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Abstract

A primary question in Dengue virus (DENV) biology is the molecular strategy for
recruitment of host cell protein synthesis machinery. Here we combined cell
fractionation, ribosome profiling, and RNA-seq to investigate the subcellular
organization of viral genome translation and replication as well as host cell translation
and its response to DENV infection. We report that throughout the viral life cycle, DENV
(+) and () strand RNAs were highly partitioned to the endoplasmic reticulum (ER),
identifying the ER as the primary site of DENV translation. DENV infection was
accompanied by an ER compartment-specific remodeling of translation, where ER
translational capacity was subverted from host transcripts to DENV (+) strand RNA,
particularly at late stages of infection. Remarkably, translation levels and patterns in the
cytosol compartment were only modestly affected throughout the experimental time
course of infection. Comparisons of ribosome footprinting densities of the DENV (+)
strand RNA and host mRNAs indicated that DENV (+) strand RNA was only sparsely
loaded with ribosomes. Combined, these observations suggest a mechanism where
ER-localized translation and translational control mechanisms, likely cis-encoded, are
used to repurpose the ER for DENV virion production. Consistent with this view, we
found ER-linked cellular stress response pathways commonly associated with viral
infection, namely the interferon response and unfolded protein response, to be only
modestly activated during DENV infection. These data support a model where DENV
reprograms the ER protein synthesis and processing environment to promote viral
survival and replication, while minimizing the activation of anti-viral and proteostatic

stress response pathways.
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Importance

DENV, a prominent human health threat with no broadly effective or specific treatment,
depends on host cell translation machinery for viral replication, immune evasion, and
virion biogenesis. The molecular mechanism by which DENV commandeers the host
cell protein synthesis machinery and the subcellular organization of DENV replication
and viral protein synthesis is poorly understood. Here we report that DENV has an
almost exclusively ER-localized life cycle, with viral replication and translation largely
restricted to the ER. Surprisingly, DENV infection largely affects only ER-associated
translation, with relatively modest effects on host cell translation in the cytosol. DENV
RNA translation is very inefficient, likely representing a strategy to minimize disruption
of ER proteostasis. Overall these findings demonstrate that DENV has evolved an ER-
compartmentalized life cycle and thus targeting the molecular signatures and regulation
of the DENV-ER interaction landscape may reveal strategies for therapeutic

intervention.
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Introduction

The synthesis of viral proteins, which function in viral replication, evasion of immune
defenses, and virion biogenesis, is wholly dependent on host cell translation machinery.
Reflecting this need, viruses have evolved diverse strategies to out-compete cellular
mMRNAs and co-opt host translation capacity. Some viruses have evolved mRNAs that
are translated by alternative mechanisms (e.g., IRES mediated, cap-independent
translation initiation) and genes that modify or inactivate host cell factors required for
cap-dependent host translation, thus providing mechanisms for viral RNAs to efficiently
recruit ribosomes (1-6). Other viruses encode nucleases that specifically degrade host
MRNAs, thereby significantly decreasing the competition of cellular translation activity
(7). Yet others produce mRNAs that can, by nature of their extraordinary translation
efficiency and/or high levels, outcompete most cellular mRNAs (8-10). As viral
replication and viral protein synthesis is strictly dependent on the host cell translation
machinery, understanding the mechanisms by which viruses promote translation of their
RNAs within cells provides not only understanding of viral pathogenic mechanisms but

also insights into host cell regulation of protein synthesis (11).

The mechanism by which Dengue virus (DENV), a member of the Flavivirus genus of
RNA viruses and a prominent human pathogen, usurps host cell protein synthesis is
largely unknown. Like all members of the genus Flavivirus, DENV contains an
enveloped 5 m’GpppA-capped (+)-sense RNA genome with a nonpolyadenylated 3’
untranslated region (UTR). The DENV 10.7 kb genome encodes a single polyprotein
which is post-translationally cleaved into three structural (capsid [C], pre-

membrane/membrane [prM/M], and envelope [E]) and seven nonstructural (NS1, NS2A,
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NS2B, NS3, NS4A, NS4B, and NS5) proteins required for viral replication and
inactivation of antiviral cellular pathways (12-14). Neither the structural nor nonstructural
proteins are known to modify or compete with the cellular translation machinery. Indeed,
earlier studies report little to no effect of DENV infection on total host cell protein
synthesis (15, 16). Translation initiation of the DENV (+) strand RNA is thought to occur
primarily through a canonical cap-dependent mechanism (17), although alternative

strategies have been described when cap-dependent translation is inhibited (15).

DENYV enters cells through receptor-mediated endocytosis (18) and gains access to the
cytosol compartment following fusion of the viral envelope with the endosomal
membrane. Having gained access to the cytosol, the viral genome then undergoes
cycles of translation and replication that can produce upwards of 10,000 infectious
particles per cell within 48 hours (19). Prior to the onset of viral replication, synthesis of
the RNA-dependent RNA polymerase NS5, the RNA helicase NS3, and other NS
proteins must occur, as these are required for assembly of the viral replication complex
(20). Because (-) strand RNA synthesis and (+) strand translation compete for the same
(+) strand template (21), the interplay between these two processes and their
associated RNA structures is critical for optimal viral replication. Different long range
RNA-RNA interactions appear to partition the genome between a linear form devoted to
protein synthesis and a circular form focused on RNA transcription (22, 23), allowing for

separation of these two processes in space and time.

DENYV polyprotein and genome replication occurs in association with the endoplasmic
reticulum (ER) (24). This intracellular membrane affiliation reflects both the nature of the

polyprotein, which contains ca. twenty transmembrane domains and is dependent on

5
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the ER protein translocation machinery for its biogenesis, and that many of the non-
structural proteins, e.g. NS4A, behave as ER-resident membrane proteins and are
principal components of ER-associated replication factories (24, 25). Correspondingly,
DENYV replication is highly sensitive to silencing or knock-out of host factors functioning
in protein translocation and/or processing in the ER (26-28). Once the components of a
viral particle have been synthesized, virions assemble and bud into the ER lumen,

utilizing the secretory pathway to exit the cell (12).

Understanding how an ER-localized DENV (+) strand RNA serves as a template for
temporally coordinated synthesis of both DENV (-) strand RNA and DENV proteins is
important for understanding the DENYV life cycle, yet our knowledge of these processes
is limited. We considered this incomplete understanding in the context of our recent
studies that point to distinct regulatory control of mRNA translation in the cytosol and
ER (29-32) as well as transcriptome-wide functions for the ER-associated translation
machinery in gene expression (30, 33). We thus paired ribosome profiling (34, 35) and
RNA-Seq with biochemical cell fractionation (31, 36), to examine the subcellular
organization of DENV translation through the viral life cycle. The overarching theme in
the data is a DENV dependence on and selective modification of the ER-associated
protein synthesis machinery. Three primary findings were revealed in this study. One,
viral RNA, including the (-) strand replication template, and viral protein synthesis are
wholly ER-compartmentalized. Second, DENV (+) strand RNA translation is highly
inefficient relative to host cell mRNAs, suggesting a competition/selective capture
mechanism for annexing host cell ER-associated ribosomes. Third, the host

translational response to DENV infection is highly compartmentalized to the ER, as
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most host ER-associated mRNAs are translationally suppressed, yet cytosolic host
protein synthesis is relatively unchanged. Comparisons of transcriptome-wide changes
in translation of host genes during DENV infection to the translational response evoked
by the unfolded protein response (UPR) or treatment with interferon-B (IFN)
demonstrated that the host translation response to DENV included both UPR and IFN
response pathways, and revealed a subset of genes whose translation is up-regulated
during DENV infection. Interesting, we report that previously identified essential host
factors for DENV infection are not translationally up-regulated during infection, but are
rather generally repressed. These findings demonstrate that DENV specifically annexes
ER-associated ribosomes, sacrificing synthesis of specific host proteins to maximize

viral replication.
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Results

Tracking the subcellular compartmentalization of DENV genome replication and
translation.

The DENV 10.7 Kb (+) strand RNA, which encodes both cytosolic and integral
membrane proteins, accesses the cytosol early in infection and is subsequently
localized to the endoplasmic reticulum (ER), where it's translation products assemble
replication and virion biogenesis centers (37, 38). As a first step towards understanding
the molecular strategies used by DENV to commandeer host cell translation, we
examined subcellular RNA distributions and the translational status of both host cell
mMRNAs and DENV (-) and (+) strand RNAs through the viral life cycle (36, 39). In
combining the cell fractionation protocol illustrated in Fig.1A, which efficiently separates
the two primary protein synthesis compartments of the cell, with RNA-seq and ribosome
profiing, we sought to determine how DENV infection impacts the subcellular
distribution and translation of host cell mMRNAs, as it captures mRNA translation
capacity and secretory pathway function, the latter for the production and secretion of
new virions. In these experiments, Huh-7 hepatocarcinoma cells were infected with
DENYV (serotype 2; strain New Guinea-C) at a multiplicity of infection (MOI) of 10. After
one hour, the viral inoculum was removed and the cells cultured for 6, 12, 24, or 40
hours post infection (pi). At each time point, cells were fractionated using a sequential
detergent-based fractionation method (Fig. 1A) (32, 36, 40). As illustrated, cells are first
treated with a digitonin-supplemented physiological salts buffer, which selectively
permeabilizes the plasma membrane and releases the cytosolic contents. The digitonin-

extracted cells are then treated with n-dodecyl-B-D-maltoside (DDM)-supplemented
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buffers to release ER-associated cellular components. Similar to data reported in prior
studies (39, 41-46), the immunoblot data in Fig. 1B demonstrate that the fractionation
protocol yields the efficient separation and recovery of cytosolic (e.g., GAPDH, tubulin)
and ER-resident (e.g., ribophorin I, TRAP«) proteins, in both mock and DENV-infected
cells. Note that DENV NS4B, an integral membrane protein, was wholly ER-associated
in DENV-infected cells and absent from mock-infected cells (Fig. 1B). As expected,
rRNAs (ribosomes) were recovered in both fractions, showing a modest ER-enrichment
in mock-infected cells and an approximately equal subcellular distribution at 40 h post-
infection (Fig. 1C). tRNAs, in contrast, were largely recovered in the cytosol fraction
(Fig. 1C). The RNA component of the two subcellular fractions was analyzed by
ribosome profiling (35), to assess mMRNA translation status, and RNA-seq, to profile

MRNA transcriptome composition (Table S1).

As depicted in Fig. 2A, the 40 hour time course captured the major phases of the DENV
life cycle. DENV (+) strand RNA levels mirrored a logistic growth curve, with an
apparent lag phase extending to approximately 12 hours followed by a replication
phase. DENV (-) strand RNA levels, by contrast, steady increased until 24 hours post
infection, followed by a decline. The relative levels of the DENV (+) strand, determined
from the deep sequencing datasets, were approximately an order of magnitude higher
than the DENV (-) strand throughout infection. We calculated the relative rates of (-) and
(+) strand DENV RNA synthesis from the changes in RNA levels (Fig. 2B). Under the
indicated experimental conditions, the peak rate of increase for the (+) strand RNA
occurred between 12 and 24 h post-infection, with a doubling time of 20 min (£3.8 min).

It should be noted that at an MOI of 10, each cell was likely exposed to = 1,000 DENV
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genomes, many of which could be defective in typical infections (47), thus likely
lowering the calculated initial (+) strand synthesis rate. The pattern of change in (-)
strand RNA levels differed markedly from (+) strand RNA, peaking early in infection and
dropping throughout the remainder of the time course. The (-) strand RNA produced
early in infected presumably serves as a subsequent template for robust (+) strand
synthesis. These data identify an important temporal transition in the viral life cycle,
where early periods of infection are weighted to (-) strand synthesis and later time

periods to (+) strand synthesis and virion production.

We next investigated the subcellular localization of (-) and (+) strand RNA, as well as
(+) strand translation, over the time course of infection (Fig. 2C). Both (-) and (+) strand
RNAs were highly partitioned to the ER, where the (-) strand RNA remained almost
entirely ER-bound throughout the time course despite not being translated. This finding
may reflect localization of the (-) strand to ER-associated replication center and
association with ER-associated template (+) strand. While the (+) strand is mostly ER-
bound early in the infection, at late time points a discernible increase of (+) strand RNA
in the cytosol was observed. The precise subcellular disposition of this fraction of (+)
RNA is, however, not known, as at these late time points (+) strand RNA that scored as
cytosolic includes maturing viral particles packaged within secretory pathway transport
vesicles. In support of this interpretation, the translation of viral proteins remained highly
ER-enriched at all time points, which is consistent with non-virion complexed (+) strand

RNA being largely ER-associated throughout the experimental time course (Fig. 2C).

In addition to defining the subcellular locale of DENV translation, the ribosome profiling
data allowed assessment of the translation status of the (+) RNA. Because DENV first

10
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accesses the cytosol compartment in early infection, and subsequently uses the
endoplasmic reticulum (ER) as a platform for virion production, we calculated the
translation efficiency of the DENV (+) strand RNA in both the cytosolic and ER
compartments, where translation efficiency is defined as the ribosome density within the
coding sequence normalized to the level of the corresponding mRNA and is a proxy for
MRNA translational status. The translation efficiency of cytosolic (+) strand RNA was
low throughout the experimental time course. Intriguingly, for ER-bound DENV (+)
strand RNA, translation efficiency is relatively low at the 6 h time point, but increases by
12h post infection where it is sustained (data not shown). This period of relatively low
translation efficiency on the ER overlaps with the period of high minus-strand synthesis
rates, suggesting that at early infection, (+) strand translation is suppressed in favor of
RNA replication. This transition may reflect a regulated transition from a primarily
circularized, replication-dedicated (+) strand structure to a linearized, translationally-
competent structure, as suggested previously (23, 48). Notably, even at the time points
where DENV (+) strand RNA translation efficiency was highest, the relative translation
efficiency was quite low relative to the host mMRNA transcriptome, scoring in the bottom
5™ percentile (Fig. 2D). As we do not know the relative fraction of DENV (+) strand RNA
engaged in transcription vs. translation, and whether the two processes are
biochemically exclusive, the precise translation efficiency score cannot be stated with
certainty. Nonetheless, these data suggest that the DENV (+) strand RNA is an
intrinsically weak substrate for translation. The inefficiency of DENV translation may
reflect, at least in part, its highly structured 5° UTR (49-51). There was essentially no

detectable translation of the (-) strand RNA (Fig. 2D).
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Ribosome footprinting analysis of DENV (+) strand RNA translation reveals
intragenic variations in ribosome loading.

To gain insight into the translational dynamics of the DENV (+) strand RNA, we
examined the positional arrangement of the ribosome profiling reads over the ~ 10.3 Kb
CDS at each time point in the experimental time course of infection (Fig. 3A,C). As
depicted in Fig. 3A, ribosomes were broadly distributed along the CDS, with the
prominent peaks and valleys that are typical of ribosome profiling data (35). The
ribosome distribution pattern was largely unchanged over the experimental time course,
suggesting that synthesis of a composite balance of structural and non-structural
proteins is sustained throughout the infection cycle, which would be expected given the
single ORF (Fig. 3A-C). In support of this conclusion, Pearson’s correlation coefficients
for ribosome densities between biological replicates were indistinguishable from
comparisons between time points (r=0.85 for replicates vs. 0.87 for comparisons; p-

value=0.35 by two-tailed Student’s t-test).

We next examined ribosome densities relative to the established N- and C-termini
boundaries of the encoded proteins of the polyprotein, as a measure of intragenic
translational variation (Fig. 3C). Such analyses are useful for defining alternative open
reading frames, multiple ORFs, and ribosomal frame-shifting, as recently reported for
the coronavirus, MHV, a (+) strand RNA virus (52). Programmed ribosomal frame
shifting and/or multiple ORFs are not known to be strategies utilized by DENV (53, 54).
Evident, however, are intragenic variations in ribosome density, where ribosome
densities are lowest in the intragenic region encoding capsid and highest for the regions

encoding NS2B, NS4B and NS5. Though relatively modest (net change < 1.5 fold) the
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intragenic variations in ribosome densities could arise through cis-encoded translational
regulation, perhaps coupled to the ordered co-translational proteolytic processing of the
DENV polyprotein into individual proteins (55, 56). The variations in ribosome density
might also reflect a molecular strategy to compensate for differential stabilities of the
processed proteins and so will require a detailed understanding of both intragenic
ribosomal processivity and the stability/turnover rates of the individual processing-

derived proteins to determine biological relevance.

A high number of RNA-seq reads mapped to the 3’ UTR. These reads increased with
time of infection and thus likely reflect production of the subgenomic flaviviral RNA
(sfRNA) (57) (Fig. 4). This interpretation is supported by the lack of similar changes in 5’
UTR RNA-seq map read densities as a function of time of infection. The sfRNA is a
product of degradation of the viral genome by 5" to 3° exonucleases. The functions of
the sfRNA in viral infection remain to be fully elucidated, but it is known to play a role in
suppressing interferon stimulated genes expression, thus helping the virus evade the
immune system. In contrast to the full DENV (+) strand RNA, the sfRNA was not highly
enriched on the ER, consistent with previous work demonstrating functions for the
sfRNA in the regulation of cytosolic anti-viral immunity factors (Fig. 4B) (58). Ribosome
profiling reads mapping to the untranslated regions (UTR), particularly the 3' UTR were
also obtained (Fig. 3A), but they were at a much lower density and their size distribution
was discernibly different from other genes, suggesting that they likely represent
nuclease protection by means other than ribosomes (e.g., RNA binding proteins, highly

structured/nuclease resistant RNA domains), rather than translation (Fig. 4C).
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DENYV infection predominantly remodels translation on the ER compartment.

With the ribosome profiling data demonstrating that DENV (+) strand RNA translation
was almost entirely localized to ER-bound ribosomes (Fig. 2C), we next examined the
impact of viral RNA translation on global host cell protein synthesis, via the cell
fractionation methodology introduced above. We first compared the relative abundance
of ribosome footprint reads on ER-targeted mRNAs (mRNAs which encode an N-
terminal hydrophobic signal sequence and/or transmembrane domains and are
localized to the ER for translation and translocation) and cytosolic protein-encoding
mMRNAs (mMRNAs which do not encode a signal sequence or transmembrane domain
and are abundantly translated in the cytosol) (31, 33, 59, 60) (Fig. 5A). As illustrated in
Fig. 5A, it was apparent that DENV infection resulted in time-dependent decrease in the
translation of host ER-targeted mRNASs, beginning early in infection and progressing
throughout the experimental infection period. In contrast, the translation of cytosol-
encoding mMRNAs was, on average, unchanged. As illustrated in Fig. 5B, analysis of the
total RNA-seq datasets revealed that the levels of mRNAs encoding both ER-targeted
and cytosolic proteins decreased somewhat over the course infection. The Ribo-Seq
and RNA-seq analyses thus indicate that reductions in both ribosome loading and

overall mMRNA levels contribute to a reduction of total translation on the ER.

As previously reported, cytoplasmic protein-encoding mRNAs are broadly represented
on the ER, though enriched in the cytosol compartment (31, 33, 59, 60). In the ER
compartment specifically, the host ER-targeted mRNA cohort showed a 50% reduction
in translation levels (Fig. 5C), whereas ER-associated cytosol-encoding mRNAs were

only modestly altered (ca. 15% (Fig. 5D), indicating that the impact of DENV on ER-
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associated translation was largely restricted to ER-associated secretory/membrane
protein-encoding mMRNAs. Because the DENV (+) strand RNA encodes ca. twenty
transmembrane domains, its polyprotein translation product would be expected to
compete with the translation products of host ER-targeted mRNAs for access to the
protein translocation machinery. We thus further examined the impact of DENV infection
on the translation of ER-targeted host mRNAs. To obtain a quantitative estimate of the
impact of ER-localized DENV (+) strand RNA on the translation of ER-targeted host
mRNAs, the RPKM values for ER-targeted mRNAs were multiplied by corresponding
ORF length, to provide a measure of gene-specific ribosome abundance (Fig. 5C, see
also Fig. 5D). This transformation accounts for the fact that ribosome loading is, in
general, a function of ORF length; longer ORFs tend to be more populated with
ribosomes and in this scenario occupy a greater fraction of the protein translocation
machinery, then shorter ORFs (61, 62). Furthermore, with prior studies demonstrating
that ribosomes engaged in the translation of secretory or transmembrane proteins are
bound to the Sec61 protein translocation machinery, this metric provides a measure of
the fractional utilization of the ER secretory capacity by this mRNA cohort (63-65). As
depicted, by 24 h post-infection, DENV (+) strand RNA occupies similar levels of ER
translocon-bound ribosomes as the host ER-targeted mRNAs and by 40 h post-
infection, ribosome loading onto DENV (+) strand RNA surpassed ER-targeted host
MRNAs, at which point the DENV (+) strand RNA had commandeered a majority of the
ER secretory capacity (Fig. 5C). That the sum of the ER-targeted host mMRNA and
DENV (+) strand RNA ribosome abundance values at 40 h exceeds the ribosome

abundance of ER-targeted host mMRNAs at the zero time point is consistent with the
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observation that DENV infection promotes expansion of the ER compartment, as
previously reported, and thus an increase in total ER translocation activity and ribosome

binding capacity (66).

To further explore the impact of DENV infection on host translation, [*>S]Met/Cys pulse-
labeling experiments were performed, again using the cell fractionation assay system
depicted in Fig. 1. As a direct measure of de novo protein synthesis, [**S]Met/Cys
pulse-labeling provides an orthogonal test of the ribosome footprinting data and
distinguishes between translating and translationally-suppressed polyribosomes, which
cannot be distinguished by ribosome footprinting alone. When combined with cell
fractionation, this approach also reveals differences in the translational status of the
cytosol and ER compartments (44, 46). In these experiments, Huh-7 cells were infected
with DENV at an MOI of 10 and pulse-labeled with [**S] Met/Cys 36 h post-infection.
Mock and DENV-infected cells were then fractionated and protein synthesis activity of
the two compartments was assessed by phosphorimaging analysis of SDS-PAGE
separated protein fractions (Fig. 5E). Total (unfractionated) cell extracts were obtained
in parallel. As is evident in the total cell extracts, the impact of DENV infection on total
proteome expression at the 36 h time point was substantial, with prominent DENV
infection-dependent translation products present in the infected cells (Fig. 5E). The de
novo translation patterns of the two subcellular fractions revealed distinct
compartmental responses to DENV infection. Of particular interest, the overall
translation pattern of the cytosol fraction at 36 h post-infection was very similar in the
mock- and DENV-infected cells, with a modest suppression of overall translational

activity (Fig. 5E, Cyt Frac) (67). Clearly evident in the cytosol fraction of the infected
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cells was a radiolabeled band of ca. 100 kDa, which is the predicted mobility of NS5, the
methyltransferase-polymerase (68). Lacking transmembrane domains and/or a signal
peptide, NS5 would be expected to be highly enriched in the cytosol fraction, however a
fraction was recovered in the ER fraction as well, which may represent NS5 polymerase
associated with ER-bound (-) strand DENV RNA. The identity of the DENV infection-
specific radiolabeled band migrating slightly faster than the 100 kDa remains to be
determined. Contrasting with the cytosol fraction, DENV-infection elicited a dramatic
remodeling of the ER-associated proteome. Previously abundant ER proteins were
scarcely detectable and DENV proteins instead dominated the output of ER protein
biosynthesis (Fig. 5E, ER Frac). Of particular interest is the radiolabeled protein of ca.
68 kDa, present in the ER fraction and absent from the cytosol fraction of DENV-
infected cells. The mobility of this protein in SDS-PAGE is consistent with the
processing protease NS3. As NS3 lacks a signal sequence or transmembrane domain
(69), it would be predicted to reside in the cytosol. Prior studies have established that
NS3 associates with NS2B to form the active processing protease; with NS2B being an
integral membrane protein localized to the ER, this protein-protein interaction would be
expected to confer ER localization to soluble NS3 (68, 70, 71). To further explore these
findings, immunoblot analyses of DENV capsid, envelope, prM, NS2B, NS3, and NS5
expression and subcellular localization were performed (Fig. 5F). As shown, the
immunoblot studies were consistent with the data depicted in Fig. 5E and directly

demonstrate both viral protein expression and subcellular localization.

Combined with the ribosome footprinting data, the [*S]Met/Cys pulse-labeling and

DENV protein immunoblot data illustrate that DENV primarily commandeers ER
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translocon-associated ribosomes and suppresses translation of ER-targeted host
mRNAs. Furthermore, analyses of the relative distribution of ER-bound ribosomes
engaged in the translation of DENV (+) strand RNA and ER-targeted mRNAs reveal a
slow process of ribosome capture by the DENV (+) strand RNA, occurring

approximately in parallel with the synthesis of (+) strand DENV RNA (Figs. 2A, 5C).

Global translation response to DENV infection

The changes in mRNA translation patterns reported above were apparent at a
transcriptomic scale. Heat map analysis of the ribosome footprinting data sets indicated
a broad spectrum of altered translation by 40 h infection, though translation was largely
unaffected at earlier time points when DENV (+) strand RNA levels are relatively low
(Fig. 6A). Using a cutoff of two-fold change in total translation at the 40 h point, 948
mMRNAs had enhanced translation and 880 mRNAs had suppressed translation.
Importantly, the changes in translation status seen at early infection time points largely
reflected lower-magnitude variants of the late infection time points. While there are
specific genes that are expressed early in response to DENV infection, the majority of
changes in host mRNA translation in response to DENV represent a conserved,
progressive response that increases in magnitude over the time course of infection (Fig.

6A).

To assess the mechanisms driving these changes in gene expression, we first queried
the roles of two gene expression programs known to be active during DENV infection:
the interferon (IFN) pathway and the Unfolded Protein Response (UPR) (72). We
defined a set of IFN-stimulated genes by treatment of Huh-7 cells with IFN-B for 12
hours. An orthologous UPR-responsive gene set was derived from a previous ribosome
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profiling study that used thapsigargin treatment of mouse embryonic fibroblasts to elicit
UPR activation (42). In comparing the changes in these gene sets over the course of
DENV infection, each was significantly increased, indicating that the two pathways
were, as expected, up-regulated (Fig. 6B). With regard to UPR-responsive genes,
induction was quite slow and modest, more consistent with a supportive role for the
UPR, e.g., expansion of ER secretory capacity, rather than an acute, proteostatic stress
response (67, 73, 74). A Venn diagram of these data sets revealed a significant overlap
(p < 0.005 for all; hypergeometic test) between genes with enhanced expression in
DENV infection and both IFN induced and UPR pathways (Fig. 6C). However, there
remained a substantial cohort of mMRNAs (433) whose translation was enhanced during
DENYV infection, but not by IFN or UPR, which we term the DENV-only gene set (Table
S2). These genes may represent specific host cell responses to infection or changes in
gene expression driven by DENYV itself. Gene ontology analysis of the 433 DENV-only
genes revealed the most significant biological processes link to the GO categories
autophagy, regulation of cell cycle, signal transduction, and cellular metabolism (Fig.

6D, Table S3).

DENV-only and IFN-induced genes differed from the rest of the transcriptome in their
means of activation (Fig. 6E). While most transcriptome-wide changes in total
translation were driven by changes in mRNA levels, changes in DENV-only genes and
IFN-induced genes were primarily driven by changes in translational efficiency. The
activation of the UPR was primarily transcriptional, likely through the activation of the

UPR-linked transcription factors XBP-1, ATF4 and CHOP (75-77).
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Given the ER-centric translational response to DENV described thus far and recent
CRISPR screens for flaviviral host factors identifying primarily ER-resident proteins (27,
28), we examined how DENV infection affects the expression of high confidence DENV
host factors. We focused our analysis on the Marceau, et al. (27) screen as it utilized
DENYV serotype 2 and Huh-7 cells, as in the current study (Table S4) (27). This analysis
revealed many of the CRISPR-identified essential host factors to be translationally
down-regulated, whereas host genes were on average unchanged (Fig. 7A).
Specifically, of the 23 ER-resident CRISPR-identified host factor genes also present in
our ribosome footprinting data set, 17 genes were translationally down-regulated at 40 h
post infection (log,[40h/uninfected] < 0) and 6 were translationally up-regulated
(logz[40h/uninfected] > 0), though this host factor gene set is not substantially or up- or
down-regulated (Fig. 7B). Non-ER-resident CRISPR-identified host factors did not have
a particular bias for up or down regulation (5 genes and 4 genes, respectively). The
same trends in changes to translation for these CRISPR-identified host factors were
seen at earlier time points, though to a lesser magnitude, as was observed with global
translational changes (Fig. 6A). It is also of note that the changes in translation of
CRISPR-identified host factors during DENV infection do not correlate with changes in

their RNA levels, suggesting transcript-specific regulation of translation (Table S1).
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Discussion

Whereas the general trajectory and biochemical machinery of DENV replication are
increasingly well-understood (12, 78), major gaps in our understanding of how DENV
coordinately regulates the synthesis of its RNAs and proteins remain. In addition, the
fundamental question of how DENV (+) strand RNA competes for host cell translation
capacity is largely unknown. Here, we mapped the landscape of transcriptional and
translational responses to DENV infection in the host, and mapped the succession and
subcellular organization of the RNA replication and protein synthesis events that define
the DENV life cycle. DENV executes a major annexation of translation on the ER,
substantially reducing the translation of most host ER-targeted mRNAs. In addition to
sequestering ER-associated ribosomes, the very low translation efficiency of DENV (+)
strand RNA identified here may represent a strategy for minimizing the proteostatic
stress on the ER protein folding machinery, thereby limiting activation of the unfolded
protein response, with its attendant PERK-mediated suppression of cap-dependent

translation and general protein synthesis (79).

Combining the findings obtained in RNA-seq and Ribo-seq analysis of RNA abundance
and translational status in the cytosol and ER compartments of DENV-infected human
cells, a temporal order of molecular events was documented. Following viral RNA entry
into the cytosol, the primary activity of DENV is (-) strand RNA synthesis. This activity,
however, must be preceded by (+) strand translation for synthesis of the NS5 RNA
polymerase. Once a critical concentration of DENV proteins is accumulated, the early
commitment to (-) strand RNA synthesis serves as an investment that supports (+)

strand replication and virion biogenesis. As infection progresses, (-) strand RNA
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synthesis drops and is replaced by two primary functions: robust translation of (+) strand
RNA and rapid synthesis of additional (+) strand RNA from the now-abundant (-) strand
template. Following the continued buildup of DENV proteins and RNA, a population of
untranslated (ribosome-free) (+) strand RNA begins to populate the cytosol, likely
representing virions in the process of secretion. These data therefore reinforce the
concept that the two functions of the (+) DENV RNA — a template for (-) strand synthesis
and a mRNA for translation — are in direct competition, and are temporally skewed;
synthesis of (-) strand RNA from the (+) strand template is prioritized through the 6 h

time point, whereas translation of the (+) strand dominates thereafter.

The critical processes of DENV protein and RNA synthesis are contingent upon the
virus’s ability to co-opt the structure and activity of the ER. Data included here
demonstrate the localization of the vast majority of the viral RNA to the ER, including
the (-) strand RNA, which is untranslated and not captured in nascent viral particles.
Strikingly, and as further evidence of the importance of an ER-restricted life cycle,
DENV RNAs were enriched on the ER to a degree greater than host ER-targeted
MRNAs (43), suggesting that there exist DENV-specific mechanisms for ensuring the
highly efficient partitioning and anchoring of the (+) strand RNA to the ER. Non-
structural DENV proteins, many of which are themselves integral membrane proteins,
may serve important functions in this RNA anchoring process. It is also possible that
DENYV co-opts previously identified host cell factors that function in mRNA anchoring to

the ER (40, 80, 81).

Given the intricate nature of DENV transmembrane domain synthesis and the complex
polytopic topology of the polyprotein, the low translational efficiency of DENV RNA
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identified here may be adaptive, as it could serve as a “kinetic trap” and thereby divert
ribosomes from host MRNAs to the DENV (+) strand RNA translation. Such inefficient
translation may also be adaptive from the viewpoint of ER proteostasis. Were, for
example, (+) strand RNA translation to be highly efficient, the increased protein folding
load on the ER would be expected to trigger activation of the UPR, leading to
suppression of protein synthesis. In contrast, inefficient translation as an adaptive
feature would allow for abundant (+) strand RNA for virion production while avoiding
deleterious levels of UPR activation. Here we do not observe an acute or pronounced
activation of the UPR, but rather a slow increase in the transcription and translation of
select UPR-associated genes (Fig. 6B and 6C). Such a model would be consistent with
earlier findings that DENV infection intersects with the UPR pathway in complex and
temporally selective manner (67). The inefficiency of DENV translation likely reflects, at
least in part, its highly structured 5° UTR and a low rate of translation initiation (50, 82).
These characteristics distinguish DENV (+) strand RNA from other (+) strand RNA
viruses, such as the corona virus MHV, whose single stranded RNA genome is

translated at an efficiency similar to host transcripts (83).

The means by which DENV controls host gene expression also reveals a highly ER-
centric strategy. Over the course of DENV infection, non-DENV membrane protein
synthesis is reduced at multiple levels. Thus, on the ER there is a significant reduction
in the translation of these host mMRNAs relative to mMRNAs encoding cytosolic proteins
that are also translated on ER-bound ribosomes (30, 39, 43, 84). Although there is a
modest impact on host translation generally, the impact that DENV has specifically on

host ER translation is large and broadly inhibitory, including a set of previously identified
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essential host factors (discussed below). While these findings bear similarity to those
recently reported by Roth and coworkers (85), the two studies differ in conclusions
regarding the overall magnitude of the translational inhibition observed in response to
DENYV infection. These differences likely reflect different assay systems used to asses
translation and in that regard we note that the magnitude of translational suppression
reported by Roth and coworkers via ribopuromycylation assay is similar to that reported
here by [**S] Met/Cys incorporation and compartmental analysis of translation via Ribo-

seq.

The exceptions to the trend of suppressed translation hints at an important role for
translational regulation of host mRNAs by DENV itself, e.g., the enhanced translation of
mMRNAs encoding components of the secretory pathway likely increases the cellular
capacity for secreting DENV virions. How this is accomplished awaits further study and
speaks to the emerging view of the ER as a central hub participating in the translation of
the mRNA transcriptome, with mRNAs localized and anchored by diverse mechanisms,

and the capacity for selective regulation of the translation of MRNA subsets (30).

The view that DENV-directed translational changes contribute to the remodeling of host
cell gene expression is supported by comparison of the ribosome footprinting data of
cells infected with DENV versus cells treated with IFN- or thapsigargin, which activate
interferon response pathways or UPR, respectively. These two cellular response
pathways are associated with flavivirus infection and could be the driving factors for the
translational responses observed during DENV infection (Fig. 6). In this comparison of
transcriptionally activated genes, however, only subsets of IFN-activated and UPR-
associated genes are translationally up-regulated during DENV infection. The “DENV
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only” subset of genes is generally related to regulation of catabolic processes (Table
S3). These biological processes could ultimately favor viral replication and virion
production by dedicating cellular anabolic activities toward the viral life cycle, replication
of viral RNA, and folding and packaging of viral proteins. It should be considered that
the specific genes found in the “DENV only” category (Table S2) may be used most

directly by the virus during its lifecycle and could comprise therapeutic targets.

The high confidence links between ER physiology and the DENV viral lifecycle
discussed above was also observed in recent genome-wide CRISPR screens for
essential flavivirus host factors (27, 28). Interestingly, many of the identified DENV2
host factors in these past studies were found to be translationally repressed in our data
sets. Though somewhat counterintuitive, this pattern may suggest a novel way of
evaluating how pathogens utilize host factors. In a genetic deletion screen, as
referenced here, cells experience a complete loss of gene function before they
encounter a pathogen. During infection of non-genetically modified cells, however, cells
are fully equipped with essential host factors at the start of infection. After the initial
infection, two response branches are likely to occur: 1) cells may respond by down-
regulating specific factors as a strategy to combat the infection or 2) the virus may
evoke strategies to up-regulate host factors that are beneficial to its survival. As the
virus has already gained access to the cell, and replication and translation have begun
before the cell is able to detect and respond to the infection, the evolutionary pressure
to develop a mechanism that prevents host translational repression is likely low for most
genes. In this way, the virus likely allows for the translational down regulation of host

factors required early in infection. It is also likely the virus has developed strategies to
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upregulate specific factors that are required throughout the viral life cycle. By this logic,
host factors identified by loss-of-function that are translationally repressed during
infection may be therapeutically relevant targets to minimize or block initial infection,
whereas host factors that are translationally activated during infection may impact viral
success at later stages of infection (i.e. when an individual is already infected). This
proposed bimodal evaluation of host factors, which considers not only the outcome of
the virus but how the protein is regulated during infection, will require experimental
validation but may provide an opportunity for insight into the questions of how and when

a host factor contributes to the viral life cycle.

Cumulatively, these findings highlight the ER as not only the site of viral replication, but
as an organelle that DENV dramatically remodels to fulfill the need for both biogenesis
and an exit strategy from the cell. This viral habitat provides not only entry into the
secretory pathway, but also a distinct environment for translational regulation that DENV
controls to optimize conditions for replication (30, 86, 87). Targeting any of these points
where DENV interacts with or controls the ER may be a promising area to explore anti-

viral pharmaceuticals.
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Materials and Methods

Cells and viruses

Huh-7 (human hepatocarcinoma cells, ATCC) were grown in 4.5g/L glucose DMEM
(Gibco, USA), supplemented with 10% FBS, non-essential amino acids (Gibco, USA),
100 U/ml penicillin and 100 pg/ml streptomycin (Gibco, USA). Cells were cultured at
37°C in a humidified 5% CO; incubator. DENV strain DENV2-NGC (GenBank accession
M29095.1) was used for experiments. Viruses were grown in C6/36 cells and titered by

standard Vero foci forming assay.

Viral infection protocol

Huh-7 cells were plated at a density of 2x10° cells per 10cm? dish. Cells were infected
with DENV-2 NGC strain at a MOI (multiplicity of infection) of 10 for 1h, the virus
inoculums were then removed and cells washed once with PBS before replacing with
pre-warmed complete media. MOIs were calculated using Vero cell-based titers as
noted above. Interferon treatment was performed using recombinant Interferon beta 1A

(Millipore) for 12 hours at 500 units/mL.

Cell fractionation

Cells were treated with 180uM cycloheximide for 30 seconds then washed with cold
PBS. Cells were then separated into their cytosolic and ER compartments as previously
described (39, 43, 45, 84, 88, 89). Briefly, the cytosol fraction was extracted by addition
of a buffer containing 0.03% digitonin, 110 mM KOAc, 25 mM K-HEPES pH 7.2, 15 mM
MgCl;, and 4 mM CacCl, to the dish and incubated in ice for 5 min. The buffer was
collected, and cells washed with the same buffer containing 0.0015% digitonin. The first

lysis and the wash were combined and represent the cytosolic contents of the cell. The

27

066¢66¢6EEEEEEEEEEEEEEEEEELELEEELLEEEVYAONI
3 VIOOTONDIL I VIONEEEEEEEEEEEEEEEEID VA OIHEEEEEEEEieidéééééé LSININ AT 8TOZ ‘ST Arenuer uo /Bio wse IAl:dny woly papeojumoq


http://jvi.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Virology

Journal of Virology

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

ER fraction was then collected by lysis of the digitonin-extracted cells with an ER lysis
buffer containing 2% n-dodecyl-3-D-maltoside, 200 mM KOAc, 25 mM K-HEPES pH

7.2, 15 mM MgCI2, and 4 mM CaCl..

Ribosome profiling and RNA-seq

Cell lysates were diluted to 100 mM KOAc and treated with 10 pg/mL micrococcal
nuclease for 30 min at 37°C. Ribosomes were pelleted by ultracentrifugation through a
0.5M sucrose cushion in a Beckman TL100 ultracentrifuge, using the TLA100.2 rotor
(24 min, 90,000 RPM). Ribosomal pellets were subjected to phenol/chloroform
extraction, the RNA isolated, and subsequently treated with polynucleotide kinase (New
England Biolabs). Ribosome-protected mRNA fragments were then size-selected by
acrylamide gel electrophoresis, extracted, and assembled into cDNA libraries as

described in previous publications from this lab and summarized below (42, 90).

For mRNA-seq, total RNA was isolated from lysates by phenol/chloroform extraction.
rRNA was depleted using RiboZero (lllumina). Eluted mRNA was fragmented by
resuspending in 100 pL 40 mM Tris-OAc pH 8.3, 100 mM KOAc 30 mM MgOAc and
heating to 95°C for 10 min. Fragmented RNA was precipitated by addition of NaOAC to
300 mM and 300 pL ethanol, the solution chilled on ice, and RNA collected by
centrifugation. The RNA pellet was resuspended in a 10 pL solution containing 10 mM
ATP, 10 U polynucleotide kinase (New England Biolabs), and 1 X PNK buffer. This
solution was incubated at 37 °C for 30 minutes, then heat inactivated at 95 °C for 10

min.
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Each of the RNA fragment pools was converted into a cDNA library using the NEBNext
Small RNA Library Prep Set for Illumina (New England Biolabs) as described by the
manufacturer, except using half reactions. cDNA libraries were amplified using 16
cycles of PCR, then pooled and sequenced using the HiSeq 2500 (lllumina). Reads are

available under Gene Expression Omnibus Accession GSE69602.

Analysis of protein and RNA compositions of subcellular fractions.

Huh-7 cells were mock-infected or DENV-infected (MOI = 10) and fractionated into
cytosol and endoplasmic reticulum (ER) fractions as described above. Fractions were
either subjected to tricholoracetic acid precipitation, to recover the protein fraction, or
extracted with Trizol® to obtain the total RNA fraction. To analyze protein distributions in
the two subfractions, samples were resuspended in SDS-PAGE sample buffer,
separated on 12.5% SDS-PAGE gels, transferred to nitrocellulose membranes and
protein distributions analyzed by immunoblot using the following monoclonal antibodies
GAPDH: DSHB-hGAPDH-2G7; tubulin: 6G7; and rabbit polyclonal antisera recognizing
ribophorin | and TRAPa. Monoclonal antibodies were obtained from the Developmental
Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The
University of lowa, Department of Biology, lowa City, IA 52242. Rabbit antisera were
generated by immunization with KLH-synthetic peptide conjugates and were
characterized in prior reports from the Nicchitta laboratory (39, 41, 88). For analysis of
viral protein expression, Huh7 cells were plated at 3 x 10° cells in a six-well dish and
infected the following day with DENV-2 (NGC) MOI of 10, as described above. Infection
was allowed to carry on for 36 h and then cells were fractionated into cytoplasmic and

ER fractions as described above. Proteins were TCA precipitated and re-suspended in
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1x LDS loading buffer (Novex). Proteins were heated at 95°C for 5 minutes, and the
same volume of lysate for each compartment was separated on a 4-12% SDS-PAGE
gel (Novex), the proteins transferred to nitrocellulose membranes, and expressed
proteins detected using antibodies against C, prM, E, NS1, NS2B, NS4B, NS3 or NS5

(Genetex) and fluorescence-based detection (LI-COR).

To assess RNA compositions, samples were separated on agarose gels, stained with

SYBR® Green I, and imaged on a GE Healthcare Amersham Imager 600.

Metabolic labeling of tissue culture cells

Huh-7 cells were plated at 3x10° cells per well in a six-well dish and infected as above.
At the end of infections, cells were incubated in methionine and cysteine free media for
30 minutes to deplete internal pools of these amino acids. Cells were then labeled by
addition of 0.2 mCi/mL [**S]Met/Cys media for 30 minutes, washed with PBS three
times, and lysed with a buffer consisting of 400 mM KOAc, 15mM Mg(OAc)2, 25 mM
HEPES, pH 7.6, 1% NP-40, and 1 mM DTT. Proteins were TCA precipitated and
resuspended in 1x LDS loading buffer (Novex). Proteins were separated on a 4-12%
acrylamide gel (Novex), dried, and the gels were phosphorimaged using a GE Typhoon

Trio.

Data analysis

Reads were first trimmed of their 3’ adapters using Cutadapt (91). A reference
transcriptome was generated with Tophat and Cufflinks (92), using combined RNA-seq
data to generate a consensus transcriptome from Refseq release 68. The most

abundant isoform of each gene was selected and compiled into a reference
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transcriptome. All reads were then mapped using Bowtie (93), allowing ho mismatches.
Reads within the coding sequence were counted and normalized by coding sequence
length and library size to give total translation and mRNA counts. Genes where fewer
than 4 reads were mapped were discarded for that sample. sfRNA levels were
determined via the equation (3° UTR read density/CDS read density) x RPKM (DENV

CDS).

To calculate the rates of change in DENV RNA levels, changes in RNA levels were
fitted to an exponential growth model vy,,, =y, xe**, where y is the RNA level time t and

k is the growth rate. This equation was solved for k and converted to a percentage:

k=1oox|n[&]/m.
Y,

Relative contributions of mRNA levels and ribosome loading to overall changes in
ribosome footprinting data were performed as described in (94), where the percentage
of change driven by mRNA levels is calculated by the geometric mean of correlations
between RNA-seq fold changes and ribosome footprinting fold changes, divided by the

correlations between ribosome footprinting replicates. Changes in ribosome loading are inferred

to contribute the remainder of the fold change.

All sequencing data are available at GEO accession number GSE69602.
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Figure Legends

Figure 1. Experimental schematic and validation of cell fractionation protocol. A)
Schematic of the experimental approach. Mock- or DEV-infected Huh7 cells were
fractionated by a sequential detergent extraction protocol where cell cultures are first
treated with digitonin-supplemented buffers to release the cytosolic contents followed by
a subsequent treatment with dodecylmaltoside (DDM)-supplemented buffers to release
the ER-associated contents. Total RNA was isolated from each fraction and analyzed
by RNA-Seq to assess gene expression. In parallel, polysomes in each fraction were
nuclease digested, ribosome footprints isolated, and analyzed by Ribo-Seq. B)
Immunoblot analysis of the distributions of cytosolic (GAPDH and tubulin) and ER
resident membrane (Ribophorin | and TRAPa) proteins in the cytosol (Cyt) and ER
fractions of mock-infected cells and following 40 h of DENV infection (MOI = 10). C)
Ribosome and tRNA distributions in the two subcellular fractions were determined by
isolation of total RNA, separation by agarose gel electrophoresis, and visualization with

SYBR Green staining. 18S, 28S and tRNA components are indicated.

Figure 2. Spatiotemporal organization of DENV replication and translation. A)
Abundance of DENV (+) and (-) RNA over a 40 h infection time course, as assessed by
RNA-seq. B) Rate of accumulation for DENV (+) and (-) RNA. Each point indicates the
average rate of change of RNA abundance between the two adjacent time points,
expressed as percent change per hour in an exponential growth model. C) Percentage
of DENV + strand RNA, - strand RNA, and + strand translation that is ER-associated

throughout the experimental time course. D) Translational efficiency of DENV RNA
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relative to the host transcriptome. The translation efficiency distributions of host mMRNAs
encoding TMHMM-predicted ER-targeted proteins is shown in black, with the translation
efficiency of DENV RNA in red. The translation efficiency distribution is calculated as an
average value of all mRNAs at all time points. For all panels, error bars represent +SD

(n=2).

Figure 3. Ribosome footprinting pattern of the DENV RNA. A) Ribosome density
across the DENV RNA at each infection time point as a 30-nt moving window. Red lines
separate different coding sequences, while the grey area indicates the entire polyprotein
coding sequence. B) Schematic representation of the DENV polyprotein with each
protein color-coded as legend for panel C. C) Ribosome density for each viral protein

coding region over the course of infection (color legend, panel B).

Figure 4. sfRNA abundance and subcellular localization. A) RNA-seq read density
in the cytosol and ER fractions along the DENV RNA sequence. The coding sequence
is indicated by the grey shaded area and different coding sequences by red lines. The
sfRNA is derived from the DENV 3’ UTR. B) Subcellular localization of the sfRNA
relative to the (+) strand DENV RNA. C) Distribution of read lengths for ribosome
profiling reads mapping to the transcriptome, DENV coding sequence, and DENV 3’

UTR.

Figure 5. DENV selectively remodels the ER translational landscape. A) Change in
the total translation of mMRNAs over the infection time course, as assessed by ribosome
footprinting. Two categories of mMRNAs are plotted: mMRNAs encoding ER-targeted

proteins, which encode a signal sequence or transmembrane domain, and mRNAs
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encoding cytosolic proteins, which do not. Total translation was measured as the total
number of ribosome footprinting reads mapped to an mRNA cohort, normalized for
library size, and then expressed as a percentage of that value in mock infected cells.
DENV RNAs were excluded from these calculations. B) As in A, except mRNA levels
are depicted, as measured by RNA-seq and normalized to length. C) Time course of
ribosome recruitment by ER-associated DENV (+) RNA. lllustrated is the fractional
capture of ER-bound ribosomes translating topogenic signal-encoding mRNAs (signal
sequence and/or transmembrane domains, i.e. ER-targeted host mRNA) and DENV (+)
RNA, as determined from the Ribo-seq datasets. Ribosome abundance is calculated as
RPKM x CDS length x 10°. D) Fraction of ER-bound ribosomes translating non-
topogenic signal-encoding mRNAs (i.e. cytosol-encoding host mRNA) and DENV (+)
RNA, as calculated in 4C. E) Metabolic labeling of newly-synthesized total, ER-
associated and cytosolic proteins. Cells were infected with DENV for 36 h then pulse-
labeled with [**S]Met/Cys. Cells were either directly detergent extracted (Total) or
fractionated as in illustrated in Fig.1 to obtain ER and cytosol (Cyt) fractions and
analyzed by SDS-PAGE followed by autoradiography. Bands appearing samples from
the DENV infected samples are presumed to be DENV proteins and are labeled based
on known molecular weight. F) Immunoblot analyses of a subset of DENV proteins

confirms expression and subcellular distributions indicated in panel E.

Figure 6. Host gene expression response to DENV infection. A) Heat map of
changes in total translation of host genes over the DENV infection time course. Genes

are sorted by their mean response over the time course of infection. The translational
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response to interferon beta 1A treatment is also indicated. B) Changes during DENV
infection in the interferon-induced-only gene set (defined as those genes increased at
least 50% after treatment with interferon beta 1A) and the UPR-induced gene set
(genes increased at least 50% after 4 h UPR induction)(UPR gene set from (42)). C)
Venn diagram specifying the overlaps between the interferon and UPR gene sets
described above and the genes increased at least 100% in total translation after 40 h
DENYV infection. D) Five most significant gene ontology terms for DENV-only gene set
determined for biological process using GOrilla with the full data set as the background
list. E) The contributions of changes in mMRNA levels and translational efficiency to
changes in total translational activity after 40 h DENV infection. These values were
calculated as described in Materials and Methods for all genes and for each set of

genes that is exclusively identified as DENV, UPR, or IFN.

Figure 7. Translational changes of CRISPR-identified host factors during DENV
infection. A) Histogram showing changes in total translation for CRISPR-identified
essential genes for DENV2 as determined in Marceau, et al. (27). Genes that were
essential for DENV replication and with a RIGER score of > 1 were operationally scored
as essential, while all other genes were scored as non-essential. B) List of log, change
in translation for CRISPR-identified essential genes for DENV2 as determined in
Marceau, et al. (27), with RIGER score of > 1, after 40 h infection. These values were
calculated as described in Materials and Methods. The ER-localization status of each

gene product is also indicated.
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GO Term (biological process) P-value Enrichment
autophagy 7.72E-09 4.80
regulation of intracellular signal transduction 1.13E-08 2.03
regulation of GTPase activity 2.99E-08 2.74
cellular macromolecule metabolic process 2.59E-07 2.20
RNA metabolic process 7.99E-07 1.58
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Gene ID ER? Log,change in total translation
CILP No NA
NRSN1  Yes NA
EMC2 Yes 2.561466

2 TBCIDS  Yes 1.646808
TSEN1S  No 1.175835
RABSA  No 1.153792
ASCC2 Nao 1.129517
TIC7A  No 1.105917

S LYSMD3 Yes  1.016606
° ASCC3  No  0.560635
E UBE2J)L Yes  0.084272
= SSR3 Yes  0.02432

5 HSPA13  Yes  0.001863
E 05T4 Yes  -0.13629

MAGT1 Yes  -0.27337
SSR2 Yes  -0.36101

TTC37 MNo -0.38785
SEC61A1 Yes -0.4794

EMC3 Yes -0.57981
LEPROT  No -0.57992
EMCE Yes -0.58141
OsTC Yes -0.60656
DDOsST Yes -0.74725
EMCT Yes -0.75134
S5R1 Yes -0.80355
STT3A Yes -0.97432
SAMDE  Yes -1.11429
MMGTL  Yes -1.14545
EMC1 Yes -1.20918
RPN2 Yes -1.31322
EMC4 Yes -1.34744
STT3B Yes -1.46459
., SVEP1 No -1.49111
DAG1 No -2.31305
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