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Upon Infection, Cellular WD Repeat-Containing Protein 5
(WDR5) Localizes to Cytoplasmic Inclusion Bodies and
Enhances Measles Virus Replication

Dzwokai Ma,a Cyril X. George,a Jason L. Nomburg,a* Christian K. Pfaller,b Roberto Cattaneo,b Charles E. Samuela

aDepartment of Molecular, Cellular and Developmental Biology, University of California, Santa Barbara,
California, USA

bDepartment of Molecular Medicine, Mayo Clinic, Rochester, Minnesota, USA

ABSTRACT Replication of negative-strand RNA viruses occurs in association with
discrete cytoplasmic foci called inclusion bodies. Whereas inclusion bodies represent
a prominent subcellular structure induced by viral infection, our knowledge of the
cellular protein components involved in inclusion body formation and function is
limited. Using measles virus-infected HeLa cells, we found that the WD repeat-
containing protein 5 (WDR5), a subunit of histone H3 lysine 4 methyltransferases,
was selectively recruited to virus-induced inclusion bodies. Furthermore, WDR5 was
found in complexes containing viral proteins associated with RNA replication. WDR5
was not detected with mitochondria, stress granules, or other known secretory
or endocytic compartments of infected cells. WDR5 deficiency decreased both viral
protein production and infectious virus yields. Interferon production was modestly
increased in WDR5-deficient cells. Thus, our study identifies WDR5 as a novel viral in-
clusion body-associated cellular protein and suggests a role for WDR5 in promoting
viral replication.

IMPORTANCE Measles virus is a human pathogen that remains a global concern,
with more than 100,000 measles-related deaths annually despite the availability
of an effective vaccine. As measles continues to cause significant morbidity and
mortality, understanding the virus-host interactions at the molecular level that affect
virus replication efficiency is important for development and optimization of treat-
ment procedures. Measles virus is an RNA virus that encodes six genes and repli-
cates in the cytoplasm of infected cells in discrete cytoplasmic replication bodies,
though little is known of the biochemical nature of these structures. Here, we show
that the cellular protein WDR5 is enriched in the cytoplasmic viral replication facto-
ries and enhances virus growth. WDR5-containing protein complex includes viral
proteins responsible for viral RNA replication. Thus, we have identified WDR5 as a
host factor that enhances the replication of measles virus.

KEYWORDS measles virus, innate immunity, inclusion body, WD repeat-containing
protein, WDR5

Measles is typically a childhood infection and can have high morbidity and mor-
tality. The causative agent, measles virus (MeV), is an enveloped virus belonging

to the family Paramyxoviridae that includes several additional viral pathogens of
humans (1–3). MeV virions contain a monopartite single-stranded negative-sense RNA
genome of �15.9 kb that is encapsidated by the nucleocapsid (N) protein and is
associated with a viral RNA-dependent RNA polymerase consisting of two subunits, the
L (large) and P (phospho) proteins. Together, these viral proteins and RNA form a
ribonucleoprotein (RNP) complex. The enveloped surface of the virions includes two
viral membrane glycoproteins, the hemagglutinin (H) and fusion (F) proteins, that are
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required for viral entry into cells (4). The matrix (M) protein lies underneath the inner
lipid leaflet of the envelope and is essential for particle formation by bridging the RNP
complex to the glycoprotein-containing viral membrane. In addition to the above-
described structural proteins, the MeV P gene also encodes two nonstructural
accessory proteins, V and C, that are important for modulating the host response to
infection (5, 6).

An early electron microscopic (EM) study of MeV-infected HeLa cells revealed the
formation of cytoplasmic inclusion bodies similar in composition to the nucleocapsid of
measles virions (7). Similar structures subsequently were seen for additional members
of the family Paramyxoviridae (8–12). In the case of respiratory syncytial virus (RSV), for
example, the inclusion bodies were found to contain N, P, and L proteins (13–15) as well
as genomic RNA (16, 17). These findings suggest that the cytoplasmic inclusion bodies
are sites of viral RNA synthesis and RNP assembly for members of the Paramyxoviridae.
Inclusion bodies and their role in viral replication have also been described for other
families of negative-sense RNA viruses, including Rhabdoviridae (18) and Filoviridae (19).
In spite of the implied broad importance of cytoplasmic inclusion bodies in viral
replication, the identification of host factors and the delineation of their functional roles
in the structures remain poorly understood. Heat shock protein 70 (HSP70) was found
to interact with MeV nucleocapsids (20), and overexpression of HSP70 increased viral
protein production (21). It also was reported that RSV inclusion bodies impaired the
cellular antiviral response by sequestration of phosphorylated p38 MAPK (mitogen-
activated protein kinase) and OGT (O-linked N-acetylglucosamine transferase) (22),
which in turn led to reduced MAPK-activated protein kinase 2 and suppression of stress
granule formation, respectively. Whether additional host proteins reside and function
within inclusion bodies is unknown.

Our laboratory has been interested in the unconventional cytoplasmic function of
histone H3 lysine 4 methyltransferase (H3K4MT) subunits of the MLL family (23–25).
These methyltransferases occur as a complex comprised of one catalytic subunit
(SET1A, SET1B, MLL1, MLL2, MLL3, or MLL4) associated with a regulatory subcomplex
consisting of WDR5, RbBP5, ASH2L, and DPY-30 (26–28). WDR5 plays a central scaffold-
ing role in the assembly of the H3K4MT complex by bridging the catalytic and
regulatory subunits. WDR5 contains 7 WD repeats that fold into a seven-bladed
�-propeller structure. The top surface of the propeller forms a cavity that recognizes the
catalytic subunit (29–31), and the bottom surface of the propeller mediates interaction
with RbBP5-ASH2L-DPY-30 (32). Whereas the literature almost exclusively focuses on
the relationship between H3K4MT complexes and cellular transcription, recent studies
have begun to unveil roles of these enzymes or their subunits in other nuclear events
(33). However, whether these proteins have any cytoplasmic function is little under-
stood. One study reported that in response to infection by Sendai virus (SeV), also a
cytoplasmic replicating paramyxovirus, WDR5-enhanced green fluorescent protein
(EGFP) translocated to the mitochondria, where it promoted the assembly of a virus-
induced signaling adapter (VISA)-associated signaling complex and led to transcrip-
tional activation of beta interferon (IFN-�) expression (34). Because of our interest in the
cytoplasmic function of H3K4MT components (23, 24), together with the host responses
to MeV infection (35–37), we examined whether WDR5 played a functional role during
MeV infection. We found that WDR5 localized to MeV inclusion bodies and enhanced
MeV replication.

RESULTS
WDR5-EGFP fusion protein is recruited to cytoplasmic puncta in MeV-infected

HeLa cells. In HeLa cells infected with MeV, we found that the stably expressed WDR5
fusion with EGFP (WDR5-EGFP) became concentrated at cytoplasmic puncta (Fig. 1A).
Uninfected cells did not show the robust puncta structures, and neither did infected
cells expressing EGFP alone (Fig. 1A). To rule out the possibility that the punctate
staining was an artifact caused by fixation, we also performed live-cell imaging of
WDR5-EGFP and EGFP in MeV-infected cells. As shown in Fig. 1B, EGFP alone was not
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enriched at cytoplasmic puncta, whereas WDR5-EGFP was still concentrated at these
structures in all cells detectably infected. Since the WDR5 fusion protein level remained
comparable during the same period (Fig. 1C, left), the enrichment of WDR5-EGFP at the
cytoplasmic puncta is most likely a result of subcellular relocalization. Likewise, the level
of total endogenous WDR5 was comparable in uninfected cells and cells infected for 8,
16, or 24 h (Fig. 1C, right). Furthermore, the distribution of endogenous WDR5 between
cytoplasmic and nuclear fractions was also comparable, ranging from no difference to
a �10% increase in cytoplasm between uninfected and MeV-infected cells (data not
shown) dependent upon the fractionation method employed.

Other regulatory subunits of H3K4MT are not enriched within the cytoplasmic
punctate structures seen in MeV-infected HeLa cells. The above-described obser-
vation raises the question of whether the WDR5 subunit functions in the context of an
H3K4MT complex or subcomplex at the punctate structures. We addressed this ques-
tion by first asking whether other H3K4MT regulatory subunits are present at the sites.
For this purpose, we generated HeLa cells stably expressing the EGFP fusion of either
RbBP5 (the subunit most proximal to WDR5) or DPY-30 (the subunit most distal to
WDR5) and found that unlike WDR5-EGFP, neither RbBP5-EGFP nor DPY-30-EGFP was
detected at these structures in infected cells (Fig. 2A).

FIG 1 Cellular WDR5 protein is enriched in cytoplasmic puncta induced by measles virus infection.
Fluorescent imaging study shows that WDR5-EGFP fusion protein compared to EGFP alone is enriched
at cytoplasmic puncta (examples of puncta are shown by asterisks) to a much higher extent in HeLa cells
infected with a vaccine strain (Moraten) of MeV (Mv vac2 mCherry NLS). The viral genome was
engineered to contain a tag encoding a nuclear-localized mCherry protein to label infected cells. HeLa
cells stably expressing WDR5-EGFP were first infected by mCherry MeV (MOI of 1) and then analyzed 24
h postinfection. (A) Cells fixed with formaldehyde prior to imaging. (B) Cells observed by live-cell
imaging. Scale bars, 10 �m. (C) Western blot analysis of WDR5-EGFP fusion (left) and endogenous WDR5
(right) expression.
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We next examined whether RbBP5 or DPY-30 could be detected at the puncta in
cells stably expressing WDR5-EGFP. As shown in Fig. 2B, we still were unable to detect
either RbBP5 or DPY-30 at the puncta structures following infection. Based on these
observations, we conclude that WDR5 likely functions independently of other regula-
tory subunits at these cytoplasmic sites.

WDR5-EGFP fusion protein colocalizes with MeV-induced cytoplasmic inclusion
bodies. To further characterize the WDR5-EGFP puncta, we next examined whether
they represent mitochondria as previously described (34). We found that the virus-
induced puncta did not colocalize with either the mitochondrial marker HSP60 in fixed
cells (Fig. 3A) or with MitoTracker in live cells (Fig. 3B). Moreover, these puncta also were
not associated with stress granules (Fig. 3C), a cytoplasmic punctate structure often
induced by viral infection, including with MeV (37, 38). Since multiple vesicular com-
partments exist in the cytoplasm of cells as punctate forms, we then performed a series
of colocalization studies with markers of vesicular compartments. WDR5-EGFP puncta
showed no overlap with markers of secretory (Fig. 3D, ER and Golgi) or endocytic (early
endosomes, recycling endosomes, late endosomes, and lysosomes) compartments (Fig.
3E). We next tested whether WDR5-EGFP puncta represented cytoplasmic inclusion
bodies that contain viral nucleocapsid-like structures (7, 39). Indeed, WDR5-EGFP
puncta colocalized with the inclusion bodies marked by the MeV proteins N, P, C, and
V (Fig. 4). Consistent with this observation, WDR5-EGFP did not colocalize with virus H
protein (Fig. 4), a transmembrane envelope protein that only resides in the vesicular
compartments.

Infection-induced association of WDR5 with MeV protein complexes contain-
ing L, P, N, and C proteins but not H or V protein. To test whether WDR5-GFP
possibly is associated with viral proteins, we performed a coimmunoprecipitation assay
and found that the MeV L, N, and P proteins efficiently coimmunoprecipitated with
WDR5-EGFP (Fig. 5). WDR5-EGFP associated with C protein as well (Fig. 5). On the other
hand, very little or no H or V protein coimmunoprecipitated with WDR5-EGFP (Fig. 5).
Since V protein was readily detected in the inclusion bodies by immunofluorescence
but not in association with WDR5-EGFP by coimmunoprecipitation, these results sug-
gest that WDR5-EGFP selectively associates either directly or indirectly with a complex
containing L, P, and N proteins within the MeV-induced inclusion body structures.

FIG 2 Unlike WDR5-EGFP, other H3K4MT regulatory subunits are not enriched at cytoplasmic puncta in mCherry
MeV-infected cells. (A) HeLa cells stably expressing RbBP5-EGFP or DPY-30-EGFP were infected and analyzed as
described in the legend to Fig. 1A. (B) WDR5-EGFP HeLa cells were infected, fixed, and stained with an antibody
against either RbBP5 or DPY-30 as indicated. Scale bars, 10 �m.
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We next asked whether endogenous WDR5 likewise associates with a complex
containing MeV L, P, and N proteins. Unfortunately, all commercial WDR5 antibodies
that we tested displayed poor pulldown efficiency (less than 1% of total WDR5 was
immunoprecipitated). As an alternative approach, we infected HeLa cells with MeV
expressing a modified L protein engineered to express an N-terminal hemagglutinin
(HA) tag and then probed the interaction between MeV proteins and endogenous
WDR5 using magnetic beads conjugated to an HA antibody. As shown in Fig. 6,
compared to the uninfected control, a much higher level of endogenous WDR5 was
detected in the HA-L-containing complex. As expected, the ribonucleocapsid protein P,

FIG 3 WDR5-EGFP-postive cytoplasmic puncta are distinct from known subcellular structures. HeLa cells stably
expressing WDR5-EGFP were infected and analyzed as described in the legend to Fig. 1A (for fixed cells) or Fig. 1B
(for live cells) using subcellular compartment-specific antibodies or dyes. (A) HSP60 (a mitochondrial marker); (B)
MitoTracker (a mitochondrial dye for live-cell imaging); (C) G3BP1 (a stress granule marker); (D) calreticulin (an ER
marker), p115 (a CGN, or cis-Golgi network, marker), GalT (a trans-Golgi marker), and Golgin97 and p230 (two TGN,
or trans-Golgi network, markers); (E) EEA1 (an early endosomal marker), TfR (an early and recycling endosomal
marker), CIMPR, Rab7, and Rab9 (three late endosomal markers), and Lamp1 and CD63 (two lysosomal markers).
Scale bars, 10 �m.
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but not the envelope protein H, coimmunoprecipitated with the HA-tagged L protein
(Fig. 6).

Knockdown of endogenous WDR5 results in reduced MeV replication. To
investigate the effect of WDR5 on virus growth, we assessed the effects of RNA
interference (RNAi)-mediated knockdown of WDR5 on MeV protein production and the
yield of infectious progeny MeV. Compared to a nontargeting control short interfering
RNA (siRNA), two specific WDR5 siRNAs (siRNA1 and siRNA2) reduced viral protein levels
at both time points examined, 24 h (Fig. 7A) and 48 h (Fig. 7B) postinfection. To further
exclude the potential off-target effects, we also utilized another two different WDR5
siRNAs (siRNA11 and siRNA12) and obtained similar effects (Fig. 7C and D). Since these
four siRNAs are produced by two different vendors and target different regions of the
wdr5 gene, our data strongly suggest that WDR5 knockdown impairs viral replication as
measured by viral protein accumulation. As shown in Fig. 7E and F, compared to control
siRNAs, there was an associated 3- to 15-fold reduction in infectious virus yields when
WDR5 was knocked down with siRNA1 or siRNA2 (Fig. 7E) or with siRNA11 or siRNA12
(Fig. 7F). The virus yield reduction was seen with parental vac2 virus at both 0.1 (data
not shown) and 1.0 (Fig. 7) multiplicities of infection (MOI).

Knockdown of WDR5 has a marginal effect on interferon induction by MeV. The
effect of WDR5 deficiency on the induction of interferon following infection with either
wild-type (WT) parental or isogenic Cko mutant MeV was measured by quantitative PCR
(qPCR). Cko mutant was utilized because significant amounts of double-stranded RNA
(dsRNA) accumulate during infection compared to that of the parental virus, making

FIG 3 (Continued)
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Cko a more robust inducer of IFN-� (40, 41). The level of IFN-� transcript was assessed
at 48 h after infection of control and WDR5 knockdown cells. As shown in Fig. 8, Cko

virus (Fig. 8B) displayed �25-fold enhanced IFN-� transcript induction compared to
parental wild-type virus (Fig. 8A) in WDR5-sufficient cells as previously reported (40, 41).
With both the WT and Cko viruses, a further increase in IFN-� transcript level was
observed in cells following WDR5 knockdown with siRNA1 or siRNA2 compared to
control WDR5-sufficient cells following infection, with a maximal increase of �6.5-fold
with WT infection and �2.9-fold with Cko infection. Likewise, the induction of IFN-�
transcript was not adversely affected by the knockdown of WDR5 (data not shown).

MeV infection does not lead to a global change of H3K4 trimethylation. The
finding that WDR5 protein translocated to cytoplasmic inclusion bodies following
infection prompted us to examine whether MeV infection also causes a change in the
level of nuclear H3K4 methylation, which might in turn affect either viral replication or
host responses through modulation of host gene expression. To address this question,
histone H3 was acid extracted from both uninfected and infected cells, and the levels
of H3K4 trimethylation were determined using a methyl-specific antibody. The data in
Fig. 9A show that the global level of H3K4 trimethylation was not significantly altered
following infection. Quantification from 3 independent experiments showed that the
relative level of H3K4 trimethylation at 24 h postinfection in infected cells was 0.96 �

0.05 compared to that of uninfected cells. A similar conclusion was obtained when
H3K4 trimethylation was assessed using the subcellular fractionation method (Fig. 9B).

DISCUSSION

Our understanding of the identity of cellular protein constituents and the functional
roles played by them in replication factories of single-stranded negative-sense RNA
viruses, including MeV, is limited (42). The findings reported here establish WDR5 as a
component of MeV-induced cytoplasmic inclusion bodies and implicate WDR5 as a
functionally important host factor in the replication of MeV. Although inclusion bodies
are thought to be the major site of replication for negative-sense RNA viruses, little is

FIG 4 Virus-induced WDR5-EGFP-postive cytoplasmic puncta colocalize with MeV proteins N, P, C, and V but not H. HeLa
cells stably expressing WDR5-EGFP were infected with mCherry-expressing MeV and analyzed as described in the legend
to Fig. 1A using antibodies against specific MeV N, P, C, V, and H proteins as indicated. Scale bars, 10 �m.
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known regarding how the virus-host interaction regulates the formation and function
of cytoplasmic inclusion bodies. We found that WDR5, a subunit of MLL family H3K4MT,
was recruited to the cytoplasmic inclusion bodies whose formation was induced by
MeV infection. WDR5 also promoted virus replication. These conclusions are based on
the following observations. First, WDR5-EGFP colocalized with MeV L, P, and N proteins
at the cytoplasmic inclusion body structures formed following infection (Fig. 1 and 4).
Second, both ectopically expressed WDR5-EGFP (Fig. 5) and endogenous WDR5 (Fig. 6)
coimmunoprecipitated with viral L, P, and N proteins. Third, knockdown of WDR5 with
each of the four different siRNAs reduced both the levels of viral protein production
and the yields of infectious progeny virus (Fig. 7). Our findings provide added insight
into the understanding of host-pathogen interactions involving MeV-induced inclusion

FIG 5 WDR5-EGFP associates in a complex with MeV proteins L, N, P, and C but not H or V. HeLa cells
stably expressing either WDR5-EGFP or EGFP alone were infected using mCherry MeV (MOI of 1) or left
uninfected as a control. Twenty-four hours after infection, cell extracts were prepared and WDR5-EGFP
and its associated proteins were immunoprecipitated using magnetic beads conjugated to an anti-GFP
antibody. The sample was then fractionated by SDS-PAGE and the blot probed with specific antibodies
as indicated. Each IP lane contained the immunoprecipitate isolated from the 30-fold amount of lysate
that was analyzed.
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bodies and contribute to the understanding of how host factors modulate the repli-
cation of negative-sense RNA viruses.

Although a reduced viral titer in WDR5 knockdown cells suggests a proviral effect of
WDR5, exactly how the presence of WDR5 facilitates viral replication is unknown. Since
no other MLL regulatory subunits in addition to WDR5 localize to the inclusion bodies
(Fig. 2), it seems unlikely that the inclusion body-associated WDR5 functions in the
context of a methyltransferase complex. There are precedents for WDR5 function
independent of other subunits of the methyltransferase complex (24, 34). Given that
WDR5 forms a complex that includes MeV L, P, and N proteins, one attractive hypoth-
esis is that MeV hijacks WDR5 and redirects the protein to inclusion bodies where WDR5
functions as a scaffold to promote viral replication. We do not know, however, whether
WDR5 is a direct or indirect binding partner of L, N, or P or whether the interaction
involves other cellular proteins. An additional candidate cellular protein present at sites
of negative-strand virus replication is O-linked N-acetylglucosamine transferase (OGT),
which is reported to accumulate at the inclusion bodies of RSV-infected A549 cells
(22) and is a putative WDR5-interacting partner (43). This is intriguing, because
O-GlcNAcylation by OGT plays a role in modulating cell signaling, in part due to its
ability to affect other posttranslational modifications, including protein phosphoryla-
tion (44). While we found that a commercially available OGT antibody (sc-32921)
stained the inclusion bodies that we observed in MeV-infected HeLa cells, two other
OGT antibodies (generously provided by Gerald Hart) did not produce signals corre-
sponding to the MeV-induced inclusion bodies. Furthermore, the OGT inclusion body
signal observed with the sc-32921 antibody in MeV-infected cells persisted even
following siRNA-mediated knockdown of the OGT protein, thereby raising uncertainty
about the commercial antibody specificity given the lack of validation.

Recombinant MeV expressing V protein with a tag allowed for proteomic identifi-
cation of V-interacting proteins from infected cells (45, 46). WDR5 was not among them,
though STAT1, STAT2, and IFIH1 were found as expected in one study (45) and cofilin
in another (46). Consistent with these reports (45, 46), we found that MeV V protein was
very poorly pulled down in the protein complex with WDR5-EGFP compared to the MeV

FIG 6 MeV protein L associates with endogenous WDR5. HeLa cells were infected using an engineered
MeV (MOI of 1) that encodes an HA-tagged L protein. Cells were lysed 22 or 28 h postinfection (or left
uninfected, �), and HA-L and its associated proteins were immunoprecipitated using magnetic beads
conjugated to an anti-HA antibody. The purified sample then was fractionated by SDS-PAGE and probed
with specific antibodies as indicated. Each IP lane contained the immunoprecipitate isolated from the 30-
or 10-fold amount of lysate, as indicated, that was analyzed.
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L, N, and P proteins and also the C protein (Fig. 5). Our finding that the C protein, but
not the V protein, was efficiently coimmunoprecipitated with the WDR5 complex that
included the viral L, N, and P proteins is consistent with the notion that C functions
during RNA replication to enhance the processivity of the viral L polymerase at the
intergenic junctions (47). A yeast two-hybrid screen of a HeLa cDNA library identified
Shc Src homology 2 domain binding protein 1 (SHCBP1) and WDR26, but not WDR5, as

FIG 7 Measles virus protein production and infectious virus yields are reduced in WDR5-deficient cells. HeLa cells were treated with a nontargeting control
siRNA or WDR5-specific siRNA on days 1 and 3 and then infected with MeV (MOI of 1) on day 6. Infected cells were lysed 24 or 48 h after infection, and the
lysates were fractionated by SDS-PAGE and analyzed using specific antibodies as indicated. Quantification of Western blots was conducted using a LI-COR
Odyssey imaging system. (A to D) MeV protein abundance and WDR5 knockdown efficiency measured at 24 and 48 h postinfection from cells treated with WDR5
siRNA1 or siRNA2 (A and B) or siRNA11 or siRNA12 (C and D) compared to control siRNA. Data included in each bar chart are from at least three independent
experiments, and the means and standard errors of the means are shown. Western blots are representative images to illustrate WDR5 knockdown efficiency.
For Western blot data analysis, a 1-tailed t test with unequal variance was used. P values were calculated using Microsoft Excel Student’s t test: *, P � 0.05; **,
P � 0.001; N.S., not significant. (E and F) A parallel set of samples was collected at 48 h postinfection to determine infectious virus yields from cells treated with
WDR5 siRNA1 or siRNA2 (E) or siRNA11 or siRNA12 (F) compared to control siRNA. Scatter plot infectious yield data are derived from a minimum of 5
independent experiments. For the virus titers, a 1-tailed t test with equal variance was used. *, P � 0.05; **, P � 0.001.

Ma et al. Journal of Virology

March 2018 Volume 92 Issue 5 e01726-17 jvi.asm.org 10

http://jvi.asm.org


host proteins interacting with MeV C protein. Similar to our findings described here that
knockdown of WDR5 reduced MeV growth and viral protein synthesis, knockdown of
SHCBP1 likewise reduced MeV growth (48). SHCBP1 bound both C and P proteins, with
C binding leading to a suppression of viral RNA polymerase activity (48).

We considered whether the nuclear function of WDR5 as a mediator of H3K4
methylation-dependent changes in host transcriptional responses was required for
optimal viral replication and whether the rerouting of WDR5 to the cytoplasmic
inclusion bodies represented a host defense to sequester WDR5 and thereby limit virus
growth. This seems unlikely for two reasons. First, MeV growth was impaired, not
enhanced, in WDR5-deficient cells (Fig. 7), suggesting a proviral rather than antiviral
role for WDR5. Second, our data did not reveal significant changes in global H3K4
trimethylation in MeV-infected cells compared to uninfected cells (Fig. 9), although we
cannot exclude the possibility of local methylation changes for a specific subset of
genes.

While the source of the endogenous WDR5 that constitutes the puncta induced by
MeV infection remains an open question, our imaging and fractionation results are

FIG 8 Induction of interferon is modestly increased in WDR5-deficient cells following measles virus
infection. HeLa cells were transfected with a nontargeting control or WDR5-specific siRNA and subse-
quently infected with either a wild-type (WT) MeV (Mv vac2 mCherry NLS) (A) or an MeV mutant (Cko) in
which the C gene has been knocked out (Mv vac2 mCherry Cko) (B) at an MOI of 1. Total RNA was isolated
48 h postinfection, and the mRNA encoding IFN-� was estimated by reverse transcription-qPCR. The data
are from 4 (WT) or 3 (Cko) independent experiments. Significance was calculated by the Student t test
with equal variance. *, P � 0.05.

FIG 9 Measles virus infection does not significantly affect global H3K4 trimethylation. Cells were infected
with MeV and harvested 24 h postinfection. Extracts were prepared and analyzed by Western blotting
using antibodies against histone H3 (H3) or H3 containing trimethylated lysine 4 (H3K4Me3) as indicated.
Samples were prepared by acid extraction (A) or subcellular fractionation (B).
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consistent with the redistribution of preexisting diffuse cytoplasmic WDR5 to the
cytoplasmic puncta structures rather than a nuclear-to-cytoplasmic relocalization of
WDR5. Virus infection did not detectably affect the level of total endogenous WDR5
present in cells (Fig. 1C), and as discussed already and shown in Fig. 9, the nuclear
methylation function of WDR5 is not detectably decreased following MeV infection.
Although virus infection decreased nuclear and increased cytoplasmic endogenous
WDR5, albeit modestly (no change to �10% change dependent upon the fractionation
method), the potential significance of the subtle redistribution must be viewed in the
context of the caveat of nuclear pore complex size threshold limits. Macromolecules
smaller than �40 to 60 kDa in size may diffuse freely during fractionation between
nuclear and cytoplasmic compartments (49, 50). The size of WDR5 protein, also known
as BIG3, is �34 kDa (51).

Sendai virus infection was reported to cause a fraction of WDR5 to translocate to
punctate structures, identified as mitochondria, where WDR5 was essential for assembly
of the VISA-associated complex necessary for beta interferon induction in HEK293 cells
(34). Knockdown of WDR5 was claimed to inhibit Sendai virus-induced IFN-� transcrip-
tion (34). We were unable to confirm this finding with MeV. We did not detect the
mitochondrial localization of WDR5-EGFP in MeV-infected HeLa cells, either for fixed
cells or during live-cell imaging (Fig. 3A and B). Although we cannot exclude the
possibility that an amount of WDR5-EGFP below the threshold of detection is translo-
cated to the mitochondria following MeV infection, we do not believe this is the case.
We readily detected the localization of WDR5 to punctate cytoplasmic structures that
corresponded with viral inclusion bodies and replication factories but did not colocalize
with mitochondria (Fig. 1, 3, 4, and 5). The reduced production of viral proteins and
yield of infectious progeny seen in WDR5-deficient cells may not be mediated primarily
via the interferon pathway. First, knockdown of WDR5 only exerted a modest effect on
interferon induction by MeV, and it was an enhancing, not impairing, effect (Fig. 8).
Second, WDR5 knockdown similarly reduced the replication of both wild-type parental
(Fig. 7) and Cko mutant (unpublished observations) MeV in spite of the greatly increased
interferon-inducing capacity of the C mutant virus (Fig. 8) (40, 41). It is unclear whether
the difference in WDR5 dependency for IFN-� induction between measles and Sendai
viruses, WDR5 independent seen with MeV (here) and WDR5 dependent reported with
Sendai virus (34), is due to the different viruses and/or different host cells examined.
Extensive work has been done on the mitochondrial antiviral signaling adaptor protein
VISA, also known as IPS-1, MAVS, and CARDIF, and WDR5 did not emerge as a
component of the signaling response for IFN-� induction from these studies (52, 53).
Interestingly, WDR82, which, like WDR5, also is required for normal function of
SETD1A/B complexes (54), is reported to enhance Sendai virus replication in HEK293
cells and macrophages (55), similar to the enhancing effect of WDR5 that we find for
MeV replication (Fig. 7).

While four different siRNAs targeting WDR5 all reduced viral protein production and
infectious virus yields compared to control siRNAs, we found that the reduction seen in
viral proteins was not strictly proportional to the WDR5 knockdown efficiency and
reduction in infectious progeny. For example, although WDR5 siRNA2 had a slightly
higher knockdown efficiency and exerted a more potent effect on viral replication at 48
h postinfection, WDR5 siRNA1 decreased viral protein levels more at 24 h postinfection.
Likewise, both siRNA11 and siRNA12 knocked down WDR5 with a similar high effi-
ciency, whereas viral replication was impaired somewhat more by siRNA11 than by
siRNA12. A potential explanation for these differences is the occurrence of multiple
isoforms of WDR5 (NCBI). That is, it is conceivable that an siRNA that is more effective
differentially knocks down one isoform over another.

Polarized epithelial cells are infected with MeV using nectin-4 as a receptor (56). In
the case of these cells, virus release occurs from the apical membrane where the MeV
ribonucleoprotein complexes are trafficked via Rab11-containing endosomes (2, 57).
The punctate WDR5-containing structures we observed in infected cells did not show
overlapping localization with endocytic compartments, including those positive for
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EEA1 (an early endosomal marker); TfR (an early and recycling endosomal marker);
CIMPR, Rab7, and Rab9 (three late endosomal markers); or G3BP1 (a stress granule
marker) (Fig. 3). Thus, the WDR5-positive structures induced by MeV infection that
colocalized with MeV proteins, and that coimmunoprecipitated with the viral nucleo-
capsid proteins L, P, and N but not H, appear to represent a cellular site involved in the
cytoplasmic replication of virus other than endocytic compartments or RNA stress
granules induced by infection. There is increasing evidence that the replication ma-
chinery of negative-strand RNA viruses utilizes a number of host cell factors (42, 45, 46,
48, 57). These factors might function to affect multiple processes, including formation
of the viral RNA replication complex, nucleocapsid trafficking, and shielding from host
innate immune response sensors.

MATERIALS AND METHODS
Cells and virus. CD8-CIMPR-expressing HeLa cells (23) were cultured in advanced Dulbecco’s

modified Eagle’s medium (DMEM-RS; HyClone) supplemented with 4%, vol/vol, fetal bovine serum
(Atlanta Biologicals), 2 mM glutamine (Life Technologies), and penicillin (100 �g/ml)-streptomycin (100
U/ml) (Life Technologies). HeLa cells stably expressing WDR5-EGFP (24) were grown in the same medium
with additional supplement of 3 �g/ml puromycin. Cells were dissociated for passage using trypsin
(0.25%)-EDTA (0.1%) (HyClone). Virus infections were carried out at a multiplicity of infection of 0.1 or 1
50% tissue culture infective dose (TCID50) per cell as indicated. Cells were harvested by scraping them
into the growth medium, and the material then was subjected to three freeze-thaw cycles. Infectious
virus yields then were determined by titration on Vero cells according to the Spearman-Kärber method
(58, 59).

Recombinant vac2 MeV isogenic to the Moraten vaccine strain and expressing enhanced green
fluorescent protein (EGFP) downstream of the viral H gene (60, 61) (EGFP MeV), the isogenic C-deficient
EGFP mutant virus (Cko) (62), and the recombinant mCherry-expressing vac2 virus with a nuclear
localization signal (mCherryNLS) isogenic to the Moraten vaccine strain (36) all have been described.
For generation of virus expressing N-terminally HA-tagged L protein, the SpeI/NotI fragment of
pB(�)MVvac2-CKO(CFL)H was transferred into pCR3 to yield pCR3-SN. This was further digested with SpeI
and EcoRI and the fragment transferred into pCR3 to yield pCR3-SE. The HA tag sequence was introduced
into pCR3-SE by site-directed mutagenesis using oligonucleotides (MV L-HAn forward, GTGGTTCCCC
GTTATGTACC CATACGATGT TCCAGATTAC GCTGGGGACT CGCTATCTGT CAAC; MV L-HAn reverse, GTTG
ACAGAT AGCGAGTCCC CAGCGTAATC TGGAACATCG TATGGGTACA TAACGGGGAA CCAC), yielding pCR3-
S-HA-E. The SpeI/EcoRI fragment of this vector was transferred back into pCR3-SN, yielding pCR3-S-HA-N,
and the SpeI/NotI fragment of this vector was transferred back into pB(�)MVvac2-CKO(CFL)H, yielding the
final vector, pB(�)MVvac2-CKO(CFL)H

HAL. Virus rescue, stock generation, and titration were performed as
previously described (63, 64).

Antibodies. Primary antibodies used for Western blot analysis (WB), immunofluorescence (IF), and
immunoprecipitation (IP) are the following: rabbit anti-calreticulin (C4606; IF dilution, 1:1,000; Sigma),
mouse anti-p115 (612260; IF dilution, 1:750; BD Transduction Laboratory), mouse anti-�4 GalT1 (IF
dilution, 1:2,000; a gift from Ulla Mandel), mouse anti-Golgin-97 (A21270; IF dilution, 1:500; Molecular
Probes), mouse anti-p230 (611280; IF dilution, 1:1,000; BD Transduction Laboratory), rabbit anti-EEA1
(E4156; IF dilution, 1:200; Sigma), mouse anti-CD71 (TfR) (555534; IF dilution, 1:250; BD Pharmingen),
mouse anti-CD63 (556019; IF dilution, 1:250; BD Pharmingen), mouse anti-CD222 (CIMPR) (315901; IF
dilution, 1:250; BioLegend), mouse anti-Lamp1 (H4A3; IF dilution, 1:8,000; Hybridoma Bank), rabbit
anti-Rab7 (9367; IF dilution, 1:250; Cell Signaling Technology), rabbit anti-Rab9 (5118; IF dilution, 1:300;
Cell Signaling Technology), mouse anti-G3BP1 (ab56574; IF dilution, 1:250; Abcam), mouse anti-HSP60
(sc-376240; IF dilution, 1:150; Santa Cruz Biotechnology), rabbit anti-MeV N505 (IF dilution, 1:2,500; WB
dilution, 1:5,000 [60]), rabbit anti-MeV P254 (IF dilution, 1:1,500; WB dilution, 1:3,000 [60]), rabbit
anti-(trimethyl)-histone H3 (lys4) (9751; WB dilution, 1:1,000; Cell Signaling Technology), rabbit anti-
WDR5 (A302-430A; WB dilution, 1:3,000; Bethyl Laboratory), mouse anti-WDR5 (sc-393080; WB dilution,
1:600; Santa Cruz Biotechnology), rabbit anti-MeV VCT (IF dilution, 1:1,500; WB dilution, 1:3,000 [65]),
rabbit anti-MeV C2 (IF dilution, 1:1,500; WB dilution, 1:3,000 [65]), rabbit anti-MeV M81 (WB dilution,
1:2,000 [60]), rabbit anti-MeV HCYT (IF dilution, 1:15,00; WB dilution, 1:3,000 [66]), rabbit anti-MeV L2170

[WB dilution, 1:2,000; generated against the L protein sequence (C)EWYKLVGYSALIKD corresponding to
positions 2170 to 2183, preceded by a cysteine used for coupling purposes], mouse anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Y3322GAPDH; WB dilution, 1:6,000; Biochain Institute), mouse
anti-mCherry (125096; WB dilution, 1:2,000; Abcam), and mouse anti-GFP (11814460001; WB dilution,
1:1,600; Roche). For labeling mitochondria in live cells, MitoTracker deep red FM (8778; Cell Signaling
Technology) was used (500 nM) for 30 min at 37°C.

RNAi. The siRNAs purchased from Qiagen were the following: AllStars negative-control siRNA
(SI03650318; control siRNA Ca), WDR5 siRNA1 (SI00118916; target sequence, 5=-CAC GCT GGA CAA CAC
TCT GAA-3=), and WDR5 siRNA2 (SI00118923; target sequence, 5=-TAG CCT GGT CGT CAG ATT CTA-3=).
The siRNAs purchased from Life Technologies were Silencer Select negative-control no. 2 siRNA (4390843;
control siRNA Cb), WDR5 siRNA11 (s21862; target sequence, 5=-AGA CGA AAG AGA TTG TAC A-3=), and
WDR5 siRNA12 (s21864; target sequence, 5=-GAT GGG AAA TTT GAG AAA A-3=). The siRNAs were
transfected into cells using Lipofectamine RNAiMAX (Life Technologies) at a final concentration of 10 nM
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(for Qiagen siRNAs) or 5 nM (for Life Technologies siRNAs). To achieve more efficient knockdown, cells
were transfected twice, first on day 1 and then on day 3, before MeV infection on day 6.

Immunoprecipitation. HeLa cells, either infected or uninfected, stably expressing EGFP (as a
negative control) or WDR5-EGFP, were lysed in ice-cold NP-40 lysis buffer (50 mM Tris-HCl, pH 8.0, 150
mM NaCl, and 1%, vol/vol, NP-40) containing 1� protease inhibitor cocktail (Biotool), 1� phosphatase
inhibitor cocktail (Biotool), and 5 mM EDTA. Lysates were obtained by rocking cells with lysis buffer at
4°C for 15 min and cleared by centrifugation (14,000 rpm) at 4°C, and protein concentration was
determined using the CB-X protein assay kit (G-Biosciences). An equivalent amount of lysate total protein
was bound to a mouse monoclonal anti-GFP antibody covalently conjugated to magnetic microbeads by
rocking at 4°C for 3 h (�MACS GFP-tagged protein isolation kit; Miltenyi Biotec). The beads were washed
on �MACS columns with NP-40 lysis buffer and eluted according to the manufacturer’s instructions.
Immunoprecipitation of HA-tagged L protein was carried out in a similar manner but using anti-HA
magnetic beads (Thermo Scientific).

SDS-PAGE and Western blotting. Unless otherwise specified, cell lysates were made using ice-cold
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS) supplemented with 1� protease inhibitor cocktail (Biotool), 1�
phosphatase inhibitor cocktail (Biotool), and 5 mM EDTA. Cytoplasmic and nuclear protein fractions were
prepared either by using the Thermo Scientific subcellular fractionation kit for cultured cells (78840)
according to the manufacturer’s recommendations or as previously described (67, 68). Protein concen-
tration was determined using the CB-X protein assay. An equivalent amount of total protein (for the
analysis of host proteins) or an equal volume of cell lysate (for the analysis of viral proteins) was analyzed
by SDS-PAGE (6 to 15% gels, depending on the proteins to be resolved). Proteins were transferred to
Immobilon-FL 0.45-�m polyvinylidene difluoride (PVDF) membranes (Millipore) using an Owl HEP-1
semidry electroblotting system (Thermo Scientific). Membranes were incubated overnight at 4°C with the
appropriate primary antibody diluted in a 1:1 mixture of Odyssey blocking buffer (LI-COR Biosciences)
and PBST (1� phosphate-buffered saline [PBS] supplemented with 0.1% Tween 20). Membranes were
washed with PBST (three times, 10 min each), incubated in the dark for 45 min with the appropriate
secondary antibody [goat anti-mouse or anti-rabbit IgG (H�L) DyLight 680 conjugated; Thermo Scien-
tific], washed with PBST (three times, 5 min each) followed by PBS for 5 min, and dried in the dark.
Fluorescence imaging and quantification were performed on an Odyssey infrared imaging system
(LI-COR Biosciences).

Immunofluorescence. Unless otherwise specified, cells grown on coverslips were fixed in 3%
UltraPure EM-grade formaldehyde (Polysciences, Inc.) for 10 min at 24 h after MeV infection, quenched
with PBS containing 100 mM glycine (2�, 5 min each), and permeabilized with PBS containing either
0.1% saponin or 0.1% Triton X-100 for 15 min. Fixed cells were blocked in buffer (BLOK casein in PBS
[G-Biosciences] containing 0.1% saponin [omitted if 0.1% Triton X-100 was used during permeabilization]
and 5% goat serum) for 30 min, incubated with primary antibody diluted in blocking buffer for 2 h,
washed in PBS (3�, 5 min each), incubated in fluorophore-conjugated secondary antibody diluted in
blocking buffer for 1 h, washed in PBS (3�, 5 min each), incubated in PBS containing 1 �g/ml
4=,6-diamidino-2-phenylindole (DAPI) for 5 min, and washed in PBS (3�, 2 min each). Coverslips were
then allowed to air dry in the dark and mounted in PPD antifade (90% glycerol, 10% PBS, 1 mg/ml
p-phenylenediamine, pH 8.0). The following secondary antibodies were used at a dilution of 1:200: goat
anti-mouse IgG (Alexa Fluor 488 [115-545-062], rhodamine red-X [115-295-062], and Alexa Fluor 647
[115-605-146]; Jackson ImmunoResearch) and goat anti-rabbit IgG (Alexa Fluor 488 [111-545-144],
rhodamine red-X [111-295-144], and Alexa Fluor 647 [111-605-144]; Jackson ImmunoResearch).

Fluorescence microscopy. Slides were imaged using an Olympus IX-81 fluorescence microscope
with a Plan-Apochromat 60� oil total internal reflection fluorescence objective (numeric aperture, 1.45;
Olympus), Semrock excitation and emission filters, and an X-Cite Exacte illumination source (Lumen
Dynamics). Images were captured using a monochrome digital camera (Evolution QEi; Media Cybernet-
ics) controlled with In Vivo acquisition software, v.3.2.0 (Media Cybernetics). Image analysis was per-
formed using ImageJ (NIH), Photoshop, and Illustrator (Adobe).

Live-cell fluorescence microscopy. Cells were grown on Matrigel-coated (1:500) glass-bottomed
Delta T dishes (Bioptechs) and imaged using an Olympus IX-81 microscope as described above. All
live-cell imaging experiments were performed at 37°C using a Delta T open dish system equipped with
a heated lid and 5% CO2 perfusion (Bioptechs). Unless otherwise specified, live-cell imaging was
conducted at 24 h postinfection.

Histone extraction. Core histones were extracted through either acid extraction or the subcellular
fractionation kit for cultured cells (Thermo Scientific) as noted. For samples collected via acid extraction,
cells were harvested, washed with ice-cold PBS, suspended in Triton extraction buffer (TEB; PBS with 0.5%
[vol/vol] Triton X-100), and rocked and cleared at 4°C, and the pellets were suspended in 0.2N HCl and
rocked overnight. Total volumes of 0.2N HCl added were proportional to the protein concentrations of
the TEB supernatants as determined using the CB-X protein assay. Histone extract was collected after
centrifugation and denatured in a final concentration of 1� SDS loading buffer by heating at 95°C.

Interferon analysis. IFN-� transcripts were measured by quantitative real-time PCR (qPCR) (40). Total
RNA was isolated using triazole, random primed cDNA was prepared using SuperScript II (Life Technol-
ogies), and the primer pairs and cycle programs for IFN-� and glyceraldehyde-3-phosphate dehydroge-
nase were as previously described (41). Primer pairs for IFN-� were as reported previously (forward,
5=-CGC CTT GGA AGA GTC ACT CA-3=; reverse, 5=-GAA GCC TCA GGT CCC AAT TC-3=) (69). The qPCRs were
performed using IQ SYBR green supermix (Bio-Rad) and a Bio-Rad MyIQ real-time qPCR instrument.
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Statistical analysis. Statistical tests were performed by Student’s t test using Microsoft Excel. Unless
otherwise specified, data are presented as means with bars showing standard errors of the means (SEM).
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