then secreted from the
cell. Right panel: Secreted IFN-B binds to IFNAR, initiating recruitment and
phosphorylation of STAT1/STATZ2 and association with IRF9, resulting in the formation
of the ISGF3 complex. The ISGF3 complex translocates to the nucleus and promotes
transcription of 1ISGs.
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3.2b Type | IFN Evasion by DENV2

IFN-B expression is induced during DENV2 infection by activation and signaling
through RIG-I, MDA-5, and TLR3 (Loo et al., 2008; Nasirudeen et al., 2011).
Overexpression of any these factors induces greater IFN- expression and reduced
DENV2 replication, while knockout of these factors has the opposite effect (Loo et al.,
2008; Nasirudeen et al., 2011). Due to this ability of the type | IFN response to restrict
virus replication, DENV2, similar to many other viruses, has multiple mechanisms to
reduce IFN signaling and minimize the ability of the host cell to restrict virus replication
(Chen et al., 2017c; Green et al., 2014). These mechanisms are primarily executed by
DENV2 nonstructural proteins including NS2A, NS4A, NS4B, and NS5 (Ashour et al.,
2009; He et al., 2016; Kumar et al., 2013; Munoz-Jordan et al., 2003; Mufioz-Jordan et
al., 2005). Inhibition of type | IFN signaling by DENV2 occurs at multiple levels including
initial recognition by PRRs, PRR signaling, and JAK/STAT signaling (Ashour et al.,
2009; He et al., 2016; Kumar et al., 2013; Munoz-Jordan et al., 2003; Mufioz-Jordan et

al., 2005).

3.2c Transcriptional Regulation of IFN- Expression

Because of the important nature of the type | IFN response in protecting the host
from virus infection, and the potential for immunopathology in a dysregulated interferon
response, IFN-f expression is tightly regulated at multiple levels. Particularly at the level

of IFN-B mRNA expression, transcription of IFN-f relies on the coordinated binding of
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multiple transcription factors and coactivators at the IFN-3 enhancer region, forming the
IFN-B enhanceosome. The IFN- enhanceosome is formed through cooperative binding
of c-Jun/ATF-2, IRFs (including IRF-3 and IRF-7), and the NFkB subunits RelA and p50
(Du et al., 1993; Thanos and Maniatis, 1995; Wathelet et al., 1998). Cooperative binding
of these different elements relies on binding of high-mobility group protein (HMG I(Y))
which induces the necessary conformational change in the enhancer region (Thanos
and Maniatis, 1995). Interaction between the enhanceosome components IRF-3 and
IRF-7 and p300/CREB-binding protein (CBP) further promotes the transcription of IFN-3
(Wathelet et al., 1998).

Appropriately regulated IFN- expression depends not only on coordinated
activation but also proper downregulation to prevent immunopathology associated with
over-activation of the type I IFN response. IRF3, as a key link between PRR signaling
and IFN-B expression, is targeted by a number of negative regulators to reduce type |
IFN signaling. Regulators of IRF3 include Pin1 (peptidyl-prolyl cis-trans isomerase
NIMA-interacting 1), Rubicon (Run domain Beclin-1-interacting and cysteine-rich
domain-containing protein), and LYAR (cell growth-regulating nucleolar protein) (Kim et
al., 2017; Saitoh et al., 2006; Yang et al., 2019). Mechanisms of inhibition of IRF3-
dependent IFN-B expression include: reduced phosphorylation of IRF3 by competitive
binding to TBK1/IKKe, prevention of IRF3 dimerization, increased proteasomal-
mediated degradation of IRF3, and reduced IRF3 binding to the IFN- enhancer (Kim et
al., 2017; Lu et al., 2017; Saitoh et al., 2006; Yang et al., 2019).

IRF3 inhibition and/or downregulation ultimately reduces the expression of IFN-§,

but regulation at the level of IRF3 is not the only mechanism by which IFN-f expression,
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and therein the perpetuation of the type | IFN response, is resolved. In particular, we
were interested in the direct regulation of IFN-f transcription at the promoter, including
recruitment of transcription factors and transcription elongation. Of particular interest
were the transcriptional regulators, cyclin-dependent kinases 8 and 19 (CDK8 and
CDK19) which are known to function primarily in induced states and within innate

immunity pathways (Chen et al., 2017b)

3.3 Cyclin-dependent Kinases 8 and 19

Cyclin-dependent kinase 8 (CDKS8) is a highly conserved 464-amino acid protein
of approximately 53 kDa structured into two lobes (N-lobe and C-lobe) and an activating
loop (A-loop) (Schneider et al., 2011; Tassan et al., 1995; Xu et al., 2014). Within the N-
lobe, the aB helix is responsible for interaction with the CDK8-activating cyclin, Cyclin C
(Schneider et al., 2011). Binding of Cyclin C with CDK8 induces a conformational
change in the A-loop, exposing the catalytic cleft (Schneider et al., 2011)

CDKS8 orthologs have been identified in a wide range of eukaryotic organisms,
while its paralog CDK19 has only been identified in vertebrates (Cao et al., 2014;
Tassan et al., 1995). CDK8 and CDK19 share high sequence similarity and identical
active sites, but diverge in sequence in the 3’ UTR and have both distinct and
overlapping functions (Galbraith et al., 2013; Sato et al., 2004; Steinparzer et al., 2019).
Both CDK8 and CDK19 function in a gene-specific manner to up- or downregulate
transcription (Bancerek et al., 2013; Jeronimo and Robert, 2017; Steinparzer et al.,

2019).
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A body of recent work illustrating a role for CDK8/19 as regulators of metabolic
gene expression (Galbraith et al., 2017; Tang et al., 2018) and as regulators of
immunity-related gene expression (Bancerek et al., 2013; Chen et al., 2017b;
Johannessen et al., 2017; Steinparzer et al., 2019) led us to investigate the role of
CDK8 and CDK19 as transcriptional regulators during DENV2 infection (Chapter 4) and

during the type | IFN response (Chapter 5).

3.3a Mechanisms of Transcriptional Regulation by CDK8/19

Mediator is a large, multi-subunit complex which functions as a co-activator and
mediates RNA polymerase |lI-dependent transcription (Jeronimo and Robert, 2017).
Individual components of Mediator reversibly associate with the complex; for example,
Mediator subunit 12 (Med12), Mediator subunit 13 (Med13), CDK8, and Cyclin C form a
submodule which can associate with both the larger Mediator complex and as an
independent submodule, termed the CDK8 submodule (Knuesel et al., 2009; Tsai et al.,
2013) (Figure 3.6).

The known functional ability of CDKS8 to regulate gene expression is determined
by phosphorylation targets of CDKS8. In the larger mediator complex, CDK8 has been
shown to promote expression of immediate early genes within the serum response
through phosphorylation of Ser5 and Ser2 on the carboxy-terminal domain of RNA Pol Ii
and recruitment of CDK7, CDK9/PTEF-b (Donner et al., 2010). A similar promotion of
pause-release and elongation of transcripts by CDK8 has been shown in the hypoxia

response (Galbraith et al., 2013). In this instance, CDKS8 activity results in the
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recruitment of the super elongation complex (SEC) to stimulate pause-release of RNA
Pol Il on transcripts of genes responsive to hypoxia-inducible factor 1 alpha (HIF-1a.)
(Galbraith et al., 2013).

CDKa8 in the submodule has also been shown to regulate gene expression, but
through different mechanisms. These include phosphorylation of serine 10 on histone
H3, an epigenetic modification which promotes acetylation of lysine 14 on the same
histone H3 tail, thereby leading to an open conformation of chromatin and promoting
transcriptional activity (Meyer et al., 2008).

In addition, a number of transcription factors have been identified as
phosphorylation targets of CDK8. Sterol-regulator element binding protein 1 (SREBP-1),
a transcription factor responsible for the upregulation of expression of genes required
for lipogenesis, is marked for ubiquitin-dependent degradation as a result of CDK8
phosphorylation (Zhao et al., 2012). This CDK8-mediated degradation of SREBP-1
results in reduced expression of key lipogenic genes including FAS (fatty acid
synthase), ACS (acetyl-coenzyme A synthetase), and SCD1 (stearyl-CoA desaturase 1)
(Zhao et al., 2012).

CDK8 phosphorylation of transcription factors does not always follow this same
mechanism of mediating degradation and repressing transcription; rather, the result of
CDK8 phosphorylation of transcription factors can have a positive or negative effect on
gene expression in a manner that is not only dependent on the transcription factor but
on the individual downstream genes. While CDK8 phosphorylation of SREBP-1 results
in reduced expression of SREBP-1-dependent genes, CDK8 phosphorylation of signal

transducer and activator of transcription 1 (STAT1) has a net positive effect on gene
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expression, with some repression on a specific subset of genes (Bancerek et al., 2013).
CDK8 phosphorylates STAT1 in the transactivation domain after nuclear localization of
STAT1 during activation of JAK/STAT signaling by IFN-y treatment (Bancerek et al.,
2013). Known mechanisms of CDK8 transcriptional regulation are summarized in Figure

3.6.

CDKS8 Transcriptional Regulation

H2A| H3

H2B| H4

Figure 3.6 Mechanisms of CDK8 Transcriptional Regulation. CDK8, Cyclin C, Med12,
and Med13 associate with the larger Mediator complex in conjunction with RNA Pol II
and regulate transcription through phosphorylation of the C-terminal domain of RNA Pol
Il. Separately, CDKS8, Cyclin C, Med12, Med13 together form the CDK8 submodule (left)
with an identified phosphorylation target of serine 10 on histone H3, a marker of active
transcription. Additionally, numerous transcription factors (TF) have also been identified
as CDK8 phosphorylation targets. These phosphorylation events have gene-specific up-
or downregulatory effects.

These identified functions of CDKS8 illustrate the critical role of CDKS8 as a
transcriptional regulator in induced states rather than a regulator of basal transcription.
Induced states in which CDKS8 is known to have key regulator functions include: hypoxia

(Galbraith et al., 2013, 2017), starvation (Birkenheuer et al., 2015; Donner et al., 2010;
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Zhao et al., 2012), and immune signaling activation (Bancerek et al., 2013; Chen et al.,
2017b; Johannessen et al., 2017; Steinparzer et al., 2019).

Related to the described functions of CDK8 as a regulator of gene expression in
the hypoxia and serum response pathways, CDK8 has been found to be upregulated
and/or functionally activated in a number of cancers. These include colorectal cancer,
breast cancer, and prostate cancer (Bragelmann et al., 2017; Firestein et al., 2008;
McDermott et al., 2017). While the entirety of CDK8 function as an oncogene is not fully
understood, CDK8 has been identified as an important co-activator in B-catenin-
mediated transformation as well as a regulator of downstream oncogenes in the MAPK
signaling pathway (Donner et al., 2010; Firestein et al., 2008). CDK8 knockdown or
kinase inhibition has also been shown to affect cancer cell line proliferation and
morphology (Galbraith et al., 2017; McDermoitt et al., 2017). Alterations in cellular
metabolism is a hallmark of cancer which allows cellular proliferation and survival in
low-nutrient and low-oxygen tumor microenvironments and recent work has
demonstrated a critical role for CDK8/19 in metabolic gene expression (Galbraith et al.,
2017; Hanahan and Weinberg, 2011; Tang et al., 2018). In addition to the above
described role in the regulation of SREBP-dependent lipogenic enzymes, CDK8 was
identified as a regulator of select glycolytic gene expression in normoxic and hypoxic
states and CDKS8 is a transcriptional regulator of autophagic gene expression in both
Drosophila and mammalian cells (Galbraith et al., 2017; Tang et al., 2018; Zhao et al.,
2012).

In summary, CDK8 kinase activity has diverse targets, functions, and effects on

gene expression in induced states. The net result of CDKS8 kinase activity occurs in a
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gene-specific manner and depends on the signaling and/or response pathway leading
to CDK8 kinase activity, the association of CDK8 with either the larger Mediator

complex or the smaller submodule, and the nature of the phosphorylation target.

3.3b CDK8/19 Chemical Inhibition

Because CDK8 expression is commonly upregulated in human cancers
(Bragelmann et al., 2017; Firestein et al., 2008; McDermott et al., 2017; Park et al.,
2018), it is currently viewed as an important chemotherapeutic target (Johannessen et
al., 2017; Porter et al., 2012). A number of chemical inhibitors of CDK8/19 have been
described. Senexin A is a small-molecule active site inhibitor of CDK8 and CDK19, as is
its second-generation iteration, Senexin B (McDermott et al., 2017; Porter et al., 2012).
Other inhibitors of CDK8/19 kinase activity include cortistatin A and MSC2530818
(Clarke et al., 2016; Pelish et al., 2015; Poss et al., 2016). Recent work has suggested
that the result of CDK8/19 kinase inhibition is distinct from CDK8/19 knockdown,
suggesting a kinase-independent structural or scaffold role for CDK8 and/or CDK19 in
regulation of gene expression (Poss et al., 2016; Steinparzer et al., 2019). This work is
complicated by incomplete knockdown of CDK8/19 and/or incomplete inhibition of
CDK&8/19 by chemical inhibitors and warrants further investigation.

CDK&8/19 knockdown and CDK&8/19 chemical inhibition are not without
challenges. CDK8 knockdown is embryonically lethal, CDK8/19 inhibition has

proliferative and morphological consequences in vitro, and the use of at least some
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CDK&8/19 inhibitors has been found to have significant toxicity in mice (Clarke et al.,

2016; Galbraith et al., 2017; Westerling et al., 2007).

3.3c Viral Manipulation of CDK8/19

Due to CDK®8'’s role in the regulation of proliferation, cell survival in induced
states, and metabolic gene expression, it represents a potentially attractive target for
viral manipulation to reshape the host cell environment in a way that is conducive to
viral replication. One clear example of viral manipulation of CDK8 is walleye dermal
sarcoma virus (WDSV). WDSV is an oncogenic retrovirus of walleye and is associated
with seasonal growth and then regression of dermal sarcomas (Rovnak and
Quackenbush, 2010). WDSV encodes a cyclin-like protein, retroviral cyclin (RV-cyclin)
which has limited homology to host cyclins and interacts with host transcriptional
regulators including TATA-binding protein associated factor 9 (TAF9) to alter the gene
expression profile of host cells (Quackenbush et al., 2009; Rovnak and Quackenbush,
2006). RV-cyclin directly binds to CDK8, functionally replacing Cyclin C, and ultimately
enhancing CDKS8 function in the regulation of transcriptional elongation (Birkenheuer et
al., 2015; Brewster et al., 2011; Rovnak et al., 2012). This is a mechanism by which a
virally encoded protein alters the activity of CDK8 to affect regulation of host gene
expression and may suggest CDK8 as a potential target for other viruses, particularly
those which are highly dependent on CDK8-regulated genes, including metabolic gene

expression.
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3.4 Summary and Introduction to Research Aims

3.4a Introduction to Research Aims, Chapter 4

We investigated the role of host transcriptional regulation in establishment of the
metabolic environment which is required to support DENV2 replication. In particular, we
focused on host transcriptional regulators CDK8 and CDK19 (Galbraith et al., 2017;
Tang et al., 2018). We hypothesized that CDK8 and CDK19, as cellular transcriptional
regulators during induced states, regulate key host transcriptional changes during
DENV2 infection including changes in glucose metabolism and lipophagy which are
known to support viral replication (Abernathy et al., 2019; Fernandes-Siqueira et al.,
2018; Fontaine et al., 2015; Gullberg et al., 2018; Heaton et al., 2010; Jordan and
Randall, 2017; Zhang et al., 2018).

Using a synchronized infection model in a cell line highly permissive to DENV2
infection, our research aims included: characterization of expression changes in CDK8
and CDK19 during the course of infection, characterization of the role of CDK8/19 as
pro- or anti-viral, identification of the mechanism by which CDK8 supports DENV2
replication including identification of specific metabolic pathways and genes which are
regulated by CDK8 and which are required for efficient DENV2 replication, and
ultimately, to characterize the role of CDK8/19 in establishing a cellular metabolic

environment conducive to DENV2 replication.
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3.4b Introduction to Research Aims, Chapter 5

During the investigation into the role of CDK8/19 as transcriptional regulators of
metabolic gene expression during DENV2 infection, we observed a marked effect on
the robustness of the type | interferon response in the context of CDK8/19 inhibition.
This led to a hypothesis that, in addition to a role for regulating metabolic gene
expression, CDK8/19 also have a role in regulation of the innate antiviral response.

However, the DENV2 infection system is not the optimal model for studying
regulation of the type | IFN response. Significant limitations of this model include the
inability to separate early innate recognition of pathogen-associated molecular patterns
(PAMPs) from the later phase of autocrine and paracrine signaling, the known ability of
DENV2 to manipulate the type | IFN response (Ashour et al., 2009; Green et al., 2014)
and the inability to distinguish CDK8 activity from that of CDK19 activity due to
significant reduction in cellular proliferation in the context of knockdown in the cell line
used for DENV2 infection studies (Audetat et al., 2017; Birkenheuer et al., 2015;
Firestein et al., 2008).

We therefore turned to different cell lines and different stimuli to induce the type |
IFN response to address our research aims. These aims included: characterizing the
effect of CDK8/19 inhibition and knockdown on induction of the type | IFN response
during DENV2 infection in multiple cell lines, further establishing the independence or
dependence of DENV2 replication on CDK8/19-dependent regulation of the type | IFN

response, distinguishing unique roles for CDK8 and CDK19 as regulators of the type |
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IFN response, and identifying distinct pathways of induction of the type | IFN response

in which CDK8 and CDK19 differentially regulate IFN-f3 expression.
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CHAPTER 4: CYCLIN-DEPENDENT KINASES 8 AND 19 REGULATE HOST CELL

METABOLISM DURING DENGUE VIRUS SEROTYPE 2 INFECTION?

4.1 Summary

Dengue virus infection is associated with the upregulation of metabolic pathways
within infected cells. This effect is common to infection by a broad array of viruses.
These metabolic changes, including increased glucose metabolism, oxidative
phosphorylation and autophagy, support the demands of viral genome replication and
infectious particle formation. The mechanisms by which these changes occur are known
to be, in part, directed by viral nonstructural proteins that contact and control cellular
structures and metabolic enzymes. We investigated the roles of host proteins with
overarching control of metabolic processes, the transcriptional regulators, cyclin-
dependent kinase 8 (CDK8) and its paralog, CDK19, as mediators of virally induced
metabolic changes. Here, we show that expression of CDK8, but not CDK19, is
increased during dengue virus infection in Huh7 human hepatocellular carcinoma cells,
although both are required for efficient viral replication. Chemical inhibition of CDK8 and
CDK19 with Senexin A during infection blocks virus-induced expression of select
metabolic and autophagic genes, hexokinase 2 (HK2) and microtubule-associated
protein 1 light chain 3 (LC3) and reduces viral genome replication and infectious particle

production. The results further define the dependence of virus replication on increased

2Butler, M.; Chotiwan, N.; Brewster, C.D.; DiLisio, J.E.; Ackart, D.F.; Podell, B.K;
Basaraba, R.J.; Perera, R.; Quackenbush, S.L.; Rovnak, J. (2020). Cyclin-Dependent
Kinases 8 and 19 Regulate Host Cell Metabolism during Dengue Virus Serotype 2
Infection. Viruses. 12, 654.
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metabolic capacity in target cells and identify CDK8 and CDK19 as master regulators of
key metabolic genes. The common inhibition of CDK8 and CDK19 offers a host-directed

therapeutic intervention that is unlikely to be overcome by viral evolution.

4.2 Introduction

According to the World Health Organization, dengue virus (DENV) is endemic in
over 100 countries throughout tropical and subtropical regions worldwide. They estimate
that 500,000 people with severe dengue require hospitalization each year, with an
estimated 2.5% fatality rate (World Health Organization, 2020). The Pan American
Health Organization reported 2,733,635 cases in 2019 in Central and South America,
the highest number of cases ever recorded in the Americas; 22,127 of these were
classified as severe dengue and 1206 people died (Pan American Health Organization
and World Health Organization).

Viruses depend on the host cell to provide energy and metabolic precursors to
support genome replication and infectious particle production. Viral replication places
increased demands for production of ATP and metabolites on the host cell (Mayer et al.,
2019; Moreno-Altamirano et al., 2019; Thaker et al., 2019). To meet these demands,
viruses manipulate the intracellular environment of the host cell by remodeling cellular
structures and by reprogramming cellular metabolism to increase the expression of key
metabolic enzymes (Chotiwan et al., 2018; Fernandes-Siqueira et al., 2018; Fontaine et
al., 2015; Gullberg et al., 2018; Heaton and Randall, 2010; Heaton et al., 2010; Melo et

al., 2018; Perera et al., 2012; Pleet et al., 2018).
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Infections with dengue viruses are the most common mosquito-borne diseases
worldwide and pose a significant risk to approximately half of the world’s population
(Bhatt et al., 2013; Pang et al., 2017). There are four distinct serotypes, dengue 1, 2, 3,
and 4 (DENV1-4), each causing a similar, acute disease marked by fever and severe
joint pain. Sequential infections with different DENV serotypes are associated with
dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), which are life
threatening in 15% of patients (Guzman and Harris, 2015; Halstead, 2007).

Of the four serotypes, DENV2 has been shown to rely on increased glucose uptake
and enhanced glucose metabolism to provide necessary metabolic intermediates for
viral replication (Fernandes-Siqueira et al., 2018; Fontaine et al., 2015; Silva et al.,
2019). DENV2 infection also induces autophagy and lipophagy for efficient replication
(Abernathy et al., 2019; Chen et al., 2016; Heaton and Randall, 2010; Jordan and
Randall, 2017; Lee et al., 2008; Zhang et al., 2018). Lipophagy releases fatty acids from
lipid droplets which are shuttled into mitochondria for B-oxidation and ATP production
(Heaton and Randall, 2010; Jordan and Randall, 2017; Zhang et al., 2018).

Recent work has identified interactions between viral non-structural proteins and
host metabolic enzymes to modify these processes (Allonso et al., 2015; Heaton et al.,
2010; Silva et al., 2019). Beyond protein—protein interactions, it has also been shown
that expression of MRNAs encoding specific metabolic enzymes is elevated during
DENV2 infection, and this increases the total metabolic capacity of infected cells
(Fontaine et al., 2015; Gullberg et al., 2018). We sought to identify host factors that
regulate these transcriptional changes in metabolic enzyme expression during DENV2

infection.
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Cyclin-dependent kinase 8 (CDK8) is a component of the general transcription
factor, Mediator, a large protein complex required for transactivation of all RNA
polymerase Il (RNA Pol Il) transcription. CDK8 regulates transcriptional elongation by
phosphorylation of the C-terminal domain of the largest subunit of RNA Pol Il, a variety
of transcription factors, and serine 10 on histone H3 (H3S10) (Bancerek et al., 2013;
Donner et al., 2010; Galbraith et al., 2013; Meyer et al., 2008; Zhao et al., 2012). CDK8
regulates gene expression preferentially during induced states such as hypoxia and
serum starvation (Birkenheuer et al., 2015; Donner et al., 2010; Galbraith et al., 2013;
Rovnak et al., 2012) and has recently been implicated in the transcription of glycolytic
and autophagic genes (Galbraith et al., 2017; Tang et al., 2018).

We have previously shown that CDKS8 is directly and very specifically targeted by
the oncogenic retrovirus, walleye dermal sarcoma virus (Birkenheuer et al., 2015;
Brewster et al., 2011; Rovnak and Quackenbush, 2002; Rovnak et al., 2012) and
reasoned that CDK8 is likely targeted, directly or indirectly, by many viruses with
metabolic and autophagic demands, as exemplified by DENV2 infection. We found that
expression of CDK8 is upregulated during DENV2 infection of Huh7 human
hepatocellular carcinoma cells, and that this precedes increased expression of two key
genes, hexokinase 2 (HK2) and microtubule-associated protein 1 light chain 3 (LC3).

Knockdown of expression of CDK8, the CDK8 paralog, CDK19, or their activator,
Cyclin C, reduced viral genome replication. CDK8 and CDK19 share identical active
sites, which allows their specific inhibition with small-molecule competitive inhibitors. We
used the active-site inhibitor, Senexin A and its second-generation iteration, Senexin B

(McDermott et al., 2017; Porter et al., 2012). These compounds reduced DENV2
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induction of HK2 and LC3 expression, viral RNA replication, and the production of
infectious particles. Inhibition of CDK8/CDK19 kinase activity also reduced
mitochondrial function in infected and uninfected cells. The results identify DENV2
dependence on CDKS8 function to regulate host gene expression, a host mechanism

that can be targeted for therapeutic interdiction.

4.3 Materials and Methods

4 .3a Cell Culture and DENV2 Infection

Huh7 cells, a hepatocellular carcinoma cell line derived from a liver tumor in a 57-
year-old Japanese male in 1982 (https://huh7.com), were provided by Dr. Rushika
Perera and cultured in Dulbecco’s modified Eagle medium (DMEM), supplemented with
10% fetal bovine serum (FBS), 1% non-essential amino acids, 1% L-glutamine, 1%
penicillin-streptomycin, and 25 mM HEPES. At 24 h prior to infection, 1 x 108 Huh7 cells
were plated in 25 cm? flasks. Immediately prior to infection, cells were incubated at 4 C
for 15 min, washed with cold Dulbecco’s phosphate-buffered saline (D-PBS) and
incubated with DENV2 (strain 16681, passage 4) (Kinney et al., 1997) at 4 C for 1 h with
rocking. Virus media were removed and replaced with supplemented DMEM with 2%

FBS.
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4.3b CDK&8/19 Small-Molecule Inhibition and Cell Viability Assay

Mock- or DENV2-infected cells were incubated in DMEM with Senexin A
(MedChemExpress, Monmouth Junction, NJ, USA) or Senexin B (ProbeChem,
Shanghai, China) at indicated concentrations or in media with the volumetric equivalent
(final 0.01%) of DMSO solvent for the indicated period of time. Cell viability with Senexin
treatment or shRNA transduction was determined by modified MTS assay according to
the manufacturer’s instructions (CellTiter 96 Aqueous One Solution Cell Proliferation

Assay, Promega, Madison, WI, USA).

4.3c gRT-PCR Analysis

At the indicated times post infection or treatment, cells were collected in TRIzol
(Thermo Fisher Scientific, Waltham, MA, USA), and total RNA was isolated according to
the manufacturer’s instructions and treated with Turbo DNase | (Thermo Fisher
Scientific, Waltham, MA, USA). cDNA was synthesized with an iScript cDNA synthesis
kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions, and then,
subjected to qPCR analysis with iQ SYBR green Supermix in a CFX96 real-time PCR
system (Bio-Rad, Hercules, CA, USA). Primer sequences are listed in Table 4.1.
Relative expression was normalized to the housekeeping gene, Succinate
Dehydrogenase Complex Flavoprotein Subunit A, SDHA (Watson et al., 2007). For
genomic equivalent analysis, Cq values were standardized to ten-fold dilutions of in vitro

transcribed DENV2 genomic RNA and subject to gRT-PCR.
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Table 4.1 PCR Primers.

Gene Forward

CDK8 GGGATCTCTATG
TCGGCATGTAG

CDK19 GCCACGGCTAGG
GCCT

Cyclin C  ATGGCAGGGAAC
TTTTGGCAG

DENV ACAAGTCGAACA
ACCTGGTCCAT

HK2 CAAAGTGACAGT
GGGTGTGG3

LC3 AAGGCTTTCAGA
GAGACCCTG

ENO1 GTCTCTTCAGGC
GTGCAAGC

PFKL GGCATTTATGTG
GGTGCCAAAGTC

PKM2 CCACTTGCAATTA
TTTGAGGAA

GAPDH GCCATCAATGAC
CCCTTCAT

SDHA GACAACTGGAGG
TGGCATT

Reverse
AAATGACGTTTG
GATGCTTAAGC
GCGAGAACTGGA
GTGCTGATAA
ACCGTAGCAGTG
GCAATAACT
GCCGCACCATTG
GTCTTCTC
GCCAGGTCCTTC
ACTGTCTC3
CCGTTTACCCTG
CGTTTGTG
GATGAGACACCA
TGACGCCC
CAGTTGGCCTGC
TTGATGTTCTCA
GTGAGCAGACCT
GCCAGACT
CGCTCCTGGAAG
ATGGTG
CCGTCATGTAGT
GGATGGCA

Source
(Galbraith et al., 2013)

(Galbraith et al., 2013)
Birkenheuer, unpublished
(Laue et al., 1999)

(Wolf et al., 2011)

(Sinha et al., 2015)
(Galbraith et al., 2017)
(Lee et al., 2017)

(Haas et al., 2015)
(Brewster et al., 2011)

(Watson et al., 2007)

4.3d Plaque-forming Unit and Extracellular Genome Equivalent Analysis

Media were collected from virus-infected cells at indicated times, centrifuged at

500x% g for 15 min to remove cellular debris, and aliquoted into TRIzol LS (Thermo

Fisher Scientific, Waltham, MA, USA). RNA was extracted according to the

manufacturer’s instructions, and cDNA was synthesized with an iScript cDNA synthesis

kit (Bio-Rad, Hercules, CA, USA) and subjected to qPCR analysis with iQ SYBR green

Supermix in a CFX96 real-time PCR system (Bio-Rad, Hercules, CA, USA). Cq values

were compared to ten-fold dilutions of in vitro transcribed DENV2 genomic, as

described above.
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Plaque assays were performed on BHK cells. Briefly, 10-fold dilutions of clarified
supernatant were adsorbed on confluent BHK cells for 1 h. The cells were then overlaid
with 3 mL of 1% agarose in MEM supplemented with 5% FBS. After incubation for 8
days, 4% neutral red solution in PBS was added to the agar overlay, and plaques were

counted at 18—24 h after staining.

4 3e Lentivirus-mediated shRNA Gene Knockdown

Lentivirus delivery of short hairpin RNAs (shRNA) (Sigma-Aldrich, St. Louis, MO,
USA, listed in Table 4.2) was used to knock down expression of CDK8, CDK19, and
Cyclin C. A non-target shRNA was used as a control. 293FT cells (Thermo Fisher
Scientific, Waltham, MA, USA) were transfected with shRNA and lentivirus packaging
constructs, and virus particles were collected after 48 h. Huh7 cells were transduced
with shRNA lentiviruses at an MOI of 1 and incubated for 48 h prior to selection with 1
pug/mL puromycin for four days. Selected cells were harvested for protein assay or

replated at 1 x 108 cells per 25 cm? flask for DENV2 infection (MOI = 1) for 24 h.

Table 4.2 shRNA sequences.

Gene Designation Sequence

CDK8 TRCNO0O0O00 CCGGATGTCCAGTAGCCAAGTTCCACTCGAGTG
00489 GAACTTGGCTACTGGACATTTTTT

CDK19 TRCNO0O0001 CCGGAGGACTGATAGCTCTTCTTTACTCGAGTAA
95069 AGAAGAGCTATCAGTCCTTTTTT

Cyclin C TRCNO0O000 CCGGGCATCCAAAGTAGAGGAATTTCTCGAGAAA
20189 TTCCTCTACTTTGGATGCTTTTT

Nontarget SHCO002 CCGGCAACAAGATGAAGAGCACCAACTCGAGTT

GGTGCTCTTCATCTTGTTGTTTTT
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4 .3f Subcellular Extracts and Protein Analysis

Nuclear extracts were prepared as previously described (Brewster et al., 2011).
Briefly, cells were lysed in 0.5% NP-40 in PBS with protease and phosphatase inhibitors
(2 pg/mL leupeptin and aprotinin, 1 pg/mL pepstatin, 0.2 mM phenylmethylsulfonyl
fluoride [PMSF], 0.2 mM sodium orthovanadate, 2 mM sodium pyrophosphate, and 1
mM glycerophosphate). Nuclei were pelleted at 1500 x g, washed with cold PBS, and
then, with buffer A (10 mM HEPES pH 8.0, 10 mM KCI, 1.5 mM MgCI2, 0.5 mM
dithiothreitol (DTT)), prior to extraction overnight with 2.5 nuclear pellet volume buffer C
(10 mM HEPES pH8.0, 420 mM KCI, 20% glycerol, 0.1 mM EDTA, 0.5 mM DTT, and
protease and phosphatase inhibitors). Extracted nuclei were pelleted for 15 min at
21,000 x g and re-extracted with 1 pellet volume buffer C. Extracts were pooled for
analysis. Remaining chromatin-bound proteins were prepared from extracted nuclear
pellets after an additional wash with buffer C and equilibration in DNAse digestion buffer
(100 mM Tris HCI, pH 7.5, 25 mM MgClI2, and 5 mM CaCl2) prior to addition of
digestion buffer with 1 Unit DNAse | /uL and rotation at 4 °C for 72—-96 h. Digested
chromatin preparations were clarified at 21,000 x g for 15 min.

Mitochondrial extracts were prepared as previously described (Clayton and Shadel,
2014). Briefly, cells were swelled in cold hypotonic buffer (10 mM NacCl, 1.5 mM MgClI2,
10 mM Tris-HCI pH7.5) and broken in a Dounce homogenizer. Lysates were brought to
210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCI (pH 7.5) and 1 mM EDTA with 2.5X
homogenization buffer. Nuclei were removed by centrifugation at 1300 x g for 5 min,

and then, mitochondria were pelleted at 15,000 x g for 15 min, washed once in
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homogenization buffer and suspended in immunoprecipitation (IP) buffer (1% Triton X-
100, 0.5% NP-40, 150 mM NaCl, 10 mM Tris-HCI (pH 7.5), 1 mM EDTA (pH 8.0), 1 mM
EGTA, and protease and phosphatase inhibitors).

Protein concentration of each extract was determined with a Pierce BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Equal quantities of total protein were separated by
polyacrylamide gel electrophoresis for western blot. Blocked blot segments, separated
by molecular weight range, were probed simultaneously with indicated primary
antibodies (Tables 4.3 and 4.4) overnight. Antibodies were detected with appropriate
horseradish peroxidase-conjugated secondary antibodies and developed with the TMB
membrane peroxidase substrate system (3,3',5,5-Tetramethylbenzidine, KPL). Images
were scanned with a Visioneer One Touch 9420 scanner at a gamma value of 1.0, and
all contrast adjustments were uniformly applied using Adobe Photoshop. High contrast
images were measured using NIH Imaged gel analysis software to determine band

densities.

Table 4.3 Cell Protein Antibodies.

Antibody Source Catalog #

Rabbit anti 3 Actin Cell Signaling #4967

Goat anti CDK8 Santa Cruz sc 1521
Biotechnology

Rabbit anti Cyclin C Novus Biologicals #NB1202950

Mouse anti Cytochrome C oxidase Molecular Probes #A21347

subunit 1V

Mouse anti Phospho Histone H3 Cell Signaling #9706

(Ser10)

Rabbit anti Histone H3 Cell Signaling #9715

Rabbit anti Hexokinase 2 Proteintech AP#22029

Rabbit anti LC3B Novus Biologicals #NBP246892SS
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Table 4.4 Virus Protein Antibodies.

Antibody Source Catalog #
Mouse anti Flavivirus group antigen Novus Biologicals #NBP252079
protein E, Clone 4G2

Mouse anti DENV2 NS5 protein GeneTex #GTX629447
Rabbit anti DENV capsid protein GeneTex #GTX103343
Rabbit anti DENV prM protein GeneTex #GTX128093
Mouse anti DENV NS3 protein GeneTex #GTX124252

4.3g Mitochondrial and Glycolytic Stress Tests

A Seahorse XFe analyzer (Agilent Technologies, Santa Clara, CA, USA) was used
to measure the oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) based on the mitochondrial stress test (Agilent 103015-100) and glycolysis
stress test (Agilent 103020-100), respectively. Huh7 cells were plated in XF96 cell
culture microplates at 2 x 10* cells per well 16 h prior to infection with DENV2 at an MOI
of 10. At 24 or 48 hpi, the culture media were replaced with 180 uL of XF base medium
(Agilent Technologies, Santa Clara, CA, USA) supplemented with 1 mM pyruvate, 2 mM
L-glutamine, and with 10 mM glucose for the mitochondrial stress test or without
glucose for the glycolysis stress test. The cells were rested for one hour in a non-CO2
incubator at 37 C, then placed in the Seahorse for analysis. The mitochondrial stress
test used sequential injections of oligomycin (1 uM), p-trifluoromethoxyphenylhydrazone
(FCCP, 1.5 uM), and rotenone and antimycin A (0.5 uM each). The glycolysis stress

test used sequential injections of glucose (10 mM), oligomycin (1 yM), and 2-
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deoxyglucose (50 mM). Measurements were collected at 5-minute intervals; three times
before and after injections and six times after the last injection. After analysis, cell
numbers were measured by addition of 22 pL 10 nM Calcein-AM to all wells and
absorption read at 520 nm after excitation at 488 nm in a SpectraMax M2e plate reader
(Molecular Devices, San Jose, CA, USA). Calcein readings were imported into Wave
(Agilent Technologies, Santa Clara, CA, USA) software to normalize OCR and ECAR
readings.

Mitochondrial activity was determined as follows: (1) Basal respiration was
calculated using the last rate measurement before injection of oligomycin minus the
non-mitochondrial respiration rate (defined as the minimum rate measurement after
rotenone/antimycin A injection), (2) ATP production was calculated as the last rate
measurement before oligomycin injection minus the minimum rate measurement after
oligomycin injection, (3) Maximum respiration was calculated using the maximum rate
measurement after FCCP injection minus non-mitochondrial rate, (4) Spare capacity
was the maximal respiration minus basal respiration, and (5) Proton leak was the
minimum rate measurement after oligomycin injection minus non-mitochondrial
respiration. Glycolytic function was determined as follows: (1) Glycolysis was the
maximum rate measurement before oligomycin injection minus the last rate of
measurement before glucose injection, (2) Glycolytic capacity was the maximum rate
measurement after oligomycin injection minus the last rate of measurement before
glucose injection, (3) Glycolytic reserve was the glycolytic capacity minus glycolysis and

(4) Non-glycolytic acidification was the last rate measurement prior to glucose injection.
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4 .3h Statistics

Statistical analysis was performed on Prism software (Version 8.1.2 (227)).

4.4 Results

4 .4a Cyclin-dependent Kinase 8 Is Upregulated during DENV2 Infection

To investigate the role of CDK8 during DENV?2 replication, we quantified CDK8
mMRNA over time after synchronized infection with a high multiplicity of infection (MOI) to
reach complete or near-complete infection of all cells in the culture and mitigate effects
from uninfected bystander cells. Huh7 cells were mock-infected, infected at an MOI of
10, or treated with a matched preparation of UV-inactivated DENV2 particles (UV-
DENV?2). After binding at 4 C, cells were washed and incubated in media at 37 C. Total
RNA was harvested at 0, 3, 6, 9, 12, 24 and 48 h post infection (hpi) and virus
replication was monitored by qRT-PCR (Figure 4.1A).

We observed a modest increase in CDK8 mRNA levels in infected cells at 3 hpi
followed by a steady rise after 12 hpi, coincident with maximal virus replication (Figure
4.1A, 4.1B). We saw the sharpest increase in CDK8 mRNA expression between 24 and
48 hpi in DENV2-infected cells relative to mock-infected cells and cells treated with UV-
inactivated virus (Figure 4.1B), and subsequently observed a 2.3-fold increase in CDK8
MRNA levels at 36 hpi in six biological replicates (Figure 4.1C; mean = 2.30 +/- 0.09, p

< 0.0001). A 2.3-fold increase in CDK8, while modest, may have a profound
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reprogramming effect on the host cell due to the cascading nature of CDK8-mediated
transcriptional regulation.

Viral RNA from cells treated with UV-DENV2 was taken up by cells (Figure 4.1A)
but did not result in viral RNA replication or increased expression of CDK8 (Figure
4.1B), demonstrating that the induction of CDK8 expression is dependent upon uptake
of infectious DENV2. In contrast to the increase in CDK8 expression, we found no
significant change in CDK19 mRNA expression (Figure 4.1D), suggesting a specific
demand for increased CDK8 during DENV2 infection. CDK8 and its paralog CDK19 are
highly conserved in their kinase and cyclin-binding domains, but have unique C-terminal
domains, suggesting similar but divergent functions (Fant and Taatjes, 2019;
Steinparzer et al., 2019).

CDKS8 protein levels were also increased in DENV2-infected cells compared to the
start of infection (Figure 4.1E). Increased CDK8 was visible in nuclear extracts at 3 hpi,
coincident with the first appearance of DENV2 nonstructural protein 5 (NS5) in the
nuclei of infected cells (Figure 4.1E). Apparent CDKS8 levels in the soluble nuclear
fraction remained elevated, relative to Cyclin C, throughout the course of infection and
were coincident with a progressive increase in the phosphorylated form of a known
CDKS8 substrate, H3S10-P (Galbraith et al., 2010; Meyer et al., 2008) relative to total
histone H3 (Figure 4.1E). In addition to increased CDK8 in the salt-soluble nuclear
fraction, CDKS8 in the remaining chromatin fraction began to increase after 6 hpi (Figure
4 .1E, see methods for details). Increased chromatin-bound CDK8 was also coincident
with increasing NS5 levels in the chromatin fraction. The partition of DENV2 NS5

protein between soluble nuclear and chromatin fractions has been observed previously
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(De Maio et al., 2016; Hannemann et al., 2013; Kumar et al., 2013; Tay et al., 2013).
There was also an apparent increase in H3S10-P, relative to H3 levels, in the chromatin
fraction (Figure 4.1E). H3S10-P is a mark of active, open chromatin (Galbraith et al.,

2010; Meyer et al., 2008).
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Figure 4.1 CDKS is upregulated during DENV2 infection. (A,B) Huh7 cells were either
mock-infected, infected with DENV2 at MOI 10, or treated with equivalent UV-
inactivated DENV2 (UV-DENV) over a time course of 48 h. Total cellular RNA was
collected at indicated time points after infection and analyzed by gRT-PCR for DENV
RNA (A), and CDK8 mRNA expression (B), relative to the time of infection and
normalized to the housekeeping gene, SDHA. Results are representative of two
independent experiments. (C—D) CDK8 (C) and CDK19 (D) mRNA expression in mock
or DENV-infected Huh7 cells after 36 h of infection at MOI 10 (n = 6 biological
replicates; **** p < 0.0001 unpaired, two-tailed t test). Error bars represent mean +/-
SEM). (E) Western blot analyses of 10 ug of total protein from nuclear extracts (Soluble
Nuclear Extracts) and from the remaining, salt-extracted chromatin fraction (Chromatin-
Bound Proteins) from cells collected every three hours for 24 h after infection. Antibody
specificities are indicated as are the relative band densities of CDK8 versus Cyclin C
and histone H3 phosphorylated at serine in position 10 (H3S10-P) versus total histone
H3 (H3). Infection was confirmed by presence of nuclear DENV2 NS5. The results are
representative of three separate time-course infections.

These data demonstrate that CDK8 mRNA and protein levels increase after DENV2

infection and suggest active CDK8 phosphorylation of histone H3 at serine 10 in
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association with increased transcriptional activity. CDK8 chromatin occupancy is also
increased during DENV2 infection, an outcome associated with enhanced CDK8-
dependent gene expression (Birkenheuer et al., 2015; Donner et al., 2010; Galbraith et

al., 2013; Rovnak et al., 2012).

4.4b Knockdowns of CDK8 and CDK19 Reduce DENV2 Replication

To investigate the roles of CDK8 and CDK19 during DENV2 infection, we utilized
lentivirus-mediated shRNA knockdowns of CDK8, CDK19, and their activating cyclin,
Cyclin C, in Huh7 cells (Figure 4.2A). Huh7 cells were transduced with non-target-
shRNA (NT-shRNA) or CDK8-shRNA, selected in puromycin for four days, and then,
mock-infected or infected with DENV2. For the purpose of evaluating changes in
efficiency of viral replication and transmission within the cell culture, we elected to use
an MOI of 1 and quantitated DENV2 genome equivalents (GE) and DENV2 RNA
relative to housekeeping gene transcripts in infected cells. Knockdown of CDK8
reduced DENV2 replication 8.5-fold when compared to NT-shRNA controls (NT-shRNA
mean = 4.4 + 0.9 x 10% GE vs. CDK8-shRNA mean = 5.2 + 0.3 x10° GE, p = 0.002), and
CDK19 knockdown reduced replication 10.5-fold (CDK19-shRNA mean= 4.2 + 0.8 x 10°
GE, p = 0.002) (Figure 4.2B).

Knockdown of either CDK8 or CDK19 has previously been shown to reduce the
proliferation rate of cultured cells (Audetat et al., 2017; Birkenheuer et al., 2015;
Firestein et al., 2008) and we observed reduced proliferation of CDK8 and CDK19

knockdowns, compared to NT-shRNA control cells (Figure 4.2C), so we normalized
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DENV2 RNA expression to a housekeeping gene to correct for reduced cell numbers.
There was a significant decrease in DENV2 RNA in CDK8 and CDK19 knockdown cells
relative to cellular RNA (Figure 4.2D). Knockdown of Cyclin C (CycC-shRNA)
expression (Figure 4.2A), which activates both CDKs and is a proxy for CDK8/19
knockdown (Bancerek et al., 2013) did not affect cell numbers but did reduce DENV2
replication 3.3-fold (NT-shRNA mean = 4.4 + 0.9 x 10° GE vs. CycC-shRNA mean = 1.3
+0.2 x 10° GE, p = 0.009) (Figure 4.2B-D).
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Figure 4.2 Knockdowns of CDK8 and CDK19 reduce DENV?2 replication. (A) Western
blot analysis of 10 ug of total protein from nuclear extracts of Huh7 cells transduced at
an MOI of 1 with lentivirus-mediated non-target control or CDK8-targeted shRNA,
CDK19-targeted shRNA, or cyclin C-targeted shRNA. (B) Lentivirus-transduced Huh7
cells were infected with DENV2 at MOI 1 for 24 h, and total cellular RNA analyzed by
gRT-PCR for DENV RNA quantification relative to in vitro transcribed DENV genome
equivalent (GE) standard curve (n = 3 biological replicates per group; ** p < 0.01; one-
way ANOVA with Tukey’s multiple comparisons test. Error bars represent mean +/
SEM). (C) Relative optical density read in lentivirus-transduced Huh7 cells after four
days of selection, then treated with CellTiter 96 Aqueous One Solution. (n = 4 biological
replicates. * p < 0.05, **** p < 0.0001; one-way ANOVA with Dunnett’s test. Error bars
represent mean +/ SEM). (D) Lentivirus-transduced Huh7 cells were infected with
DENV2 at MOI 1 for 24 h, and total cellular RNA analyzed by gqRT-PCR for DENV RNA
quantification normalized to the housekeeping gene, SDHA, and relative to expression
in non-target controls (n = 3 biological replicates per group; * p < 0.05, one-way ANOVA
with Tukey’s multiple comparisons test. Error bars represent mean +/ SEM).
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4.4c CDK8/19 Chemical Inhibition Reduces DENV2 Replication

To better study CDK8 and CDK19 function during DENV?2 infection, we utilized a
small-molecule CDK8/19 active site inhibitor, Senexin A (Porter et al., 2012). The use of
Senexin A does not distinguish CDK8 and CDK19 activities, as their active sites are
identical, but Senexin A treatment can be administered exclusively during infection
without prior treatment or selection and did not negatively affect Huh7 cell proliferation
at the concentrations used in this study (12—-25 uM) (Figure 4.3A). Senexin inhibition of
CDK&8/19, in contrast to knockdowns, exclusively inhibits kinase activity rather than
eliminating both kinase- and structure-related functions of CDK8/19 (Porter et al., 2012;
Steinparzer et al., 2019). We verified Senexin A inhibition of CDK8 function by inhibiting
expression of a known CDK8-dependent serum response gene, EGRI (Birkenheuer et
al., 2015; Donner et al., 2010) (Figure 4.3B). Cells which were serum-starved and
subsequently serum-repleted exhibited the characteristic induction of EGR1, while cells
treated with Senexin A did not significantly induce EGR1 expression in response to
serum (Figure 4.3B).

Huh7 cells were treated with dimethyl sulfoxide (DMSO) or Senexin A solubilized in
DMSO at the start of synchronized infections, and virus replication was assessed at 24
hpi (after one round of virus replication) (Figure 4.3C) and at 36 hpi (coincident with
significantly increased CDK8 expression, Figures 4.1C and 4.3D). At 24 hpi, 12 uM
Senexin A reduced intracellular virus RNAs 2.7-fold compared to DMSO controls
(DMSO mean =4.1 £ 0.5 x 10° GE vs. Senexin Amean =1.5+0.2x 10°GE, p =

0.008) (Figure 4.3C). Senexin A treatment also reduced extracellular virus RNAs 3.2-
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fold (DMSO mean =2.2 + 0.5 x 10% GE vs. Senexin Amean =6.8 + 1.4 x 10* GE, p =
0.04) and infectious virus particles by 8.9-fold (DMSO = 1.9 + 0.2 x 10* PFU/mL vs.
Senexin A mean = 2.1 + 1.0 x 103 PFU/mL, p = 0.0015) (Figure 4.3C). At 36 h hpi, 25
UM Senexin A reduced DENV?2 intracellular virus RNAs 1.9-fold (DMSO, 1.5 x 10 GE
vs. Senexin A, 7.8 x 10° GE), extracellular RNAs by 3.8-fold (DMSO, 1.6 x 10° GE vs.
Senexin A, 4.2 x 105 GE) and PFU/mL by 6.8-fold (DMSO, 4.0 x 10* vs. Senexin A, 5.9
x 103) (Figure 4.3C).

We analyzed the viral proteins in Senexin A-treated cells by western blot (Figure
4.3D). Cell-free virus particles, pelleted from equal volumes of infected-cell
supernatants, showed reduction in envelope protein, E, prM and capsid levels (Figure
4.3D). Although levels of capsid protein were outside of the linear range of the western
analysis, the relative band densities of E at 24 and 48 hpi and of prM at 24 hpi in
supernatants from Senexin A-treated cells have approximately 15% of the protein in the
untreated cells. The results from Senexin A inhibition of CDK8/19 during DENV2
infection indicate a significant deficit in the synthesis of viral RNA and in the production

and packaging of infectious viral particles.
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Figure 4.3 CDK8/19 Chemical inhibition reduces DENV2 replication. (A) Relative optical
density of Huh7 cells after 72 h treatment with DMSO or Senexin A at indicated doses
and addition of CellTiter 96 Aqueous One Solution. (n = 9 biological replicates. **** p <
0.0001 one-way ANOVA with Dunnett’s test. Error bars represent mean +/ SEM). (B)
EGR1 mRNA levels in serum-starved and serum-stimulated Huh7 cells in the presence
of DMSO or 12 yM Senexin A (n = 3 biological replicates; * p < 0.05, **** p < 0.0001
one-way ANOVA with Dunnett’s test; error bars represent mean +/- SEM). (C) DENV2
RNAs in total cellular RNA preparations (Intracellular RNA, GE) and in culture
supernatants (Extracellular RNA, GE) were determined by qRT-PCR, and supernatant
virus measured by plaque assay (Infectious Particles). Huh7 cells were infected with
DENV2 (MOI = 1) for 24 or 36 hpi with DMSO or 12 or 25 pM Senexin A, respectively (n
= 3 biological replicates; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; unpaired
two-tailed t test; Error bars represent mean +/ SEM). (D) Western blot assays of
supernatant virus pellets from cells infected with 10 MOI UV-treated DENV2 (UV), or
with DENV2 without (DENV) or with 25 uM Senexin A (DENV/Sen) at 24 and 48 hpi.
Antibody specificities are indicated. Relative band densities of DENV2 gE, prM, and
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capsid proteins in DENV2-infected, Senexin A-treated versus DENV2-infected virus
preparations are indicated to the right of the indicated panels. Results are
representative of three biological replicates for each time point.

4.4d Metabolic Gene Expression Is Dependent on CDK8/19 Kinase Activity

CDKS8 kinase activity has been shown to control the transcription of select glycolytic
genes (Galbraith et al., 2017). We investigated the role of CDK8 and CDK19 as
regulators of the metabolic pathways that are induced during DENV?2 infection. The
early steps in glycolysis are critical for production of metabolites that support DENV2
replication and are marked by an increase in glucose uptake and increased expression
of the first rate-limiting enzyme in glycolysis, HK2 (Fernandes-Siqueira et al., 2018;
Fontaine et al., 2015). We measured HK2 mRNA expression during the time course of
synchronized DENV2 infections and confirmed that it is upregulated compared to mock-
infected cells and cells infected with equivalent UV-inactivated DENV2 (Figure 4.4A).
Increased HK2 mRNA levels were detected after 12 hpi, coincident with maximal virus
RNA replication and with increased CDK8 mRNA expression (Figure 4.1 A—C). HK2
MRNA levels were increased 3.68-fold (+ 0.38, n = 7) in DENV-infected Huh7 cells at 48
hpi (Figure 4.4B).

We assessed the impact of Senexin A on HK2 expression during synchronized
DENV?2 infections and observed inhibition of the virus-induced HK2 expression but not
of basal HK2 expression. Senexin A did not entirely block HK2 induction by infection but
did reduce it (2.88 + 0.21-fold increase over mock vs. a 5.10 £ 0.49-fold increase in
DMSO-treated infected cells; Figure 4.4C). Mock-infected cells showed no difference in

HK2 expression with or without Senexin A treatment (Figure 4.4C). While conducting
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these experiments, we obtained a second generation CDK8/19 inhibitor, Senexin B
(McDermott et al., 2017) and confirmed a similar 2.1-fold reduction in DENV2 genome
equivalents with Senexin B treatment as we observed with Senexin A (DMSO GE mean
= 6.7 £ 1.0 x 107, Senexin B GE mean = 3.2 £ 0.7 x 107). As with Senexin A treatment,
Senexin B inhibited the induction of HK2 during DENV2 infection, while basal
expression of HK2 was unaffected (Figure 4.4C, right panel; DMSO mean fold change
over mock: 4.64 + 0.45, Senexin B: 3.22 + 0.45).

In addition to HK2, we evaluated mRNA levels of four other glycolytic genes which
have been shown to be responsive to CDKS8 function: phosphofructokinase (PFK),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), enolase isoform 1 (ENO1), and
pyruvate kinase isoform M2 (PKM2) (Galbraith et al., 2017). Expression of these four
genes was not upregulated during DENV2 infection of Huh7 cells (data not shown). This
is in line with previous work demonstrating an anapleurotic role for HK2 in the
production of metabolic intermediates rather than an ATP-producing role (Fernandes-
Siqueira et al., 2018; Fontaine et al., 2015).

HK2 localizes to the outer mitochondrial membrane, where it functions in the
regulation of glucose metabolism, protection from apoptosis, and initiation of autophagy
(Ahn et al., 2009; Fontaine et al., 2015; John et al., 2011; Roberts and Miyamoto, 2015).
We prepared mitochondria-enriched fractions (Clayton and Shadel, 2014) which are
also known to be enriched in viral replication complexes and DENV2 proteins (Barbier
et al., 2017). We observed increased HK2, relative to levels of a mitochondrial marker
protein, cytochrome c oxidase subunit 4 (Cox4), in preparations from DENV2-infected

cells compared to mock and UV-DENV2-treated cells, and Senexin A treatment reduced
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HK2 abundance to levels in uninfected cells (Figure 4.4D). Senexin A treatment also
reduced the apparent levels of NS5 and prM in these preparations to 21% of levels in
DENV2-infected cell preparations (Figure 4.4D). Cox4 protein levels were apparently
unaffected by Senexin treatment.

Overall, these data indicate that Senexin inhibition of CDK8/19 kinase activity
specifically reduces virus-induced but not basal levels of HK2 mRNA and protein
expression, and that the expression of the host protein Cox4 is unaffected by both

DENV2 infection and by Senexin A treatment.
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Figure 4.4 Senexin A reduces DENV2 induction of hexokinase 2 expression. (A) Huh7
cells were either mock-infected or infected with DENV2 at MOI 10, and HK2 mRNA
expression analyzed by gRT-PCR at indicated time points. Results are representative of
two independent experiments. Expression is relative to time of infection and normalized
to SDHA. (B) HK2 expression in mock vs. infected cells at 48 hpi (n = 7 biological
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replicates; *** p < 0.001 unpaired, two-tailed t test with Welch’s correction). Error bars
represent mean +/— SEM. (C) HK2 mRNA expression in mock-infected and infected
Huh7 cells treated with DMSO or 25 uM Senexin A or 12 yM Senexin B added at start
of infection (MOI 10; 36 hpi). Expression relative to mock-infected, DMSO-treated cells
and normalized to SDHA (n = 3 biological replicates; ** p < 0.01, **** p < 0.0001; one-
way ANOVA with Tukey’s multiple comparisons test). Error bars represent mean +/-
SEM. (D) Western blot analysis of cellular and viral protein abundance in 2 ug
mitochondrial-enriched fractions from mock-infected cells (Mock), or cells with 10 MOI
UV-treated DENV2 (UV) or DENV2 without (DENV) or with or 25 yM Senexin A
(DENV/Sen). Antibody specificities are indicated as are the relative band densities of
HK2 versus Cox4. Relative band densities of DENV2 NS5 and prM proteins in Senexin
A-treated versus DMSO-treated, DENV2-infected cell preparations are indicated to the
right of the indicated panels. Results are representative of six biological replicates.

4 4e Senexin A Reduces Induction of Lipophagic Gene Expression

In addition to changes in glucose utilization, DENV2 induces lipophagy, the
autophagic depletion of lipid droplets for release of free fatty acids to support a
metabolic shift to B-oxidation (Heaton and Randall, 2010). LC3 functions in the
formation of the autophagosomal membrane on lipid droplets (Singh et al., 2009). LC3
is initially modified to LC3-I by the autophagy factor Atg4, and subsequently modified to
the membrane-associated, lipidated form, LC3-Il, by autophagy factors Atg3 and Atg7
(Martinez-Lopez and Singh, 2015). Conversion of LC3-I to LC3-Il is considered a
measure of autophagic activity (Martinez-Lopez and Singh, 2015; Singh et al., 2009),
and increased conversion of LC3-| to LC3-ll has been observed during DENV2 infection
(Lee et al., 2008; Zhang et al., 2018).

We found that the level of LC3 mRNA increased over the course of DENV2 infection
coincident with the increases in CDK8 and HK2 (Figures 4.1, 4.4 and 4.5A). LC3 mRNA
levels increased 5.6 + 0.2-fold (p < 0.0001) in DENV2-infected versus mock-infected

cells at 48 hpi (Figure 4.5B). As with HK2 (Figure 4.4), the viral induction of LC3 mRNA
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expression was significantly reduced in cells treated with Senexin A (DMSO mean fold
change over mock: 6.02 + 0.31, Senexin A: 3.04 + 0.26) and with Senexin B (DMSO
mean fold change over mock: 6.25 + 1.70, Senexin B: 2.41 + 0.38) (Figure 4.5C). In
addition, as observed with HK2 expression, basal LC3 expression was not inhibited by
CDKB8/19 inhibition. Senexin A, but not Senexin B, actually induced a modest increase
in LC3 expression in mock-infected cells (Figure 4.5C).

Western blot analyses of cytoplasmic extracts demonstrated a consistent increase
in lipidated LC3-Il in DENV2-infected cells compared to mock-infected or UV-DENV2-
treated cells, relative to B-actin levels (Figure 4.5D). Senexin A treatment reduced levels
of lipidated LC3-II by half (Figure 4.5D). As observed previously, Senexin A treatment
also reduced virus protein levels in cellular extracts. In this case, NS3 was 61% and prM
31% of that observed in untreated, DENV2-infected cells. Levels of host actin protein
remained unaffected by treatment with Senexin A.

Overall, these data indicate that Senexin inhibition of CDK8 and CDK19 kinase
activity specifically reduces infection-induced but not basal levels of LC3 gene
expression, and that the expression of host proteins Cox4 (Figure 4.4D) and actin

(Figure 4.5D) is unaffected by both DENV2 infection and by Senexin treatment.
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Figure 4.5 Senexin A reduces DENV2 induction of lipophagic gene expression. (A)
Huh7 cells were either mock-infected or infected with DENV at MOI 10, and LC3 mRNA
expression analyzed by gRT-PCR at indicated time points. Expression relative to time of
infection, normalized to SDHA and representative of two independent time course
experiments. (B) LC3 expression in mock vs. infected cells at 48 hpi (n = 3 biological
replicates; *** p < 0.001 unpaired, two-tailed t test with Welch’s correction). Error bars
represent mean +/— SEM. (C) LC3 mRNA expression in Huh7 cells mock-infected or
infected with DENV2 at MOI 10 for 36 h with DMSO or 25 yM Senexin A or 12 yM
Senexin B added at time of infection (relative to mock-infected, DMSO-treated cells and
normalized to SDHA; n = 3 biological replicates. ** p < 0.01, *** p < 0.001, **** p <
0.0001; one-way ANOVA with Tukey’s multiple comparisons test). Error bars represent
mean +/- SEM. (D) Western blot analysis of cellular and viral protein abundance in 2 ug
cytoplasmic extracts from mock-infected cells (Mock), or cells with 10 MOI UV-treated
DENV2 (UV) or DENV2 without (DENV) or with or 25 uM Senexin A (DENV/Sen).
Antibody specificities are indicated as are the relative band densities of LC3-I and LC3-
Il versus Cox4. Relative band densities of DENV2 NS3 and prM proteins in Senexin A-
treated versus DMSO-treated, DENV2-infected cell preparations are indicated to the
right of the indicated panels. Results are representative of six biological replicates.
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4.4f Senexin A Inhibits Mitochondrial Respiration

We directly tested the downstream consequences of DENV2 infection and CDK8/19
inhibition by measuring metabolic flux in mock- and DENV2-infected Huh7 cells with
and without Senexin A treatment. We used a Seahorse XF metabolic flux analyzer to
measure the rates of mitochondrial respiration as indicated by oxygen consumption rate
(OCR) following sequential addition of oligomycin (ATP synthase inhibitor), FCCP
(uncoupler of oxidative phosphorylation) and rotenone and antimycin A (electron
transport chain complex | and Il inhibitors) (Figure 4.6) (see methods for details
regarding calculations of parameters).

We first evaluated changes in metabolic capacity in DENV2-infected compared to
uninfected Huh7 cells. At 24 hpi, there were no significant differences in rate of oxygen
consumption between uninfected and DENV2-infected cells (Figure 4.6A; top panel:
measurements over time; bottom panels: quantification, see methods for details
regarding time points for quantification). However, at 48 hpi, there were substantial
increases in basal respiration, ATP production, maximal respiration, and spare capacity
in DENV2-infected cells compared to mock-infected cells (Figure 4.6B; top panel:
measurements over time, bottom panels: quantification). Only proton leak and non-
mitochondrial respiration were unchanged in DENV2-infected cells. These data are in
line with our host gene expression data, supporting an increase in metabolic capacity of
DENV2-infected Huh7 cells compared to uninfected cells.

We evaluated differences in oxygen consumption between uninfected and DENV2-

infected cells with or without Senexin A treatment to determine if CDK8/19 kinase
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activity plays a role in the metabolic changes during DENV2-infection. Senexin A
reduced basal respiration and ATP production in mock-infected cells after 24 h, but the
differences in other parameters and in DENV2-infected cells were not significant (Figure
4.6A). In contrast, we observed significant changes in metabolic flux with Senexin A
treatment at 48 hpi (Figure 4.6B). All the parameters of respiration except proton leak
were reduced and there were no longer distinguishable differences between DENV2-
infected and uninfected cells (Figure 4.6B). Therefore, extended Senexin A inhibition of
CDK8/19, from 24 to 48 h, resulted in a profound suppression of mitochondrial
respiration, coincident with reduced metabolic gene expression (Figures 4.4 and 4.5).
We also evaluated changes in glycolysis during DENV2 infection, as increased
glucose uptake has been previously reported (Fontaine et al., 2015). If increased
glucose uptake in DENV2-infected cells was utilized for ATP production, we would
expect to see increased extracellular acidification due to the production of lactic acid.
We measured the extracellular acidification rate (ECAR) in uninfected and DENV2-
infected cells following sequential addition of glucose, oligomycin (ATP synthase
inhibitor) and 2-deoxy-glucose (2-DG) (hexokinase inhibitor) (see methods for details
regarding calculations of parameters). As evidenced by diminished ECAR, glycolysis,
glycolytic capacity and glycolytic reserve were all significantly reduced by DENV2
infection (Figure 4.6C; left panel: measurements over time, right panels: quantification).
This supports the conclusion that glucose metabolism during DENV2 infection does not
serve an ATP-producing role, but functions in the production of metabolic intermediates

(Fernandes-Siqueira et al., 2018).
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We also evaluated Senexin A’s effects on glycolytic capacity. Senexin A treatment
reduced glycolytic and non-glycolytic capacity in both mock- and DENV2-infected
samples (Figure 4.6C). However, unlike mitochondrial respiration, cells infected with
DENV2 were able to compensate, modestly, for the effects of Senexin A on glycolysis
and glycolytic capacity (Figure 4.6C). Together, these data illustrate the dependence of
cellular metabolism on CDK8 and/or CDK19 kinase activity and show that this
dependence may be manipulated by DENV2 to support the increased metabolic

demands required for efficient viral replication.
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Figure 4.6 Senexin A inhibits mitochondrial respiration. Huh7 cells were either mock-
infected or infected with DENV2 at an MOI of 10 with or without DMSO or 12.5 uM
Senexin A for 24 or 48 h. (A,B) Normalized oxygen consumption rate (OCR) was
measured over time during mitochondrial stress tests. Specific values determined by the
mitochondrial stress test (Basal rate, ATP production, Maximum Respiration, Spare
Capacity, Proton Leak, and Non-Mitochondrial Respiration) are presented. (C)
Normalized extracellular acidification rate (ECAR) was measured over time during a
glucose stress test at 48 hpi. Specific values determined in the glucose stress test
(Glycolysis levels, Glycolytic Capacity, Glycolytic Reserve, and Non-Glycolytic Capacity)
are presented. Results were normalized to viable cell numbers after metabolic
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measurements. Parameters for individual measurements are presented in the methods
(*p <0.05, ** p<0.01, ** p<0.001, *** p < 0.0001 one-way ANOVA with Tukey’s
multiple comparisons test. n = 3 biological replicates). Error bars represent mean +/
SEM.

4.5 Discussion

Here we show that expression of CDK8, a highly conserved transcriptional
regulator, is upregulated during DENV2 infection, suggesting a role for CDK8 in the
cellular response to infection. Increased levels of CDK8 are coincident with increased
expression of two key metabolic genes, HK2 and LC3, which support DENV2
replication. Manipulation of the host cell environment is critical to support the demands
of viral replication, and alterations in metabolism have been the focus of a number of
recent papers identifying host factors necessary for DENV replication (Chotiwan et al.,
2018; Fernandes-Siqueira et al., 2018; Gullberg et al., 2018; Reid et al., 2018; Rothwell
et al., 2009). Autophagy is also a common outcome of flavivirus infection, and lipid
droplet metabolism is linked to replication as a source of neutral lipids to meet energy
demands, as a source of intermediates for de novo fatty acid synthesis, and as a
platform for viral assembly in the case of hepatitis C (Abernathy et al., 2019; Chen et al.,
2016; Datan et al., 2016; Heaton and Randall, 2010; Jordan and Randall, 2017; Lee et
al., 2008; Martin-Acebes et al., 2015; Martins et al., 2018; Mateo et al., 2013; McLean et
al., 2011; Miyanari et al., 2007; Pleet et al., 2018; Randall, 2018; Samsa et al., 2009;
Sharma et al., 2014, 2017; Zhang et al., 2018). We show that CDK8/19 kinase activity is

required for the altered metabolism observed during DENV2 replication.
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We first noted changes in CDK8 mRNA levels during synchronized DENV2
infections but found no significant change in expression of the CDK8 paralog, CDK19
(Figure 4.1). Neither mock-infected or cells with bound, UV-treated DENV2 particles
showed increased CDKS8, indicating a requirement for virus replication and/or virus
protein production. The specific functions of CDK8 remain unclear, but likely include
expression of the transcription factors that activate expression of HK2 and LC3 and
other proteins that support virus replication.

We used lentivirus-mediated shRNA CDK8 and CDK19 knockdowns to distinguish
roles for these transcription cofactors during DENV2 infection and found that both are
necessary for robust virus replication (Figure 4.2). However, only CDK8 expression was
significantly upregulated during DENV2 infection. This suggests only that CDK19 levels
do not need to be increased to support DENV2 replication, as opposed to the clear
association of infection with increased CDK8. Basal levels of CDK19 may be sufficient
for replication, and the effect of CDK19 knockdown indicates that it does have a
supportive role in DENV2 infection. Such a role may include function independent of its
kinase activity (Audetat et al., 2017; Fant and Taatjes, 2019; Steinparzer et al., 2019).
Further investigation into unique kinase-dependent and kinase-independent roles for
CDK8 and CDK19 during DENV?2 infection is warranted and will provide insight into
functional differences between these two mediator kinases.

Chemical inhibition of CDK8 and CDK19 with the small-molecule inhibitor Senexin A
reduced viral genome replication and infectious particle formation (Figure 4.3). CDK8/19
chemical inhibition also reduced the expression of HK2 and LC3 in infected cells to near

mock-infected levels (Figures 4.4 and 4.5). As expected, the outcome of the Senexin A
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block of HK2 and LC3 induction in DENV2-infected cells was loss of the increased
mitochondrial respiration associated with infection (Figure 4.6). What was not expected
was the significant decline in mitochondrial respiration in the Senexin A-treated, mock-
infected Huh7 carcinoma cells. These data indicate that mitochondrial respiration in
Huh7 cells is chronically induced and subject to CDK8/19 regulation without
involvement of virus. As little as two-fold over-expression or over-active CDK8 is
common in many cancerous cell types, and expanded metabolic capacity plays a role in
the establishment and maintenance of many tumors (Firestein et al., 2008; McDermott
et al., 2017; Porter et al., 2012). Indeed, the exceptional capacity of hepatic tumor cell
lines to support DENV2 replication may lie in their already expanded metabolic activity,
which appears to be dependent upon CDK8/19 enzymatic activity. Though not within
the scope of this work, investigations into CDK8/19-dependent metabolism in primary
cells may yield valuable insight.

The data show that Senexin A has an inhibitory effect on the metabolic capacity of
cells, and that this effect cannot be overridden by DENV2 infection. The delay until after
24 h for the full effects of Senexin A suggests that it is acting, as expected, at the level
of gene expression; CDK8/19 inhibition blocks the gradual reprogramming of gene
expression that results in substantive metabolic changes during maximal virus
replication. The timing of DENV2 induction of HK2 and LC3 expression until after 12 hpi,
with full induction only after 24 h, and the ability of Senexin A to block HK2 and LC3
induction, supports a role for CDK8/19 specifically in the control of gene expression to

regulate metabolism.
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CDK8 was recently shown to regulate autophagy in Drosophila under starvation
conditions by promoting the elongation of mMRNAs encoding Atg1 and Atg8, orthologs of
mammalian ULK1 and LC3 (Tang et al., 2018). Elongation of the 3' UTR is achieved
through CDK8 phosphorylation of the cleavage and polyadenylation specificity factor,
CPSF6, a component of the cleavage and polyadenylation (CPA) complex. Tang et al.
(Tang et al., 2018) further showed that treatment with Senexin A reduced activation of
LC3, which, in accordance with our findings, suggests a conserved role for CDK8 in the
regulation of LC3, independent of cellular stressors. Loss of LC3 gene expression is a
likely mechanism for reduced mitochondrial respiration in the mock- and DENV2-
infected Huh7 cells treated with Senexin A. Dependence of DENV2 replication on
increased mitochondrial capacity is consistent with recent reports on the expansion of
the mitochondrial compartment during DENV infection (Barbier et al., 2017). Cyclin C
has also been implicated in the control of mitochondrial dynamics independently of
CDKs (Jezek et al., 2019; Jezek et al., 2019; Stieg et al., 2019). Any of these proposed
mechanisms are consistent with the reductions in DENV2 RNA that we observed with
the knockdown of CDK8, CDK19, and Cyclin C (Figures 4.2B and 4.2D). Further
mechanistic investigations are warranted.

In addition to changes in mitochondrial dynamics, DENV2-infected cells exhibited
reduced glycolytic activity, as previously observed, due to diversion of glycolytic
intermediates from lactic acid production to anapleurotic roles (El-Bacha et al., 2007;
Fernandes-Siqueira et al., 2018). Senexin A treatment reduced the glycolytic activity, in
terms of lactic acid production, of both mock- and DENV2-infected cells (Figure 4.6C),

indicating CDK8/19 control of glycolytic gene expression. DENV2 infection did allow a
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modest increase in glycolysis and glycolytic capacity compared to mock-infected cells in
the presence of Senexin A. This compensation may be the result of higher levels of HK2
expression in Senexin A-treated, DENV2-infected cells compared to treated, mock-
infected cells (Figure 4.4C) due to an incomplete Senexin A block of CDK8/19 in
infected cells. Though we used HK2 and LC3 as measures of CDK8/19-dependent
metabolic gene expression during DENV2 infection, these are likely not the only genes
regulated by CDK8/19 during viral infection. More investigation into the global picture of
CDK&8/19-regulated gene expression during DENV2 infection is warranted to understand
their complete role.

We previously showed that CDK8 activity is enhanced by a retroviral cyclin
(Birkenheuer et al., 2015; Brewster et al., 2011; Rovnak et al., 2012). Interaction
between the retroviral cyclin and CDK8 enhances CDKS8 function in the serum response
to the advantage of the virus, which requires cell proliferation for transmission. We now
show that CDKS is increased during infection with an unrelated virus, DENV2, and that
increased CDK8 activity is ultimately beneficial to viral replication. In this case, the
support is dependent on metabolic rather than proliferative mechanisms. DENV2
dependence on host metabolism makes it a valuable model to study CDK8/19 control of
metabolism.

CDKS8 is highly conserved across all metazoan organisms, and metabolic flux and
induction of autophagy are common to infections by a broad array of DNA and RNA
viruses (Abernathy et al., 2019; Zhang et al., 2018). We propose that many viruses may
depend on CDK8 and/or CDK19 function for induced expression of metabolic and

autophagic genes. The cellular demands for CDK8/19 function appear to be limited to
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proliferative and stress responses as opposed to homeostasis. As such, therapeutics
that target CDK8/19 enzyme activity offer promise for virus infection as well as cancer
(McDermott et al., 2017).

We observed a reduction in PFUs of almost one log10 copies/mL in the
supernatants of Senexin A-treated cells. Waggoner et al. (Waggoner et al., 2020)
calculated that the odds of severe dengue disease are increased by 50% for each
increase in 1 log10 copies /mL of acute-phase serum. Senexin therapies have the
capacity to significantly reduce severe outcomes of DENV infections. In addition to
significant reductions in disease severity, there is a minimum mosquito infectious dose
in the serum of infected individuals. Nguyen et al. (Nguyen et al., 2013) quantitated the
50% mosquito infectious dose at 6.29-7.52 log10 RNA copies/mL of plasma; a log10
reduction in plasma virus that reduces viral load below this range will effectively reduce
the capacity for DENV transmission. Further reductions in viral loads may be achieved
with combination therapies of additional host-directed and virus targets, a common
strategy to avoid the development of resistance to virus-targeted drugs alone. In
summary, we have identified CDK8/19 as a hub of transcriptional regulation during
DENV2 infection. CDK8 and CDK19 are responsible for the upregulation of key
metabolic genes that enhance glucose metabolism and autophagy to meet the

energetic and metabolic demands of viral replication.
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CHAPTER 5: CYCLIN-DEPENDENT KINASES 8 AND 19 DIFFERENTIALLY

REGULATE THE EARLY PHASE OF THE TYPE | INTERFERON RESPONSE

5.1 Summary

The type | interferon response is a critical component of host defense against
viral infection. This response is tightly regulated at all levels, from recognition of viral
pathogens, to initiation of interferon production, to autocrine and paracrine signaling, to
interferon-stimulated gene expression, and ultimately to resolution. This regulation is
essential for both adequate protection from viral pathogens and prevention of
autoimmunity or other immunopathology. Cyclin-dependent kinases 8 and 19 (CDK8
and CDK19) are transcriptional regulators which function primarily during induced states
to regulate gene expression. Our recent investigation into the role of CDK8 and CDK19
as transcriptional regulators during infection with dengue virus serotype 2, as well as
numerous recent reports demonstrating CDK8/19 as transcriptional regulators of the
type Il interferon response, led us to explore the role of CDK8/19 as regulators of type |
interferon response. Here we show that CDK8 and CDK19 are regulators of IFN-3
expression in response to viral infection and that in response to treatment with the
double-stranded RNA mimic, poly(l:C), CDK8 and CDK19 have roles as transcriptional
regulators that are both distinct from the antiviral response and distinct from each other.
Understanding transcriptional regulation of the type | interferon response is critical to
understand host antiviral responses, resolution of innate immunity, and prevention of

immunopathology.
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5.2 Introduction

Protection of a host from infectious disease involves multiple levels of a complex
immune response. Innate immunity, which relies on recognition of pathogen-associated
molecular patterns (PAMPs) rather than immune memory, is critical for an early and
rapid response to pathogens. For viral infection in particular, the type I interferon (IFN)
response is a key driver of innate immunity. Type | IFNs, comprised of IFN-f and
multiple isoforms of IFN-a, are produced and secreted upon initial recognition of PAMPs
by pattern recognition receptors (PRRs). In the case of infection with RNA viruses which
replicate in the cytoplasm, these PRRs are primarily retinoic acid-inducible gene | (RIG-
l), melanoma differentiation-associated gene 5 (MDA-5) and toll-like receptors 3 and 7
(TLRS3, TLR7) (Gitlin et al., 2006; Hornung et al., 2006; lwasaki, 2012; Jensen and
Thomsen, 2012; Kato et al., 2006, 2008). Pathogen recognition leads to initiation of type
| IFN expression, IFN-a/p secretion, IFN-a/p receptor ligation on neighboring cells, and
ultimately interferon-stimulated gene (ISG) expression. Each step of this response is
regulated by host factors at multiple levels, including at the level of transcription (Chen
et al., 2017a; lvashkiv and Donlin, 2014).

Beginning with the initial discovery of IFNs, understanding of IFN responses is
inextricably linked to the study of the viruses which initiate them (Isaacs and
Lindenmann, 1987). During our investigation into the role of the host transcriptional
regulator CDK8 and its paralog, CDK19, during dengue virus serotype 2 (DENV2)
infection (Butler et al., 2020), we observed a marked effect on the robustness of the

type | IFN response in the context of CDK8/19 inhibition. This led to a hypothesis that, in
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addition to a role for regulating metabolic gene expression, CDK8/19 also have a role in
regulation of the innate antiviral response. This hypothesis was well supported by
several recent reports identifying a role for CDK8 and CDK19 in the type Il IFN
response (Bancerek et al., 2013; Steinparzer et al., 2019). In addition to the type Il IFN
response, CDK8 has known transcriptional regulatory activity in a number of induced
cellular states, such as hypoxia and starvation (Birkenheuer et al., 2015; Donner et al.,
2010; Galbraith et al., 2013; Rovnak et al., 2012).

However, there are several limitations of using the DENV2 infection model to
address this hypothesis. These include: the inability to separate early innate recognition
of PAMPs from the later phase of autocrine and paracrine signaling, the known ability of
DENV2 to manipulate the type | IFN response (Ashour et al., 2009; Green et al., 2014),
and the inability to distinguish CDK8 activity from that of CDK19 activity due to
significant reduction in cellular proliferation in the context of CDK8/19 knockdown in the
cell line used for DENV2 infection studies (Audetat et al., 2017; Birkenheuer et al.,
2015; Firestein et al., 2008).

To address these limitations, we employed the dsRNA mimic,
polyinosinic:polycytidylic acid (poly(l:C)), which activates PRRs in a manner similar to
DENV2 through the cytoplasmic helicases RIG-I and MDA-5 (Gitlin et al., 2006;
Hornung et al., 2006; Kato et al., 2006, 2008). Using distinct delivery methods of
poly(l:C), we were able to distinguish unique roles for CDK8 and CDK19 as regulators
of the early phase of the type | IFN response. We show that induction of IFN-f mRNA
expression by poly(l:C) added directly to cell culture media is negatively regulated by

CDKS8, while induction by poly(l:C) added to cell culture media in combination with a
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transfection reagent is negatively regulated by CDK19. This suggests unique roles for
CDK8 and CDK19 as regulators of the type | IFN response, which is itself tightly
controlled through a variety of signaling pathways distinct for each stimulus. This work
contributes not only to further understanding of the intricate and complex regulation of
the critical antiviral protection afforded by the type | IFN response, but also expands the

known role of CDK8/19 as key transcriptional regulators for host stress responses.

5.3 Materials and Methods

5.3a Cell Culture, DENV2 Infection, and Poly(l:C) treatment

Huh7, HCT116, and Vero cells were subject to synchronized infection as previously
described (Butler et al., 2020). Briefly, at 24 h prior to infection, 1 x 108 cells were plated
in 25 cm? flasks. Immediately prior to infection, cells were incubated at 4 C for 15 min,
washed with cold Dulbecco’s phosphate-buffered saline (D-PBS) and incubated with
DENV2 (strain 16681, passage 4) (Kinney et al., 1997) at 4 C for 1 h with rocking. Virus
media were removed and replaced with supplemented DMEM with 2% fetal bovine
serum (FBS). Mock- or DENV2-infected Huh7 cells were incubated in DMEM with
Senexin A (MedChemExpress, Monmouth Junction, NJ, USA) or Senexin B
(ProbeChem, Shanghai, China) at indicated concentrations or in media with the
volumetric equivalent (final 0.01%) of DMSO solvent for the indicated period of time.
HCT116 cells were cultured in Dulbecco’s modified Eagle medium (DMEM)

supplemented with 10% FBS, 1% L-glutamine, and 25 mM HEPES. 24 h prior to
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poly(l:C) treatment, 5 x 108 HCT116 cells were plated in 10 cm dishes. Poly(I:C)
treatment at indicated concentrations was either directly added to cell culture media
(“pure poly(l:C)”) or transfected with Lipofectamine 2000 (Thermo Fisher Scientific,

Waltham, MA, USA) (“transfected poly(l:C)").

5.3b qRT-PCR Analysis

At the indicated times, cells were collected in TRIzol (Thermo Fisher Scientific,
Waltham, MA, USA), and total RNA was isolated according to the manufacturer’s
instructions and treated with Turbo DNase | (Thermo Fisher Scientific, Waltham, MA,
USA). cDNA was synthesized with an iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s instructions, and then, subjected to gPCR
analysis with iQ SYBR green Supermix in a CFX96 real-time PCR system (Bio-Rad,
Hercules, CA, USA). Primer sequences are listed in Table 5.1. Relative expression was
normalized to the housekeeping gene, Succinate Dehydrogenase Complex Flavoprotein

Subunit A, SDHA (Watson et al., 2007).
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Table 5.1 PCR Primers.

Gene Forward

Reverse Source

CDK8 GGGATCTCTATG AAATGACGTTTG  (Galbraith et al., 2013)

TCGGCATGTAG
CDK19  GCCACGGCTAG
GGCCT

GATGCTTAAGC
GCGAGAACTGG  (Galbraith et al., 2013)
AGTGCTGATAA

DENV2 ACAAGTCGAACA GCCGCACCATT  (Laueetal., 1999)

ACCTGGTCCAT
IFN-B CGCCGCATTGA
CCATCTA

GGTCTTCTC
GACATTAGCCAG (Bender et al., 2015)
GAGGTTCTCA

OAS1 CAGCGTCAACTA AACTCTACTTTG  Rovnak, unpublished

TCACTTCACT
SDHA GACAACTGGAG
GTGGCATT

CAGAACCTCAC
CCGTCATGTAGT (Watson et al., 2007)
GGATGGCA

5.3c Establishment of Knockdown Cell Lines

Lentivirus delivery of short hairpin RNA (shRNA) (Sigma-Aldrich, St. Louis, MO,

USA, Table 5.2) was used to knock down expression of CDK8 and CDK19. 293FT cells

(Thermo Fisher Scientific, Waltham, MA, USA) were transfected with shRNA and

lentivirus packaging constructs,

and virus particles were collected after 48 h. HCT116

cells were transduced with a dilution series of sShRNA lentiviruses and incubated for 48

h prior to selection with 1 ug/mL puromycin for 5 days. Colonies were selected, cultured

in puromycin, and screened for

Table 5.2 shRNA Sequences.

Gene Designation

CDK8 TRCNO0000
00489

CDK19 TRCNOO0001
95069

knockdown.

Sequence
CCGGATGTCCAGTAGCCAAGTTCCACTCGAGTG
GAACTTGGCTACTGGACATTTTTT
CCGGAGGACTGATAGCTCTTCTTTACTCGAGTAA
AGAAGAGCTATCAGTCCTTTTTT
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5.3d Subcellular Extracts and Protein Analysis

Nuclear extracts were prepared as previously described (Brewster et al., 2011).
Briefly, cells were lysed in 0.5% NP-40 in PBS with protease and phosphatase inhibitors
(2 pg/mL leupeptin and aprotinin, 1 pg/mL pepstatin, 0.2 mM phenylmethylsulfonyl
fluoride [PMSF], 0.2 mM sodium orthovanadate, 2 mM sodium pyrophosphate, and 1
mM glycerophosphate). Nuclei were pelleted at 1500 x g, washed with cold PBS, and
then, with buffer A (10 mM HEPES pH 8.0, 10 mM KCI, 1.5 mM MgCI2, 0.5 mM
dithiothreitol (DTT)), prior to extraction overnight with 2.5 nuclear pellet volume buffer C
(10 mM HEPES pH8.0, 420 mM KClI, 20% glycerol, 0.1 mM EDTA, 0.5 mM DTT, and
protease and phosphatase inhibitors). Extracted nuclei were pelleted for 15 min at
21,000 x g and re-extracted with 1 pellet volume buffer C. Extracts were pooled for
analysis.

Protein concentration of each extract was determined with a Pierce BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Equal quantities of total protein were separated by
polyacrylamide gel electrophoresis for western blot. Blocked blot segments, separated
by molecular weight range, were probed simultaneously with indicated primary
antibodies (Table 5.3) overnight. Antibodies were detected with appropriate horseradish
peroxidase-conjugated secondary antibodies and developed with the TMB membrane
peroxidase substrate system (3,3',5,5-Tetramethylbenzidine, KPL). Images were
scanned with a Visioneer One Touch 9420 scanner at a gamma value of 1.0, and all

contrast adjustments were uniformly applied using Adobe Photoshop.
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Table 5.3 Cell Protein Antibodies.

Antibody Source Catalog #
Rabbit anti phospholRF3 Cell Signaling #4947
Mouse anti nucleolin Active Motif 39541

5.3e Statistics

Statistical analysis was performed on Prism software (Version 8.1.2 (227)).

5.4 Results

5.4a CDK&8/19 Chemical Inhibition Reduces IFN- and OAS1 Expression during DENV2

Infection

During an investigation into the role of the host transcriptional regulators CDK8
and CDK19 during infection with dengue viruses, we observed reduced viral replication
when cells were treated with the CDK8/19 chemical inhibitors Senexin A and Senexin B
(Butler et al., 2020). Due to the critical role of the type | IFN response in control of viral
replication, and previous reports of a role for CDK8/19 in the type Il IFN response
(Bancerek et al., 2013; Steinparzer et al., 2019), we hypothesized that inhibition of
CDKB8/19 may promote the type | IFN response through release of an inhibitory role of
CDKB8/19 on either IFN-B or ISG expression.

We therefore evaluated IFN- mRNA expression during synchronized DENV2
infection in Huh7 cells treated with the vehicle control, dimethyl sulfoxide (DMSO), or

the CDK®8/19 inhibitors Senexin A and Senexin B (McDermott et al., 2017; Porter et al.,
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2012). As an indicator of ISG expression, we also evaluated mRNA expression of the
classic ISG, oligoadenylate synthetase 1 (OAS1).

Contrary to our hypothesis, we observed a marked decrease in both IFN- and
OAS1 expression in Huh7 cells treated with either Senexin A or Senexin B (Figure 5.1).
IFN-B expression was reduced by approximately 98% in Huh7 cells treated with 25 uM
Senexin A compared to DMSO (DMSO mean + SEM: 1.007 + 0.004, Senexin A: 0.021 +
0.001) (Figure 5.1A). OAS1 expression was reduced by approximately 96% in Huh7
cells treated with Senexin A compared to DMSO (DMSO mean + SEM: 1.236 + 0.1467,
Senexin A: 0.051 + 0.008) (Figure 5.1B). Treatment with Senexin B, a newer
generation, optimized iteration of Senexin A, yielded similar results at a lower
concentration (12 uM). IFN-B expression was reduced by approximately 94% in Senexin
B-treated Huh7 cells compared to DMSO (DMSO mean + SEM: 1.424 + 0.242, Senexin
B: 0.087 + 0.006) (Figure 5.1C). Similarly, OAS1 expression was reduced by
approximately 91% (DMSO mean + SEM: 1.414 + 0.305, Senexin B: 0.132 + 0.010)
(Figure 5.1D). Together, these data suggest a role for CDK8/19 as positive regulators of
the type | IFN response. However, given the previously noted reduced viral replication in
the context of CDK8/19 inhibition, the reduced robustness of the type | IFN response
with Senexin A or Senexin B treatment could be attributed to a less robust stimulus. In
addition, these data are complicated by the known ability of DENV?2 to interfere with the
type | IFN response and the inability to distinguish roles for CDK8 and CDK19 as they
are commonly inhibited by Senexin A and Senexin B (Ashour et al., 2009; Green et al.,

2014; McDermott et al., 2017; Porter et al., 2012).
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Figure 5.1 CDK8/19 chemical inhibition reduces IFN- and OAS1 expression during
DENV2 infection. Huh7 cells were infected with DENV2 (MOI = 10) for 36 hours and
treated with DMSO, 25 uM Senexin A (A, B), or 12 uyM Senexin B (C, D) for the duration
of infection. Total cellular RNA was analyzed by qRT-PCR for IFN-f (A, C) or OAS1 (B,
D). Expression normalized to the housekeeping gene, SDHA. n = 3 biological replicates;
*p<0.05 *p<0.01, *™* p <0.0001; unpaired two-tailed t test; Error bars represent
mean + SEM.

5.4b The DENV2 Requirement for CDK8 is Independent of the Type | IFN Response

To further investigate this apparently contradictory finding of reduced virus

replication in the context of a diminished antiviral response, we evaluated the

requirement for CDK8 on DENV2 replication and induction of the type | IFN response in
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HCT116 cells which tolerate CDK8 knockdown better than Huh7 cells. We established a
CDK8-knockdown HCT116 cell line (8KO) using lentivirus-mediated shRNA targeted to
the 3’ untranslated region (UTR) of CDK8 which is not present in CDK19 transcripts.
CDK8 mRNA expression in the knockdown cell line was approximately 19% of that in
wild-type (WT) controls (WT mean £ SEM: 1.193 £ 0.112, 8KO: 0.227 + 0.039) (Figure
5.2A). We confirmed the requirement of DENV2 replication on CDK8, observing an
approximately 52% reduction in DENV2 viral RNA in 8KO HCT116 cells compared to
WT (WT mean + SEM: 43.97 + 7.77 x 108, 8KO: 20.97 + 2.68 x 108) (Figure 5.2B).

Despite this similar outcome of reduced DENV2 replication with both CDK8-
knockdown and CDK®8/19 chemical inhibition (Figure 5.2B) (Butler et al., 2020), we
observed a distinctly different effect on induction of the type | IFN response. While IFN-f
expression was reduced in CDK8/19-inhibitor treated cells (Figure 5.1A, 5.1C), IFN-f
expression in 8KO HCT116 cells was ~2.8 fold greater than in WT HCT116 cells (WT
mean + SEM: 1.272 + 0.144, 8KO: 3.533 + 0.38) (Figure 5.2C). These data suggest that
reduced viral stimulus is not a likely driver of the reduced IFN-B expression in CDK8/19-
inhibitor treated cells (Figure 5.1), as reduced viral replication in 8KO HCT116 cells did
not show a similar dampening of IFN- expression (Figure 5.2). In the context of DENV2
infection of Huh7 and HCT116 cells, DENV2 replication was reduced with both
CDKB8/19 inhibition and with CDK8-knockdown, independent of any changes CDK8/19
inhibition or CDK8-knockdown had on the type | IFN response (Figure 5.1, 5.2) (Butler
et al., 2020).

To further confirm that DENV2 dependence on CDKS8 is independent of the type |

IFN response, we turned to Vero cells which lack the type | IFN locus and therefore do
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not produce IFN-B. For this, we used lentivirus-mediated shRNA to transiently

knockdown CDK8 expression in Vero cells. Despite less efficient CDK8 knockdown

(non-target (NT) control mean + SEM: 0.9713 + 0.015, CDK8-knockdown: 0.482 + 0.06)

(Figure 5.2D), we still observed a modest but significant reduction in DENV2 viral RNA

in CDK8-knockdown Vero cells compared to NT shRNA treated controls (NT mean +

SEM: 30.9 + 1.16 x 10°, CDK8-knockdown: 24.0 + 1.10 x 10°) (Figure 5.2E). Together,

these data further demonstrate a requirement of DENV2 replication on CDK8, and that

this requirement is independent of any regulatory effect that CDK8 may have on the

type | IFN response.
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Figure 5.2 DENV2 requirement for CDK8 is independent of the type I IFN response. (A)
CDK8 mRNA expression in HCT116 wild-type (WT) and CDK8-knockdown (8KO) cells
analyzed by gqRT-PCR, expression normalized to the housekeeping gene, SDHA. (B-C)
HCT116 WT or 8KO cells were infected with DENV2 (MOI = 10) for 36 hours. Total
cellular RNA was analyzed by qRT-PCR for DENV2 viral RNA (B) or IFN- (C). DENV2
RNA quantification relative to in vitro transcribed DENV2 genome equivalent (GE)
standard curve (B). IFN-B expression normalized to the housekeeping gene, SDHA (C).
(D, E) Vero cells transduced with non-target (NT) or CDK8-targeted shRNA (CDKS8)
were infected with DENV2 (MOI = 1) for 24 hours. (D) CDK8 expression normalized to
the housekeeping gene, SDHA. (E) DENV2 RNA quantification relative to in vitro
transcribed DENV2 genome equivalent (GE) standard curve. n = 3 biological replicates;
*p <0.05, * p <0.01; unpaired two-tailed t test; Error bars represent mean + SEM.
5.4c CDK19 is a Negative Regulator of the Type | IFN Response during DENV2

Infection

To further distinguish the roles of CDK8 and CDK19 in the type | IFN response,
we next established a stable CDK19-knockdown cell line in HCT116 cells using
lentivirus-mediated shRNA targeted to a conserved region of CDK19 which is not
present in CDKS8 transcripts. CDK19 mRNA expression was knocked down
approximately 82% in CDK19-knockdown HCT116 cells (19KO) compared to WT
controls, and CDK19 expression was unchanged in the CDK8-knockdown HCT116 cells
(8KO) (WT mean + SEM: 0.98 + 0.02, 8KO: 0.92 + 0.07, 19KO: 0.18 + 0.06) (Figure
5.3A). Additionally, we confirmed that CDK8 expression was unchanged in the 19KO
cells compared to WT controls (WT mean + SEM: 1.01 + 0.09, 8KO: 0.24 + 0.04, 19KO:
1.16 £ 0.17) (Figure 5.3B).

In contrast to the reduction in DENV2 replication that we observed with CDK8-
knockdown, there was not a significant difference in viral RNA production in CDK19-

knockdown HCT116 cells compared to WT (WT mean + SEM: 6.46 + 1.20 x 107, 19KO:
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4.68 + 1.13 x 107) (Figure 5.3C). Despite this differential effect on the efficiency of
DENV2 replication with either CDK8 or CDK19 knockdown, we observed a similar
outcome on IFN-B expression. IFN-f mRNA expression was increased approximately 3-
fold in CDK19-knocked down HCT116 cells compared to WT (WT mean £ SEM: 1.09 +
0.08, 19KO: 3.11 £ 0.24) (Figure 5.3D). Increased expression of IFN-f3 after CDK19-
knockdown suggests that CDK19 is a negative regulator of the type | IFN response.
These data further demonstrate that any effect CDK8 and/or CDK19 may have on
DENV2 replication is independent of the robustness of the type | IFN response and
provide further evidence that CDK8 and CDK19 are regulators of the type | IFN

response in a manner that is context dependent.
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Figure 5.3 CDK19 is a negative regulator of the type | IFN response during DENV2
infection (A) CDK19 and (B) CDK8 mRNA expression in HCT116 wild-type (WT),
CDK8-knockdown (8KO), and CDK19-knockdown (19KO) cells analyzed by gqRT-PCR.
Expression normalized to the housekeeping gene, SDHA. (C and D) HCT116 WT or
19KO cells were infected with DENV2 (MOI = 10) for 36 hours. Total cellular RNA was
analyzed by gRT-PCR. (C) DENV2 RNA quantification relative to in vitro transcribed
DENV2 genome equivalent (GE) standard curve. (D) IFN-B expression normalized to
the housekeeping gene, SDHA. n = 3 biological replicates; ** p < 0.01, **** p < 0.0001;
(A-B) One-way ANOVA with Tukey’s multiple comparisons test; (C-D) unpaired two-
tailed t test. Error bars represent mean + SEM.
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5.4d CDK8 and CDK19 Have Distinct Regulatory Roles in Induction of the Type | IFN

Response

To avoid the complication of DENV2-mediated type | IFN interference, we used
the double-stranded RNA mimic poly(l:C) to induce a type | IFN response. Poly(l:C) is
recognized by distinct PRRs and initiates distinct signaling pathways dependent on the
delivery method into cells (Dauletbaev et al., 2015). Pure poly(l:C), that is poly(l:C)
added directly to the cell culture media, is thought to initiate nuclear translocation of
both interferon regulator factor 3 (IRF3) and nuclear factor kappa B (NF«kB), while
transfected poly(l:C) is thought to primarily initiate nuclear translocation of IRF3 but not
NF«B (Dauletbaev et al., 2015).

We therefore employed differential delivery of poly(l:C) as a way to distinguish
roles for CDK8 and/or CDK19 in induction of IFN-$ transcription through distinct
signaling pathways. We treated wild-type (WT), CDK8-knockdown (8KO), and CDK19-
knockdown (19KO) HCT116 cells with pure poly(l:C) or transfected poly(l:C) and
evaluated mRNA expression of IFN-B. Transfected poly(l:C) induced a much more
robust response than pure poly(l:C) in all cell types, as expected (Figure 5.4A). Pure
poly(l:C)-treated 8KO HCT116 cells exhibited an approximately 7-fold greater induction
of IFN-B compared to WT cells, while IFN-B expression in 19KO cells was unchanged
compared to WT (WT mean + SEM: 1.02 + 0.23, 8KO: 6.95 + 0.68, 19KO: 1.52 + 0.09)
(Figure 5.4A). However, after treatment with transfected poly(1:C), IFN-f expression in
8KO cells was comparable to that in WT cells, while IFN-B expression in 19KO cells

was increased approximately 4-fold over WT (WT mean + SEM: 5.62 = 0.53 x 103,
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8KO0: 3.16 + 0.39 x 103, 19KO: 22.56 + 3.61 x 10%) (Figure 5.4A). These data suggest
that CDK8 and CDK19 have distinct regulatory roles in induction of IFN-f transcription
dependent on the nature of the stimulus and subsequent signaling pathway activation.
We next evaluated nuclear translocation of phosphorylated IRF3 (pIRF3) as an
indicator of signaling pathway activation. pIRF3 was not detectable by western blot in
any of the cell lines tested after treatment with 10 ug/mL of pure poly(l:C), which was
not unexpected given the relatively modest induction of IFN-f mRNA expression
following this same dose of pure poly(l:C) treatment (Figure 5.4A, Figure 5.4B). pIRF3
in nuclear extracts was readily detectable by western blot in cells treated with 10 ug/mL
of transfected poly(l:C), with no discernable difference between WT, 8KO, and 19KO
HCT116 cells (Figure 5.4B). This suggests that nuclear translocation of IRF3 is not
dependent on CDK8 or CDK19 activity following poly(l:C) treatment. Therefore, the
differential induction of IFN-B mRNA expression in 19KO cells compared to WT and
8KO is likely due to regulation at a step downstream of IRF3 activation and nuclear
translocation. This is expected, as CDK8 and CDK19 are localized to the nucleus and
function at sites of active transcription. The exact mechanism of CDK8/19 regulation on
IFN-B mRNA expression is not yet clear but may be due to differential activation of

transcription factors and/or recruitment of transcription factors to the IFN- promoter.
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Figure 5.4 CDK8 and CDK19 have distinct regulatory roles in induction of the type | IFN
response. HCT116 wildtype (WT), CDK8-knockdown (8KO), or CDK19-knockdown
(19KO) cells were treated with 10 ug/mL pure poly(l:C) or transfected poly(l:C) for 4
hours. (A) IFN-B mRNA expression analyzed by qRT-PCR. Expression normalized to
the housekeeping gene, SDHA. n = at least 3 biological replicates; **** p < 0.0001; One-
way ANOVA with Tukey’s multiple comparisons test; Error bars represent mean + SEM.
(B) Western blot analyses of 4 ug of total protein from nuclear extracts. Antibody
specificities are indicated. Results representative of two independent experiments.

5.5 Discussion

Here we show that CDK8 and CDK19 have distinct functions as transcriptional

regulators in induction of the type | IFN response. Our initial observations suggesting a

role for CDK8/19 as regulators of IFN-f mRNA expression were noted in the course of
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describing these kinases as regulators of metabolic gene expression during infection
with DENV2 (Butler et al., 2020). This work suggested that CDK8/19 function, through
regulation of metabolic gene expression, was ultimately to the benefit of viral replication
by providing the necessary metabolic intermediates as building blocks for viral genome
copies and viral particle assembly (Fontaine et al., 2015; Gullberg et al., 2018; Heaton
and Randall, 2010; Heaton et al., 2010; Jordan and Randall, 2017; Zhang et al., 2018).
Therefore, in the context of CDK8/19 inhibition and/or knockdown, we observed
reduced viral replication (Butler et al., 2020).

However, we observed a significant reduction in IFN-$ and the ISG, OAS1, in the
context of CDK8/19 inhibition during DENV2 infection (Figure 5.1). This was an
apparently contradictory finding, as a reduced type | IFN response would typically be
expected to enhance viral replication. We therefore went on to show that the reduction
in viral replication associated with CDK8 knockdown was, in fact, independent of the
type | IFN response. In three different cell lines permissive to DENV2 infection, we
observed a consistent reduction in viral replication with CDK8 inhibition or knockdown
concurrent with 1) reduced IFN-§ after CDK8 inhibition in Huh7 cells, 2) increased IFN-3
after CDK8 knockdown in HCT116 cells, or 3) an absent type | IFN response in Vero
cells (Figures 5.1 and 5.2). This consistent reduction in DENV2 replication in spite of
quite different type | IFN responses demonstrates clearly that DENV2 dependence on
CDKa8 is not tied to the robustness of IFN-B mRNA expression. This is perhaps
expected, given the well-documented ability of DENV2 to interfere in the type | IFN
response (Ashour et al., 2009; Green et al., 2014) and the well-documented

dependence of DENV2 on a supportive metabolic environment in the host cell (Gullberg
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et al., 2018; Heaton and Randall, 2010; Heaton et al., 2010; Jordan and Randall, 2017;
Zhang et al., 2018).

The significant sequence similarity and active identical sites of CDK8 and CDK19
lend redundant function to these two kinases; however, recent reports suggest that
CDK8 and CDK19 have both unique and overlapping functions, and that their roles as
transcriptional regulators are dependent on not only their kinase function but their
structure as well (Audetat et al., 2017; Galbraith et al., 2013; Steinparzer et al., 2019).
Though clearly CDK8 and CDK19'’s functions are most pronounced in induced states,
their roles are known to be cell-type specific, gene-specific, and unique to the nature of
the stimulus (Bancerek et al., 2013; Johannessen et al., 2017). While we observed a
similar reduction in DENV2 replication after CDK8 and CDK19 knockdown in Huh7 cells
(Butler et al., 2020), this was not the case in HCT116 cells (Figures 5.2 and 5.3). CDK8
knockdown reduced DENV2 replication in HCT116 cells while CDK19 did not have a
significant effect (Figures 5.2 and 5.3). However, in both CDK8 and CDK19 knockdown,
we observed a consistent enhancement of IFN-B mRNA expression during DENV2
infection (Figures 5.2 and 5.3), again suggesting a context-, cell-line- and stimulus-
dependent effect of CDK8 and CDK19 knockdown.

To further distinguish the unique roles of CDK8 and CDK19 in the type | IFN
response, independent of interference from DENV2, we treated HCT116 cells with
poly(l:C), a double-stranded RNA mimic. Delivery of poly(l:C) into cell culture media
directly or through transfection activates distinct signaling pathways with the ultimate
effect of inducing IFN-B mRNA expression (Dauletbaev et al., 2015). Employing these

two delivery methods, we observed a distinct difference between CDK8 and CDK19
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knockdown (Figure 5.4). While CDK8 appears to function as a negative regulator of
IFN-B mRNA expression upon treatment with pure poly(l:C), CDK19 appears to not
have a significant role in this response (Figure 5.4). Conversely, we showed that CDK19
is a negative regulator of IFN-B mMRNA expression in response to transfected poly(l:C),
while CDK8 knockdown did not have a significant effect. These data clearly show
distinct roles for CDK8 and CDK19 as negative regulators of IFN-f mRNA expression
dependent on the nature of the stimulus.

Translocation of phosphorylated IRF3, a common transcription factor between
pure and transfected poly(l:C) signaling pathways, was not different between CDK8 and
CDK19 knockdown cells, suggesting that the differential roles of CDK8 and CDK19 are
downstream of IRF3 phosphorylation and nuclear translocation. This is as expected, as
CDKS8 and CDK19 are localized to the nucleus, and all previously described functions of
CDK8 and CDK19 occur in the nucleus. Based on previously described roles for
CDKB8/19 as negative transcriptional regulators, it seems likely that CDK8/19 function
within the type | IFN response is through negative regulation of one or more
transcription factors (Johannessen et al., 2017; Zhao et al., 2012). CDK8/19
phosphorylation of the transcription factor sterol regulatory element-binding protein 1
(SREBP) targets SREBP for degradation and negatively regulates expression of genes
required for cholesterol biosynthesis (Zhao et al., 2012). Similarly, CDK8
phosphorylation destabilizes c-Jun which has a negative effect on IL-10 production in
myeloid cells (Johannessen et al., 2017). Importantly, c-Jun is also involved in IFN-f
expression, forming a dimer with Fos to form the transcription factor AP-1 (Du et al.,

1993; Panne, 2008; Wathelet et al., 1998). Investigation into the phosphorylation status

134



of c-Jun, particularly at Ser243, and the stability of c-Jun after poly(l:C) stimulation in
cells with knocked-down CDK8 and CDK19, is therefore warranted as a potential
mechanism by which CDK8 and CDK19 are negative regulators of IFN-f mRNA
expression (Johannessen et al., 2017).

Our work demonstrating distinct roles for CDK8 and CDK19 as transcriptional
regulators of the type | IFN response is well in line with numerous recent reports of
CDKB8/19 as regulators of the type Il IFN response, with effects on transcription
occurring in a context-, stimulus- and gene-specific manner (Bancerek et al., 2013;
Johannessen et al., 2017; Steinparzer et al., 2019). The type | and the type Il IFN
responses are critical players in the overall immune response and protection from
pathogens, but appropriate regulation of these systems is critical to prevent
immunopathologies. Understanding key regulators of the IFN response is critical to
understand both positive and negative regulation of the immune response, and the

balance required between protection from infectious disease and immunopathology.
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CONCLUSION

We have identified CDK8 and CDK19 as transcriptional regulators during DENV2
infection and within the type | IFN response. During DENV2 infection, CDK8/19
positively regulate metabolic gene expression, the effect of which establishes a
metabolic environment in the host cell that is conducive to efficient viral replication.
Identification of host factors on which DENV2 replication is dependent is key to
illuminating potential targets for host-directed therapeutic intervention. Despite the
significant worldwide burden of dengue disease, current treatment is limited to
supportive care as there are no effective antiviral treatments currently in use (Guzman
and Harris, 2015). CDK8 and CDK19 are promising targets of host-directed therapy due
to their fundamental function as regulators of induced, rather than basal, gene
expression.

As is typical for host-directed antiviral therapy, CDK8/19-targeted treatment for
DENV2 infection would have greater opportunity for success if given as one component
of a combination therapy. ldentifying other host factors or viral factors which may be
targeted and given in combination with CDK8/19 inhibitors is a potential avenue of
future exploration. Beyond the application of CDK8/19 inhibitors for treatment of dengue
infection, there is significant interest in development of CDK8/19 inhibitors, also as part
of combination therapy, for treatment of cancer (McDermott et al., 2017; Porter et al.,
2012).

Beyond the practical applications for CDK8/19 inhibition in the treatment of

disease, our work has contributed to the basic understanding of metabolic gene
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regulation by host transcriptional regulators. Regulation of metabolism is critical for
maintenance of homeostasis, response to stressors including starvation and hypoxia,
and infection with a wide variety of pathogens. Our work identified CDK8/19 as key
regulators of metabolic gene expression during viral infection, though the full scope of
this regulation remains unexplored. Further investigation into characterizing the entire
landscape of genes differentially regulated by CDK8/19 during viral infection is
warranted. In addition, it is likely that at least a portion of these CDK8/19-dependent
gene expression changes may also have an important role, either pro- or anti-viral, in
other viral infections beyond DENV2, within the Flavivirus genus and beyond
(Abernathy et al., 2019; Sanchez and Lagunoff, 2015; Zhang et al., 2018). As such,
CDKB8/19 could be a target for host-directed therapy against a number of viral infections,
among which viral replication depends on the host metabolic environment (Abernathy et
al., 2019; Sanchez and Lagunoff, 2015; Zhang et al., 2018).

In addition to characterizing the effect of CDK8/19 regulation on transcription
during viral infection, it may be equally informative to identify the mechanism by which
this regulation occurs. Previously described mechanisms by which CDK8/19 positively
regulate gene expression include: activation of transcription factors, enhancement of
transcriptional elongation, and promoter-proximal RNA pol Il pause release (Bancerek
et al., 2013; Donner et al., 2010; Galbraith et al., 2013). Each of these mechanisms,
independently or in combination, should be explored in the context of differential
metabolic gene expression by CDK8/19 during viral infection.

In the context of DENV?2 infection, our data demonstrated that CDK8/19 act as

positive regulators of metabolic gene expression, but in the context of poly(l:C)-
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mediated induction of the type | IFN response, CDK8/19 act as negative regulators of
IFN-B expression. Resolution of IFN signaling is an essential component of proper
regulation of innate immunity, as an uncontrolled IFN response can contribute to
immunopathology. Identifying CDK8/19 as negative regulators of IFN-f3 expression
suggests that the mechanism by which CDK8/19 transcriptionally regulate the type | IFN
response is distinct from the mechanism(s) of positive regulation on metabolic gene
expression.

CDKB8/19 negative regulation is most likely to occur on IFN-f promotor with
CDK8/19 phosphorylation of transcription factors (Johannessen et al., 2017; Zhao et al.,
2012). Phosphorylation of transcription factors by CDK8/19 can lead to degradation,
reduced activity, or reduced recruitment of the transcription factors, ultimately leading to
diminished activity off of the promoter and reduced expression of IFN-f. As with
investigation into mechanisms of CDK8/19 regulation of metabolic gene expression,
careful evaluation of each of these potential mechanisms may yield important insight
into the ways in which CDK8 and CDK19 transcriptionally regulate critical gene
expression during induced states.

DENV2 infection and the type | IFN response are examples of induced states in
which we have identified critical roles for CDK8 and CDK19 as transcriptional
regulators. However, very little is known regarding the mechanism by which CDK8 and
CDK19 are themselves regulated. CDK8 is overexpressed in many types of cancer and
during DENV2 infection (Bragelmann et al., 2017; Butler et al., 2020; Firestein et al.,
2008; McDermoitt et al., 2017), and CDK8 and CDK19 both clearly have pronounced

function in induced states (Chen et al., 2017b; Donner et al., 2010; Galbraith et al.,
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2013; Zhao et al., 2012), but it is currently unknown how this overexpression or
enhanced function is initiated.

Our DENV?2 infection system offers great opportunity as an experimental model
to explore the mechanisms by which CDK8 expression is regulated, as we
demonstrated a clear upregulation of CDK8 upon DENV?2 infection. It is possible that
the upregulation of CDK8 we observed during DENV2 infection was a virus-directed,
rather than host-directed, effect. Nuclear NS5 in particular is an interesting candidate for
modulating host gene expression (De Maio et al., 2016). If the mechanism of CDK8
upregulation during DENV?2 is indeed a result of viral protein activity, this is not a
deterrent to understanding the general mechanisms of CDK8 regulation by host cells.
Numerous advances in understanding cell biology have been directly the result of viral
infection experiments, including the discovery of interferons (Isaacs and Lindenmann,
1987).

In summary, we have shown that CDK8 and CDK19 are transcriptional regulators
of metabolic gene expression during viral infection and regulators of the type | IFN
response. This work is significant not only in the context of the individual induced states
explored here, but in understanding more fully the complex function of CDK8 and
CDK19 which have important roles in a wide array of cellular stress responses and are
overexpressed in a number of cancers A number of questions remain unanswered,
including the mechanisms by which CDK8 and CDK19 exert regulatory control within
these induced states, and the mechanisms by which CDK8 and CDK19 are themselves

regulated.
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