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It is well-appreciated that viruses use host effectors for macromo-
lecular synthesis and as regulators of viral gene expression. Viruses
can encode their own regulators, but often use host-encoded
factors to optimize replication. Here, we show that Drosha, an
endoribonuclease best known for its role in the biogenesis of
microRNAs (miRNAs), can also function to directly regulate viral
gene expression. Kaposi’s Sarcoma-associated Herpesvirus (KSHV)
is associatedwithvarious tumors, and likeall herpesviruses, has two
modes of infection, latent and lytic, which are characterized by dif-
ferential expression of viral gene products. Kaposin B (KapB) is
a KSHV-encoded protein associated with cytokine production and
cytotoxicity. We demonstrate that in addition to previously known
transcriptional mechanisms, differences in Drosha levels contribute
to low levels of KapB expression in latency and robust increases in
expression during lytic replication. Thus, surprisingly, KSHV modu-
lates Drosha activity differentially depending on the mode of repli-
cation. This regulation is dependent on Drosha-mediated cleavage,
and KapB transcripts lacking the Drosha cleavage sites express
higher levels of KapB, resulting in increased cell death. This work
increases the known functions ofDrosha and implies that tying viral
gene expression to Drosha activity is advantageous for viruses.
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Understanding how viruses regulate their own gene expression
is an active area of research with relevance to numerous

diseases. Viruses with RNA genomes typically rely on RNA
binding proteins and cis transcript elements to control gene ex-
pression (1). For DNA viral gene regulation, host and viral
transcription and chromatin-associated factors are best charac-
terized (2, 3), with the role of cis RNA regulatory elements
understudied. Recently, some DNA viruses have been shown
to encode trans regulatory small RNAs, called microRNAs
(miRNAs), that bind to mRNAs and negatively regulate host or
viral gene expression. Over 200 miRNAs have been described
from viruses with DNA genomes that undergo a nuclear repli-
cation cycle (reviewed in refs. 4 to 6). Like host-encoded miR-
NAs, the functions of the majority of viral miRNAs are unknown.
Few viral miRNAs are homologous with host miRNAs, and this
implies that most viral miRNAs will either regulate viral tran-
scripts or host transcripts via unique binding sites (7), or possibly
that viral miRNAs may have novel, as yet unknown functions.
Viruses use the host machinery for miRNA biogenesis, includ-

ing the nuclear microprocessor complex containing the double-
stranded RNA endonuclease Drosha and its binding partner
DGCR8.Drosha cleaves the primarymiRNA transcript to liberate
a hairpin secondary structure called a pre-miRNA (reviewed in ref.
8). The pre-miRNA is then exported to the cytoplasm and further
processed into the functioning miRNA (Fig. 1A). Drosha cleavage
also mediates direct cis-regulation of DGCR8 mRNA levels and,
thus, serves as a mechanism to autoregulate its own miRNA bio-
genesis activity (9). In addition, it is likely that some additional
mRNAs (containing pre-miRNA-like structures) are also directly
regulated byDrosha-mediated cleavage, but these transcripts have
not been well-characterized and no functional significance has
been attributed to this possible mode of regulation (10, 11). It is
unknown whether viral transcripts are regulated via a similar

mechanism, but at least five different viruses [Kaposi’s sarcoma-
associated herpesvirus (KSHV), murine cytomegalovirus, Epstein
Barr Virus (EBV), and Marek’s disease viruses 1 and 2] encode
transcripts containing pre-miRNA structures located within an
mRNA (4). This finding suggests Drosha-mediated cis-regulation
of gene expression may be a common regulatory strategy among
divergent herpesviruses.
KSHV is a lymphotropic virus associated with hyperproliferative

B-cell disorders and Kaposi’s Sarcoma (KS), a highly vascularized
lesion, composed mainly of endothelial cells, which afflicts mostly
immunocompromised patients (12). Like all herpesviruses, KSHV
has both a “latent” phase of infection, whereby only a few viral
transcripts are expressed, and a “lytic” phase, whereby the re-
maining (of the n = ∼85) viral mRNA transcripts are expressed,
culminating in lysis of the infected cell and the release of progeny
virions (13). Although most KSHV gene products are classified
strictly as either latent or lytic proteins, Kaposin B (KapB) is
atypical in that it is constantly transcribed at a low level during
latency, but is also dramatically induced upon lytic replication (14).
Although a complete understanding of this induction is lacking,
part of this results from KapB being driven by two different pro-
moters: one constitutively active in latency and one that is acti-
vated during lytic replication by a viral “master lytic switch”
transcription factor, RTA (Fig. S1) (14–16). Exogenous expression
of KapB has been shown to have cytotoxic effects and also to in-
duce the p38 stress-kinase signaling pathway (14, 17). Thus, proper
regulation of the kinetics and abundance of KapB expression are
likely important to the fitness of the virus.
Compared with other KSHV transcripts, KapB is unique in that

within its 3′UTR are two pre-miRNAs that give rise to miRs K12-
10 and K12-12 (18). In this work, we set out to test whether these
pre-miRNAs could play a negative cis-regulatory role on KapB
transcripts. We demonstrate that Drosha-mediated cleavage of
these pre-miRNAs negatively regulates KapB protein levels in
latently infected cells. Furthermore, we show that this mode of
regulation is inhibited during lytic replication. Thus, in addition to
transcriptional regulation, decreased Drosha activity contributes
to the differential levels of KapB that are made during the lytic
and latent phases of infection. Therefore, this work expands the
known functions of Drosha, and implies that viruses can use the
miRNA biogenesis machinery for novel purposes in optimizing
gene expression in lytic versus latent replication.

Results
Pre-miRNAs Encoding miRs K12-10 and K12-12 Are Negative cis-
Regulatory Elements. For transcripts that serve the dual role as
both mRNA and primary miRNA, cleavage by Drosha is an irre-
versible action that should prevent nuclear export and subsequent
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translation of the cleaved mRNA. Thus, such transcripts face a bi-
nary decision of whether to become mRNAs or miRNAs (Fig. 1A).
We therefore hypothesized that the pre-miRNAs encoding miRs
K12-10 and K12-12, within the KapB 3′UTR, function as negative
cis-regulatory elements. Heterologous expression constructs were

engineered in which premiRs K12-10, K12-12, or both were mu-
tated to disrupt the characteristic secondary structure of a pre-
miRNA. Tominimize the chances of artifactual results if one of the
mutants caused unintended, pre-miRNA-independent stabilizing
effects, two different small internal deletion mutants were engi-
neered for each pre-miRNA hairpin (Fig. 1B). Each mutant strat-
egy (deleting either the sequence corresponding to miRNA strand
or the passenger star strand) was used individually or in combina-
tion. These constructs were transfected into HEK293T cells and
immunoblot analysis was conducted on total protein lysates. All
mutant constructs resulted in increased expression ofKapBprotein,
with premiR K12-10 playing a more readily detectable regulatory
role than premiR K12–12 (Fig. 1C). Deleting both pre-miRNAs
(DD-1 or DD-2) resulted in the greatest increase in KapB levels,
suggesting both pre-miRNAs contribute to negatively regulate
KapB transcripts. To ensure that the derivative miRNAs from
premiRs K12-10 and K12-12 could not regulate coding portions of
the KapB transcript in trans, reporter constructs were generated in
which the KapB coding region was replaced with Luciferase. Lu-
ciferase assays were conducted on protein lysates harvested from
cells transfected with these reporters. These results were significant,
showing identical trends to whatwe observed forKapBprotein (Fig.
1D). To further rule out the possibility of trans regulation by these
miRNAs, cotransfection of plasmids expressing miRs K12-10 and
K12-12 had no effect on KapB protein levels (Fig. S2). Combined,
these results demonstrate that both premiRs K12-10 and K12-12
are negative cis-regulatory elements for KapB transcripts, with
premiR K12-10 playing a greater role than premiR K12-12.

Drosha Mediates cis-Regulation of KapB Transcripts. Having dem-
onstrated that the pre-miRNAs in the KapB 3′ UTR are negative
regulatory elements, we next tested whetherDrosha cleavage plays
a role in this regulation. Cotransfection of plasmids expressing
Drosha andDGCR8 along with the various KapB 3′UTRmutants
resulted in decreased expression of KapB protein from all con-
structs tested except KapB-DD that has deletions of both the K12-
10 and K12-12 pre-miRNAs (Fig. 2A). Interestingly, the premiR
K12-10 deletion was less susceptible to Drosha-mediated cleavage
than the premiR K12-12 mutant, consistent with premiR K12-10
being the preferred substrate for Drosha (Fig. 2A, Right). Next, to
directly assay for Drosha-mediated cleavage, RNA was harvested
from these experimental treatments and Northern blot analysis
was conducted using probes designed to recognize full-length and
3′ cleavage fragments of KapB mRNA. This analysis showed
a band migrating at the expected position for full-length KapB
mRNA, as well as bandsmigrating at the expected positions for the
two 3′ fragments generated byDrosha-mediated cleavage of either
premiRs K12-10 or K12-12 (Figs. 1B and 2B). Importantly, over-
expression of Drosha/DGCR8 resulted in enhanced generation of
the expected cleavage fragment for each construct, except KapB-
DD, the double mutant lacking pre-miRNAs. [Note the mRNA/
fragment ratio decreases for all constructs except KapB-DD in the
presence of exogenous Drosha/DGCR8 (Fig. 2B)].
We next examined whether Drosha activity can regulate KapB

expression in infected cells. BCBLs are primary effusion lym-
phoma (PEL) cells that are predominantly latently infected with
KSHV (19). A previously characterized Drosha-specific siRNA
(9) was used to knockdown Drosha levels in TREx-RTA BCBL-1
cells. Knockdown of Drosha protein was observed along with
a concurrent increase in KapB protein levels (Fig. 2C). A re-
ciprocal experiment, in which Drosha and DGCR8 proteins were
overexpressed, resulted in the opposite phenotype (Fig. 2D).
Importantly, control experiments show that knocking down
Drosha levels does not ectopically induce RTA or surface K8.1
expression (hallmarks of lytic replication), thereby ruling out
indirect RTA-mediated induction of KapB (Fig. S3). Thus, we
conclude that Drosha-mediated cleavage directly regulates KapB

Fig. 1. SomeKSHVpre-miRNAsmediate cis-regulationof KapB transcripts. (A)
Diagram of binary decision hypothesis. (B) Diagram of the KapB transcript. The
3′ UTR of KapB contains premiRs K12-10 and K12-12. The distance (in nucleo-
tides) from the polyadenylation cleavage site for each pre-miRNA is indicated
for constructs expressing KapB. The shaded regions denote the deleted
sequences of each pre-miRNA possessed by the D-1 and D-2 series mutants.
Note, the DD-1 mutant refers to a doublemutant of the D-1 sequences in both
premiRs K12-10 and K12-12, and DD-2 refers to a double mutant of both D-2
sequences in premiRs K12-10 and K12-12. Unless otherwise noted, the “DD”
nomenclature refers to the DD-1 double mutant. (C) Immunoblot analysis
demonstrates that KapB expression increases when the pre-miRNA structures
are mutated. HEK293T cells were transfected with various constructs and im-
munoblot analysis performed with indicated antibody. β-Actin is shown as
a load control. (D) Luciferase assay confirms regulatory roles of pre-miRNA
structures. Wild-type or mutant KapB 3′ UTR sequences were cloned down-
stream of the firefly luciferase ORF, and these vectors were transfected into
HEK293T cells along with a Renilla luciferase expression vector. Forty-eight
hours after transfection, the cells were harvested and assayed for luciferase
activity. The data are shown as firefly normalized to Renilla luciferase activity.
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transcripts and that this regulation occurs during bona fide in-
fection at physiological levels of Drosha.

Physiological Consequences of Direct Drosha-Mediated Regulation of
KapB Transcripts. Having shown that Drosha can directly regulate
the levels of KapB, we next addressed whether Drosha-mediated
cis-regulation can affect the functionality of KapB. The original
report describing KapB noted that it was difficult to generate cell
lines stably expressing KapB, likely because of cytotoxicity as-
sociated with high levels of expression of this protein (14). We
therefore developed a quantitative short-term cytotoxicity assay.
Transfection of increasing amounts of plasmid encoding KapB

into TREx-RTA BCBL-1 cells resulted in an increasing pro-
portion of dying cells, as evidenced by cells positive for propidium
iodide and Annexin V staining (Fig. 3A). Next, we transfected
cells with constructs expressing KapB with either the full-length
3′UTR (KapB-FL) or a double-deletion mutant 3′ UTR that is
not cleaved by Drosha (KapB-DD). Transfection of control
vector induced a baseline toxicity in the cells, and as expected,
transfection of KapB-FL increased cytotoxicity (Fig. 3 B and C).
Importantly, transfection of KapB-DD induced the highest level
of dying cells, consistent with the increased levels of KapB pro-
duced from this construct. Notably, the degree of difference in
KapB steady-state protein levels observed between the KapB-FL
and KapB-DD constructs in these transient transfection assays is
comparable to the differences in endogenous KapB levels ob-
served in our Drosha knockdown studies (Fig. 2C), suggesting
that Drosha-mediated regulation of KapB during latent infection
is important for maintaining cell viability during latent infection.
To ensure that the increased cytotoxicity we observed in the

absence of the KapB 3′ UTR pre-miRNAs was not because of
trans targeting via the derivative miRNAs, identical experiments
shown in Fig. 3 B and C were conducted, except that a vector
expressing miRs K12-10 and K12-12 was also included. Co-
transfection of the vector expressing miRs K12-10 and K12-12
along with the Kap-DD construct resulted in levels of miRNA
expression approximately equal to those expressed from the
KapB-FL vector (Fig. 3E). However, this result did not alter the
increased KapB protein levels nor the increased cytotoxicity
phenotype associated with the KapB-DD construct (Fig. 3 D and
F). Combined, these data demonstrate that the differences in
KapB protein levels associated with Drosha-mediated regulation
are sufficient to alter the biological activity of KapB.

Drosha-Mediated Regulation Is Inhibited During Lytic Infection.
During the course of this study, we noticed what seemed to be
relatively more induction of the KapB protein than the miRNAs
miRs K12-10 K12-12 during lytic replication. This led us to hy-
pothesize that Drosha has decreased steady-state levels and/or
decreased activity during lytic replication. To test this hypothesis,
we first conducted immunoblot analysis comparing Drosha pro-
tein levels during latency to several times postlytic induction.
This analysis showed a decrease in Drosha steady-state levels
beginning as early as 12 h postinduction, with the effect being
dramatically enhanced during the course of RTA-responsive lytic
infection (Fig. 4A). Concurrently, an increasing amount of KapB
protein is observed, which was expected because of the increased
transcription of the lytic promoter.
These results also suggest that increased KapB is partly at-

tributable to decreased Drosha-mediated cleavage. To test
whether the lytic-induced decrease in Drosha levels results in dif-
ferential cleavage of the KapB mRNA, we conducted Northern
blot analysis for the KapB full-length mRNA, as well as the KapB
mRNA 3′ fragments that result from Drosha-mediated cleavage.
This analysis showed that, as expected from increased lytic
transcription, both the full-length mRNA and Drosha cleavage
fragments increased during the course of lytic infection. How-
ever, the kinetics of accumulation of these Drosha substrates and
products were different. During latency and at early times post-
lytic induction (up to 12 h) the ratio of full-length KapB mRNA:
cleaved KapB fragment RNAs remains constant. Then, starting
at ∼24 h postlytic induction, the ratio dramatically increases
until the late times of lytic replication (greater than 48 h post-
induction) (Fig. 4 B and C). The kinetics of induction of miRs
K12-10 and K12-12 more closely match the KapB mRNA
cleavage fragments, which might be expected because all are
derivatives of Drosha cleavage products. Interestingly, the ratio
of the faster-migrating KapB mRNA cleavage fragment (corre-
sponding to cleavage of premiR-K12 or both premiR K12-12
and premiR K12-10) to the slower-migrating cleavage fragment

Fig. 2. Drosha regulates KapB expression through processing of pre-miRNA
cis elements. (A) Immunoblot analysis demonstrates that overexpression of
Drosha and DGCR8 leads to decreased KapB expression. Various KapB ex-
pression vectors were cotransfected into HEK293T cells along with Drosha
and DGCR8 expression vectors (see the legend for Fig. 1 B for description of
KapB mutant vectors). Forty-eight hours after transfection, cells were har-
vested for immunoblot analysis. Note, at this exposure level, only overex-
pressed and not endogenous Drosha levels are detectable. β-Actin levels are
shown as a loading control. (B) Northern blot analysis demonstrates that
overexpression of Drosha and DGCR8 leads to accumulation of cleaved
fragments from KapB mRNA for those constructs that retain one or more
pre-miRNAs in the 3′ UTR. Transfections were conducted as described in A.
A ∼220-nt radiolabeled probe complementary to the 3′ end of the
KapB transcript (diagrammed at bottom of B) was used to detect full-length
KapB mRNA or the cleaved products. The calculated ratio of full-length KapB
mRNA to cleavage fragments is shown below each lane. Note that the
fastest migrating cleavage fragment band (indicated with gray arrow) could
represent the cleavage product of either premiR K12-12 alone, or cleavage
of both premiR K12-12 and premiR K12-10. The black arrow indicates the
fragment generated by cleavage of premiR K12-10. (C and D) Drosha levels
regulate KapB expression in KSHV-infected cells. (C) Decreasing Drosha
levels increases KapB expression. Drosha siRNAs were transfected into TREx-
RTA BCBL-1 cells and immunoblot analysis was performed. (D) Increasing
Drosha/DGCR8 levels decreases KapB expression. Drosha and DGCR8 ex-
pression vectors were cotransfected into TREx-RTA BCBL-1 cells and immu-
noblot analysis was performed.
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(corresponding to cleavage of premiR K12-10 alone) inverts
during the course of infection, consistent with limiting Drosha
activity and premiR K12-10 being the preferred Drosha substrate
(Fig. 4 B and D). Combined, these data support a greater role for
Drosha in regulating KapB mRNA levels during latent infection
and at early times postlytic induction. Therefore, several lines of
evidence strongly suggest that Drosha activity becomes limiting
during the course of lytic replication, including: (i) decreasing
Drosha protein levels, (ii) altered ratios of Drosha substrate
and products, and (iii) increasing proportions of products from
Drosha-favored substrates over less-efficiently cleaved substrates.
Thus, Drosha-mediated cleavage differentially regulates KapB
expression in latent versus lytic infection.
Next, we tested whether the differences in Drosha levels we

observe are indeed caused by viral gene products and lytic repli-
cation. To control for possible off-target effects from the drug
regimen used to induce lytic replication in the latently infected
PEL B cells, we measured Drosha protein levels in the presence
of an shRNA specific to RTA (the master lytic switch transcrip-
tion factor). Transfection of TREx-RTA BCBL-1 cells with the
RTA shRNA (but not an irrelevant control shRNA) before in-
duction of lytic replication resulted in decreased levels of RTA
(Fig. 4E). In these cells, there was a marked increase in Drosha
levels, implying that viral gene products and lytic replication are
responsible for the reduced Drosha levels observed. The magni-
tude of these results is likely an underestimate, because even
with shRNA-mediated knockdown of RTA, a noticeable, albeit
less robust increase in RTA levels is still observed. To determine
if lytic replication decreases Drosha levels in a different model of
infection (20), primary human umbilical vein endothelial cells
(HUVECs) were used. Although B cells are a prominent reservoir
of latent infection for KSHV, KS lesions are predominantly com-
posed of endothelial cells. De novo latent infection of HUVECs
did not alter Drosha levels (Fig. 4F). However, coinfection of
KSHV with an adenovirus RTA expression vector (adRTA),

resulted in induction of lytic replication and a decrease in Drosha
levels (Fig. 4F). Importantly, infection with adRTA alone, or
coinfection of KSHV and control adenovirus expressing the irrel-
evant viral protein vGPCR, had little effect onDrosha levels. These
results clearly show that KSHV lytic infection of PEL B cells or
endothelial cells results in decreased Drosha levels.

Discussion
Determining how viruses control their own gene expression is
key to understanding the pathogenesis associated with infection.
Previously, the only known biological activities of Drosha in-
volved the biogenesis of miRNAs (either directly converting pre-
miRNAs to miRNAs, or indirectly by Drosha regulating the
mRNA levels of DGCR8). Our work extends the biological activ-
ities of Drosha to regulation of viral gene expression. At the same
time, our results suggest previously unanticipated cis-regulatory
functions are likely for some of the over 200 viral pre-miRNAs that
have been discovered. Deciphering the functions of viral miRNAs
is currently an area of intense interest from multiple laboratories.
There is an increasing appreciation that the functions of some viral
miRNAs include the trans targeting of host or viral mRNAs (7).
However, other functions remain possible, especially given that the
majority of viral miRNAs have no known function. Here we
demonstrate that KSHV pre-miRNAs, premiRs K12-10 and K12-
12, are negative regulatory elements that function in cis within the
KapB mRNAs. We stress that our results in no way rule out ad-
ditional functions for the derivative miRNAs miRs K12-10 and
K12-12. [In fact, miR K12-10 has recently been shown to target the
host transcript TWEAKR (21)]. We show that Drosha directly
cleaves KapB transcripts, resulting in decreased KapB protein
levels in latently infected cells. Interestingly, this regulation de-
creases during the course of lytic infection concomitant with a
decrease in Drosha protein steady-state levels.
What mechanism accounts for the decreased Drosha levels that

are observed during lytic infection? We have shown that the

Fig. 3. Direct Drosha-mediated regulation of KapB tran-
scripts can affect biological activity of KapB protein. (A) KapB
triggers cell death in a dose-dependent manner. Increasing
amounts of the construct expressing the double-mutant KapB-
DD (lackingbothpremiRsK12-10andK12-12)were transfected
to TREx-RTABCBL-1 cells. The total amountofDNA transfected
was held constant by includingdiffering amounts of the empty
vector (pCR3.1). Forty-eight hours after transfection, cellswere
harvested, and stainedwith Alexa Fluor 488 labeledAnnexin V
and propidium iodide. The samples were then analyzed by
a FACS. Dying cells score within the lower right and upper left
and right quadrants. (B and C) Transfection of the KapB con-
struct lacking pre-miRNA cis elements results in increased cy-
totoxicity. TREx-RTABCBL-1 cellswere transfectedas described
in A, or with a vector expressing KapB and with an intact full-
length 3′ UTR (KapB-FL), or with a control empty vector (Vec-
tor). (C) Plotting the data of three independent replicates
from the experiments shown in B. (D–F) The differences in cy-
totoxicity observed are not caused by the derivative miRNAs
miRs K12-10 or K12-12. Empty vector, KapB-FL vector, or the
KapB-DD vector were transfected into TREx-RTA BCBL-1 cells
along with vectors expressing miRs K12-10 and miR K12-12 to
screen for any trans effects of derivative miRNAs in this cyto-
toxicity assay. (E) Northern blot analysis demonstrates that
miRs K12-10 and K12-12 are expressed to comparable levels,
whether derived from KapB-FL or from a separate miRNA-ex-
pression construct coexpressed with KapB-DD. RNA was har-
vested fromTREx–RTABCBL-1 cells transfectedasdescribed inD.
(F) Immunoblot analysis from samples in D and E demonstrates
differences in KapB protein expression levels between cells
transfected with KapB-FL or KapB-DD persists even in the pres-
enceof trans-expressedmiRs K12-10 andK12-12. ForbothD and
E, “V” labels the control lane that was cotransfected with pa-
rental vector instead of a KapB expression vector.
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mRNA steady-state levels of Drosha decrease during lytic repli-
cation and we have determined that the half-life of Drosha protein
is ∼4 h in latently or lytically infected cells (Fig. S4). Given that
KSHV is known to induce host shut-off by causing degradation of
host mRNAs (22), we hypothesized that viral-mediated global
turnover of mRNAs combined with the relatively short half-life of
Drosha protein accounts for at least some of the turnover ob-
served. In support of this, we show that knockdown of SOX, a key
effector of KSHV-mediated host shut-off, results in increased
levels of Drosha and decreased levels of KapBmRNA during lytic
infection (Fig. S4B). The most parsimonious interpretation of
these combined observations is that lytic infection triggers a de-
crease in Drosha protein levels, resulting in decreased Drosha-
mediated cleavage of KapB mRNA (Fig. 5). Thus, in addition to
differences in transcription, differential mRNA cis-regulation
contributes to the robust differences in KapB protein present in
cells undergoing latent versus lytic infection.
What advantage is there in tying the biogenesis of KapB in-

versely to Drosha activity? KS, perhaps even more so than many
other cancers, is a disease of cytokine deregulation. Although the
advantage of increased cytokine signaling to the virus replication
cycle is not fully understood, it is clear that KSHV encodes
multiple gene products that either are themselves cytokines or
have the ability to induce various host cytokines. KapB induces
p38 Map kinase signaling that can result in increased cytokine
production (17). However, others have suggested (14), and we
have confirmed, that prolonged high expression of KapB is cy-
totoxic (Fig. 3). It is possible that high cytokine levels are ben-
eficial during lytic replication when the cells are destined to die
anyway, but that high expression of KapB during latency would
reduce viral fitness. Clearly, low-level expression of KapB has
been selected for during latent infection and must be advanta-
geous to the virus. Thus, the virus has evolved multiple mecha-
nisms, including differential transcriptional regulation and mRNA
cis-regulatory elements (dependent on Drosha-mediated cleav-

Fig. 5. Model for Drosha-mediated regulation of viral gene expression.
Efficient miRNA production is favored over KapB expression during latency,
but the opposite occurs during lytic infection. Drosha activity is highest
during latent infection and low during lytic infection. Along with previously
established changes in transcriptional activity, Drosha-mediated cis-regulation
of the KapB mRNA transcripts contributes to the low levels of KapB protein
that are observed during latency. During lytic infection, the degree of Drosha-
mediated regulation of KapB levels diminishes.

Fig. 4. Lytic infection induces decreases in Drosha levels resulting in de-
creased cis-regulation of KapB transcripts. (A) KSHV lytic infection leads to
down-regulation of Drosha protein levels in TREx-RTA BCBL-1 cells. HPI,
hours post induction of lytic replication. (B and C) Northern blot analysis
demonstrates differences in the kinetics of accumulation of Drosha sub-
strates and products in TREx-RTA BCBL-1 cells at various times postinduction
of lytic replication. (B) Full-length KapB mRNA shows robust increases
starting at 24 HPI, whereas Drosha substrates (cleaved fragments and miRs
K12-10 and K12-12) start accumulating as early as 12 HPI, but the degree of
increase slows as Drosha levels diminish. The black arrow indicates the
fragment generated by cleavage of premiR K12-10. The gray arrow indicates
the products of transcripts cleaved at either premiR K12-12 alone, or at both
premiR K12-12 and premiR K12-10 (see Fig. S1 for a detailed diagram). (C)
The ratio of full-length KapB mRNA:KapB mRNA cleavage fragments
changes during the course of lytic infection, demonstrating Drosha-mediated
cleavage plays a greater regulatory role of KapB expression levels during
latent infection. Shown is a representative plot of multiple independent
experiments (similar to B) showing the ratio of full-length KapB mRNA:KapB
mRNA cleavage fragments. (D) The ratio of fast:slow migrating cleavage
fragments inverts during the course of lytic infection demonstrating de-
creased Drosha activity and that premiR K12-10 is a preferred Drosha sub-
strate over premiR K12-12. Shown is a representative plot of multiple
independent experiments (similar to B). (E and F) Independent models of
KSHV lytic replication decrease Drosha levels. (E) To ensure lytic replication
(and not the drug regimen used to induce PEL B cells into lytic replication) is
responsible for the decreases in Drosha levels, lytic-inducing drugs were
added to TREx-RTA BCBL-1 cells transfected with an shRNA that knocks down
RTA (the lytic switch protein whose expression is necessary and sufficient for
lytic induction). Immunoblot analysis shows that partial knockdown of RTA
results in increased Drosha levels. β-Actin levels are shown as a loading
control. (F ) KSHV de novo lytic infection of primary endothelial cells

(HUVECs) results in decreased Drosha levels. “+” Indicates KSHV virus was
added. Superinfection with an RTA-expressing adenoviral vector was used to
induce lytic replication. An adenoviral vector expressing the viral protein
vGPCR (which is not sufficient to induce lytic replication) was included
as a negative control. Only coinfection with KSHV and the Ad-RTA vector
negatively regulates Drosha levels. We note that double infection with Ad-
RTA and KSHV results in increased levels of RTA over Ad-RTA infection alone.
This finding is consistent with the previously characterized RTA autor-
egulation of its own promoter (31).

Lin and Sullivan PNAS | July 5, 2011 | vol. 108 | no. 27 | 11233

M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105799108/-/DCSupplemental/pnas.201105799SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105799108/-/DCSupplemental/pnas.201105799SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105799108/-/DCSupplemental/pnas.201105799SI.pdf?targetid=nameddest=SF1


age), to ensure consistently low expression of KapB in latency and
yet allow robust expression during lytic replication.
These findings raise the question of whether viral utilization of

Drosha activity serves an added advantage over other possible
mRNA-negative regulatory proteins. For example, Drosha ac-
tivity may serve as a sentinel for cellular states in which the virus
would benefit from increased KapB levels during latent infection.
In this regard, it is interesting to note that another viral protein,
EBV BHRF-1, is known to have pre-miRNAs embedded within
the 3′UTR of its mRNA (23). BHRF-1 is expressed during some
forms of latent infection and has a well-defined mechanism of
preventing cell death in the presence of proapoptotic stressors
(24). Our results predict that, like KapB, BHRF1 would be
expressed at higher levels when Drosha activity is low. Thus,
presumably there are cellular physiological states during latency
when both viruses benefit from increased expression of these stress-
responsive proteins. To better understand why divergent herpes-
viruses apparently use cis-regulatory elements that are dependent
on Drosha activity, it will be imperative to determine what host
signaling pathways regulate Drosha activity, and what functions are
associated with host transcripts directly regulated by Drosha.
In summary, we have shown that a viral mRNA transcript is

directly regulated by Drosha cleavage, and that the degree of this
regulation is variable during lytic or latent infection. This finding
expands the known functions of Drosha to regulation of viral gene
expression and sets the stage for uncovering other novel functions
of Drosha in addition to its established role in miRNA biogenesis.

Materials and Methods
Cell Culture and Viral Infection. Near global lytic replication in TREx-RTA BCBL-1
cells (25)was inducedby theadditionofDoxycyline andTPA (26). Preparations of
KSHV viral stocks (27) and de novo KSHV infections and adenoviral RTA ex-
pression vector superinfections (22)were performed aspreviously described (22).

Vector Construction and Transfection. The KapB expression vectors used in
this article were made by cloning the wild-type KapB 3′ UTR (accession:
NC_009333.1) or themiRNA-deleted versions of the KapB 3′UTR (withoutmiR
K12-10/12 5p and 3p sequences) into the pCR3.1- HA-KapB vector. The lucif-
erase reporters were made by cloning the KapB 3′ UTR into the pMSCV-
Luc2CP vector (28). To express miR K12-10 and miR K12-12, the full-length
KapB 3′ UTR was cloned into the pcDNA3.1 vector. Previously characterized
Drosha, DGCR8, or SOX-specific siRNAs were used to knockdown Drosha,
DGCR8, and SOX levels (9, 22).

Luciferase Assay.HEK293T cells were cotransfected with pMSCV-Luc2CP-KapB
3′ UTR reporters and pcDNA3.1- RLuc (Renilla) vector (28). Firefly luciferase
activity is normalized to Renilla luciferase activity.

Immunoblot Analysis. Cells were lysed and analyzed via SDS PAGE/immuno-
blot analysis as described (29).

Northern Blot Analysis. Small RNA Northern blot analysis was performed as
described (30). Radioactive probes for analysis of longer RNAs were gener-
ated by random prime labeling and small RNA blots were probed with ra-
dioactive antisense nucleotides.

Flow Cytometry and Annexin V Dying Cell Assay. To identify dying cells, TREx-
RTA BCBL-1 cells were collected 48 h after transfection. Cells were washed
with PBS buffer and resuspended in buffer containing labeled Annexin V and
propidium iodide and assayed via flow cytometry. Dead cells and subcellular
debris, as determined from aberrant forward/side scatter profiles, were
eliminated from further analysis.
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