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ABSTRACT Human cytomegalovirus (HCMV) modulates numerous cellular pathways
to facilitate infection. Iron is essential to many cellular processes and is often incorpo-
rated into proteins and enzymes involved in oxidative phosphorylation and DNA syn-
thesis and repair, among others. Despite its prominent role in the cell, little is known
about the regulation of iron metabolism during HCMV infection. Herein, we observe
modulation of the transferrin receptor (TfR) during infection and a corresponding
change in the cellular labile iron pool. TfR and the iron pool are increased early during
infection and then return to mock levels at the late stages of infection. We identified
the cellular ubiquitin ligase MARCH1 as an important regulator of TfR. MARCH1 plays a
proviral role during infection, as its knockdown leads to a decrease in infectious titers.
Knockdown of MARCH1 also leads to an increase in ROS, lipid peroxidation, and mito-
chondrial dysfunction. Inhibiting an early increase in TfR expression during infection
also decreases virus production. These findings indicate the importance of tightly regu-
lating iron metabolism during HCMV infection to facilitate efficient virus production.

IMPORTANCE Iron is essential for cells, playing important roles in energy generation,
DNA replication, and gene expression. During infection, HCMV alters many cellular
processes to aid its replication. We found that iron levels are tightly regulated during
infection and that dysregulation of iron levels alters the ability to produce infectious
virions. We also found that HCMV inactivates many of the cellular safeguards put in
place to deal with excess iron. Thus, infected cells become more susceptible to varia-
tions in iron levels, which could be exploited as a therapeutic strategy for dealing
with HCMV infections.
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Human cytomegalovirus (HCMV) is an opportunistic herpesvirus that causes disease
in immunocompromised individuals and neonates (1, 2). There is a need to fully

understand the interplay between the virus and the host to develop better therapeutic
strategies for susceptible groups. Throughout the course of infection, HCMV usurps
many cellular pathways to facilitate its own replication in infected cells, often by modi-
fying the protein composition of the cell to promote viral replication. For instance,
HCMV increases cellular metabolic proteins while downregulating immune effector
proteins, both of which are beneficial for the virus (3, 4). Identifying cellular proteins
that are essential for the viral life cycle will reveal new targets for treatment of HCMV
infections.

Iron is an essential metal ion that is important for many functions at both the cellu-
lar and organismal level. Within cells, iron is incorporated into many proteins and used
for its catalytic and redox reactive properties. Iron is required for several processes that
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occur within the mitochondria, including energy generation through oxidative phos-
phorylation, and is incorporated into proteins that carry out DNA synthesis, repair, and
transcription (5, 6). Because of its requirement in these fundamental processes, iron
deficiency greatly impairs cellular function. Although iron ions are crucial for cells,
excess iron can also be harmful. The labile iron pool (LIP) is the cellular source of free
iron that is used for incorporation into proteins, but this iron pool is also the main
driver of iron-dependent oxidative stress (7). Free iron ions can react with hydrogen
peroxide to form hydroxyl radicals that then generate oxidative damage that disrupts
cellular functions. Through this mechanism, excess iron has been shown to lead to lipid
peroxidation that initiates an iron-mediated form of cell death known as ferroptosis;
thus, iron concentration must be tightly regulated (8).

Viruses rely on the proper functioning of many iron-dependent cellular processes.
Accordingly, iron chelators inhibit infection of HIV-1 and some herpesviruses, including
HCMV (5, 9–12). Not much is known about the regulation of iron metabolism during
HCMV infection. Intracellular iron concentrations have been linked to cytomegaly, and
the viral protein US2 has been shown to degrade homeostatic iron regulator (HFE),
which can affect iron uptake, but little has been shown about the role of iron in viral
replication and production (10, 13).

Cellular iron uptake is mainly mediated through a complex consisting of iron-bound
transferrin (Tf) and the transferrin receptor (TfR). Iron-bound Tf binds to TfR on the cell
surface, and the complex is internalized through receptor-mediated endocytosis. In
acidified endosomes, iron is released and transported to the cytosol. While the Tf-TfR
complex is recycled back to the cell membrane, iron in the cytosol is either incorpo-
rated into ferritin or becomes part of the LIP to be used in proteins. TfR expression is
regulated posttranscriptionally in response to cellular iron levels by the iron response
proteins (IRPs). The expression of TfR can also be posttranslationally regulated through
targeted ubiquitination and lysosomal degradation mediated by MARCH (membrane-
associated RING CH) E3 ligases (14, 15).

The MARCH family of E3 ubiquitin ligases were discovered as mammalian homologs
to the K3 and K5 proteins of Kaposi’s sarcoma herpesvirus (KSHV) (16). TfR has been iden-
tified as a target for two highly homologous MARCH ligases, MARCH1 and MARCH8 (16).
While MARCH8 is ubiquitously expressed in tissue, MARCH1 expression is limited to
immune cells such as dendritic cells, monocytes, and B cells, where a major target (16–
19) is the MHC class II complex (16–21). Since MARCH1 promotes degradation of this
antigen presenting complex, it plays an important role in shutting down the immune
response and is induced by the immunosuppressive cytokine IL-10 (19, 22).

Herein, we show that levels of TfR protein and transcripts spike early in infection
before returning to basal levels. One component of this regulation is increased lysoso-
mal degradation, which is mediated by MARCH1. MARCH1, which is not normally
expressed in fibroblasts, is induced during infection and is important for the produc-
tion of infectious virus titers. When MARCH1 is knocked down, TfR levels remain ele-
vated, resulting in increased levels of reactive oxygen species, an accumulation of lipid
peroxidation and mitochondrial dysfunction. Further illustrating the importance of
tightly regulating iron levels during HCMV infection, preventing the early increase in
TfR, either by directly knocking it down or by expressing MARCH1, also decreases infec-
tious titers. Thus, iron levels are tightly regulated during HCMV infection and disrup-
tion of this regulation impairs the production of infectious virions.

RESULTS
HCMV regulates levels of TfR during infection. Iron is essential for several proc-

esses required to produce HCMV virions. We found that the cytoplasmic LIP increases
early in infection, peaking at 24 hpi, before declining back to mock levels (Fig. 1A). This
is consistent with a previous study reporting a peak in LIP at 24 hpi, followed by a sub-
sequent decrease (10). To probe the mechanism behind this iron regulation, we investi-
gated whether HCMV alters the levels of TfR. We found that TfR protein levels were
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sharply increased at 24 and 48 hpi, followed by a decline and return to mock levels
(Fig. 1B). The general vesicular transport protein p115 (USO1) levels are unaltered dur-
ing infection (23) and were used as a loading control. The increase in protein levels cor-
responded with an increase in TfR transcript levels (Fig. 1C). In addition to changing
protein levels of TfR during infection, altered localization may also affect the ability of
TfR to uptake iron. To assess TfR localization during infection, fibroblasts were trans-
duced with lentivirus carrying a TfR construct tagged at the C-terminus with mCherry.
Following selection, the TfR-mCherry expressing fibroblasts were plated on coverslips
and infected with HCMV. Samples were fixed at 24-h increments following infection.
TfR localized to the plasma membrane and puncta near the plasma membrane, pre-
sumably recycling endosomes, in uninfected cells and during the early stages of infec-
tion. In contrast, late in infection TfR is internalized to a ring surrounding the pp28-con-
taining core of the cytoplasmic viral assembly compartment (cVAC) (Fig. 1D). The cVAC
is the proposed final site of viral maturation and contains concentric layers of organ-
elles, an endosomal core surrounded by membrane rings from the Golgi and trans-
Golgi network (24–26). While the change in TfR localization may simply be a result of
the altered flow of cellular membranes associated with formation of the cVAC, it likely
also has implications on the ability of TfR to facilitate iron entry into cells during the
late stages of infection. These TfR results correlate with the change in iron levels and

FIG 1 HCMV regulates levels of TfR during infection. (A) Labile iron pool measurements taken by measuring calcein fluorescence
increase following iron chelation with isonicotinoyl salicylaldehyde hydrazone (SIH) in uninfected and HCMV-infected (TB40/E,
MOI = 3) cells at 24, 48, 72, 96, and 120 hpi. Data are presented as fold increase over levels in uninfected cells. (B) Western blot
analysis of lysates from uninfected or HCMV-infected fibroblasts (as in (A)) at 24, 48, 72, 96, and 120 hpi. Blots were probed for
TfR and pp28, with p115 serving as a loading control. Graph below blots shows average fold increase for TfR, when compared to
uninfected samples, from three independent experiments. (C) qPCR analysis of TfR transcripts isolated from uninfected or HCMV-
infected fibroblasts (as in (A)) at 24, 48, 72, 96, and 120 hpi. TfR transcripts were normalized to GAPDH and reported as a fold
change to the uninfected sample. (D) Fluorescence images of TfR-mCherry (red), pp28 (green), and DAPI-stained nuclei (blue) in
uninfected and HCMV-infected (as in (A)) cells at 24, 48, 72, 96, and 120 hpi. X and Y scale bar = 0.12 mm, z scale bar = 0.25 mm.
For the above panels, * indicates P , 0.05, ns = not significant, and data are average of three independent experiments.
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suggest that HCMV modulates cellular iron levels by regulating the levels and localiza-
tion of TfR.

MARCH1, but not MARCH8, is induced during infection. Following endocytosis of
the iron-Tf-TfR complex, iron is dissociated in the acidic endosome lumen and the Tf-TfR
complex is recycled back to the cell surface (27). Thus, a single Tf-TfR complex can
undergo multiple rounds of endocytosis and the TfR protein has a reportedly long half-
life (15, 28–30). We hypothesized that HCMV may therefore promote the degradation of
TfR. We found that TfR levels were increased in infected cells treated with chloroquine or
concanamycin A, compounds that alter the pH of lysosomes and affect protein degrada-
tion (Fig. 2A). HCMV therefore modestly decreases TfR through degradation as part of
regulating levels of the labile iron pool.

Two ubiquitin ligases of the MARCH ligase family were previously shown to target
TfR for degradation, MARCH1 and MARCH8 (16). We investigated whether MARCH1 or
MARCH8 were differentially regulated by HCMV. We found that while MARCH1 tran-
scripts steadily increased as infection progressed, levels of MARCH8 transcripts were
not altered at any time during infection (Fig. 2B and C). Western blot analysis con-
firmed a corresponding increase in MARCH1 protein, which increased with similar
kinetics as the viral late protein pp28 (Fig. 2D). To ensure that this was not a strain-spe-
cific effect limited to the TB40/E strain of HCMV, we utilized another strain of HCMV
(AD169) and confirmed that MARCH1 protein levels similarly increased during infection
(Fig. 2E). Thus, HCMV specifically upregulates MARCH1, but not the highly homologous
protein MARCH8 during infection.

The observed increase in MARCH1 was particularly interesting given it is not nor-
mally expressed in fibroblasts. Central to its role in degrading the MHC Class II com-
plex, MARCH1 is induced by the immunosuppressive cytokine IL-10 in immune cells
(19, 22). Since HCMV encodes a viral version of IL-10, UL111A, we hypothesized that
the induction of MARCH1 was dependent on the expression of this viral IL-10 homo-
logue. Utilizing a virus lacking expression of UL111A (23), we found that MARCH1 was
still induced even in the absence of UL111A (Fig. 2F). The viral IL-10 was therefore not
responsible for inducing MARCH1 during HCMV infection. Fibroblasts produce very lit-
tle cellular IL-10, and these levels were unchanged throughout infection (Fig. 2G), in
contrast to the significant increase following infection of an immune cell known to
serve as a source of IL-10 (31). Thus, it is unlikely that the induction of MARCH1 during
infection was due to cellular IL-10 signaling. The induction of both MARCH1 transcript
and protein, however, was blocked by addition of acyclovir, suggesting that MARCH1
induction was dependent on late gene synthesis following DNA replication (Fig. 2H
and I). Thus, it appears that HCMV specifically upregulates MARCH1 outside of its nor-
mal induction pathway.

MARCH1 knockdown adversely affects HCMV titers and the late stages of infection.
Since HCMV specifically induces MARCH1, we hypothesized that it is required to pro-
duce infectious progeny. We utilized two different clones of shRNA to knock down
MARCH1 in primary fibroblasts. This approach resulted in a substantial, but not com-
plete, knockdown of MARCH1 (Fig. 3A). Since clone #1 resulted in a greater decrease in
MARCH1 protein, it was selected for all additional analyses. Infectious titers were signif-
icantly reduced, by about one log, following infection of the knockdown fibroblasts
when compared to a control infection (Fig. 3B). Thus, MARCH1 is important for produc-
ing infectious HCMV virions.

We hypothesize that MARCH1 is induced during infection to downregulate TfR, which
is consistent with the kinetics of both MARCH1 induction and TfR downregulation. Thus,
we expect to see a block late in infection. In the absence of MARCH1 we saw no difference
in protein levels or kinetics of induction for the immediate early proteins IE1 and IE2 or the
DNA polymerase processivity factor UL44 (Fig. 3C and D). Additionally, the number of ge-
nome copies were similar between control and MARCH1-knockdown fibroblasts (Fig. 3E),
and electron microscopy (EM) images of infected nuclei confirmed the presence of ge-
nome-containing nucleocapsids. (Fig. 3F). Thus, MARCH1 does not affect the initiation of
infection, viral DNA replication, or genome encapsidation. In contrast, protein levels of
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many delayed early and late proteins implicated in viral assembly events (pp150, UL71, gB,
pp28) were drastically decreased in the absence of MARCH1 (Fig. 3G). This was particularly
evident for gB and pp28 and to a lesser extent for pp150 and UL71. The decrease in pro-
tein correlated with a decrease in transcripts, as pp28, but not IE transcripts, were reduced
in the infection of the knockdown cells (Fig. 3H). Thus, the absence of MARCH1 results in a
general block in the late stages of HCMV infection.

We next performed immunofluorescence (IF) and electron microscopy analyses. By
immunofluorescence analysis we observed reduced staining of pp28, consistent with
the western analysis, and found that the reduced pp28 that was produced was not

FIG 2 MARCH1, but not MARCH8, is induced during infection. (A) Lysates from uninfected or HCMV-infected cells (TB40/E, MOI = 3,
96 hpi) treated with DMSO, chloroquine (Chlor), or concanamycin A (ConA) were analyzed by Western blotting and probed for TfR
and a loading control p115. Graph below blots shows average fold increase for TfR, when compared to uninfected DMSO samples,
from three independent experiments. (B and C) qPCR analysis of (B) MARCH1 and (C) MARCH8 transcripts isolated from uninfected
or HCMV-infected fibroblasts at 24, 48, 72, 96, and 120 hpi, reported as total number of transcripts per cell. (D and E) Western blot
analysis of lysates from uninfected fibroblasts or fibroblasts infected with (D) TB40/E or (E) AD169 at 24, 48, 72, and 96 hpi. Blots
were probed for MARCH1, TfR (TB40/E only), IE1, IE2, pp28, and the loading control p115. (F) qPCR analysis of MARCH1 transcripts
isolated from fibroblasts infected with wild-type TB40/E (WT) or a UL111A-STOP virus at 96 hpi. Results reported as the number of
transcripts as normalized to GAPDH. (G) qPCR analysis of cellular IL-10 transcripts isolated from uninfected (UI) or HCMV-infected
fibroblasts at 24, 48, 72, 96, and 120 hpi and uninfected (UI) or HCMV-infected (Inf) Kasumi-3 cells. IL-10 transcripts were normalized
to GAPDH and reported as a fold change to the uninfected samples. (H) qPCR analysis of MARCH1 transcripts isolated at 96 hpi
from HCMV-infected fibroblasts (TB40/E, MOI = 3) treated with DMSO or Acyclovir (Acycl) at 3 hpi. MARCH1 transcripts were
normalized to GAPDH and reported as a fold change to the DMSO-treated sample. (I) Western blot analysis for MARCH1, pp28, and
the loading control p115 from uninfected fibroblasts or HCMV-infected (WT) fibroblasts treated with DMSO or Acyclovir. For the
above panels, * indicates P , 0.05, ns = not significant, and data are average of three independent experiments.
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properly localized to the cVAC (Fig. 3I). This was consistent with EM analysis in which
very few virions and dense bodies were present in the cytoplasm of the MARCH1-
knockdown cells, although both were prevalent throughout the cytoplasm in the
control cells (Fig. 4A and B). One striking observation was that the accumulation of
membranes in a juxtanuclear cVAC was apparent in both the control and MARCH1-
knockdown infections. We previously reported that the cellular SNARE protein

FIG 3 MARCH1 knockdown reduces HCMV titers. (A) Western blot analysis for MARCH1 and p115 loading
control at 96 hpi in fibroblasts infected with HCMV (TB40/E strain, MOI = 3) and expressing a scrambled shRNA
or shRNA against MARCH1. (B) Infectious titers at 96 and 120 hpi from HCMV-infected fibroblasts expressing a
scrambled shRNA or shRNA against MARCH1. (C) Western blot analysis from HCMV-infected (96 hpi) fibroblasts
expressing a scrambled shRNA or an shRNA against MARCH1. Blots were probed for MARCH1, IE1, IE2, UL44,
and the loading control p115. (D) Western blot analysis of lysates from uninfected or infected cells as
described in (C) harvested at 24, 48, 72, and 96 hpi. ‡ indicates nonspecific band (E) HCMV genome copies at
24 hpi in control or MARCH1 knockdown fibroblasts. (F) EM images from nuclei of infected control or MARCH1
knockdown fibroblasts at 96 hpi. Scale bar: 500 nm. (G) Western blot analysis of lysates as described in (C).
Blots were probed for pp150, UL71, gB, pp28, and the loading control p115. (H) qPCR analysis of IE1 and pp28
transcripts isolated from control or MARCH1 knockdown fibroblasts infected with HCMV for 96 h. (I)
Immunofluorescent staining for the viral protein pp28 at 96 hpi in control or MARCH1 knockdown fibroblasts
infected with HCMV. For the above panels, * indicates P , 0.05, ns = not significant, and data are average of
three independent experiments.

Martin et al. Journal of Virology

March 2022 Volume 96 Issue 6 e01806-21 jvi.asm.org 6

https://jvi.asm.org


Syntaxin 5 (STX5) is induced during infection and is important for the membrane reor-
ganization associated with the cVAC (32). STX5 is induced with similar kinetics as some
of the viral proteins whose expression was reduced in the MARCH1-knockdown cells.
However, STX5 was still induced and properly localized to the Golgi ring of the cVAC
(Fig. 4C & D). Thus, although MARCH1 knockdown has broad effects on the late stages
of HCMV infection, not all late events are affected.

FIG 4 The presence of cytoplasmic virions is reduced in the absence of MARCH1. Electron micrographs of (A)
control and (B) MARCH1 knockdown fibroblasts infected with HCMV (TB40/E strain, MOI = 3) at 96 hpi. The
middle and bottom panels are higher magnification images of the cytoplasmic region. Scale bars in upper
panels represent 5 mm, and scale bars in middle and lower panels represent 1 mm. Blue circles in upper panels
indicate area of membrane accumulation or cVAC. Yellow and red arrows indicate enveloped virions and
cytoplasmic A capsids, respectively. (C) Western blot analysis for STX5, pp28, and the loading control p115
from HCMV-infected fibroblasts (TB40/E, MOI = 3) expressing a control shRNA (Ctrl) or shRNA targeting
MARCH1 (MAR1). (D) Immunofluorescence images of STX5 (green) at 96 hpi with HCMV TB40/E (MOI = 3) in
fibroblasts expressing shRNA control or shRNA targeting MARCH1. Nuclei are stained with DAPI.
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MARCH1 knockdown increases iron, lipid peroxidation, and mitochondrial
dysfunction. To investigate the hypothesis that MARCH1 downregulates TfR during
infection, we checked the levels of TfR during infection of the MARCH1-knockdown
fibroblasts. Consistent with the hypothesis, TfR protein was increased in the MARCH1-
knockdown cells (Fig. 5A), suggesting that MARCH1 does in fact promote the degrada-
tion of TfR during HCMV infection. We found that TfR is internalized late in infection
and localizes to a ring around the pp28-containing core of the cVAC. We next wanted
to determine if MARCH1 has a similar localization as TfR during the late stages of infec-
tion. Lacking a suitable MARCH1 antibody for immunofluorescence, we visualized
MARCH1 during infection using a lentivirus expressing EGFP-tagged MARCH1. Previous
studies have reported that EGFP tagged to the N-terminus of MARCH1 does not affect
the function of the protein (33, 34). At 96 hpi, when the cVAC is fully formed and
MARCH1 is highly expressed, EGFP-MARCH1 localized adjacent to the nucleus in a
ring-like structure, colocalizing with the Golgi protein STX5 (Fig. 5B). While coexpres-
sion of the EGFP-MARCH1 with TfR-mCherry led to a marked reduction in the TfR sig-
nal, likely due to March1-induced degradation, colocalization of TfR and MARCH1 was
apparent (Fig. 5C).

If the role of MARCH1 during HCMV infection is to degrade TfR, we hypothesize that
iron levels will be elevated during infection of the MARCH1-knockdown cells.
Accordingly, we found an increase in the LIP in MARCH1-knockdown fibroblasts at 96
and 120 hpi (Fig. 5D). The cell has several safeguards to deal with increased cellular
iron levels. When these safeguards fail, or are overwhelmed by excess iron, the cell
undergoes ferroptosis, an iron-dependent form of cell death distinct from apoptosis
and necroptosis (35). One safeguard against excess iron is the expression of ferritin,
which binds to free iron in the cytoplasm and stores it in a nontoxic form. Ferritin con-
sists of 24 subunits of two species, heavy (FTH) (21 kDa) and light (19 kDa), that are
highly homologous (36). We found that FTH was drastically reduced during infection
and did not increase upon knockdown of MARCH1 (Fig. 5E). Thus, ferritin was not pres-
ent to safeguard against the increase in iron observed upon MARCH1 knockdown.

The presence of excess iron in the cell leads to lipid peroxidation and ferroptosis.
The cell protects against lipid peroxidation via glutathione-dependent antioxidant
defenses. For example, the cellular protein GPX4 can counter lipid peroxidation by uti-
lizing glutathione or other thiols to reduce key intermediates in the lipid peroxidase
chain reaction (37). However, we found that similar to ferritin, levels of GPX4 are
reduced during infection and do not recover when MARCH1 is knocked down (Fig. 5E).
Malondialdehyde (MDA) is one of the most commonly used biomarkers for lipid peroxi-
dation, and we found levels of MDA to be significantly increased following infection
(Fig. 5F). This may be a result of the observed downregulation of GPX4 during infec-
tion. We found an additional increase in MDA levels when MARCH1 is knocked down
(Fig. 5F), which is consistent with the increase in cytoplasmic iron combined with the
absence of the ferritin and GPX4 safeguards that are downregulated during infection.
Thus, taken in sum, while the cell has several safeguards to deal with elevated iron lev-
els, many of the important proteins involved in these checks are downregulated during
infection, thus rendering the cell more susceptible to conditions that increase cellular
iron.

One hallmark of the induction of ferroptosis is the depolarization of mitochondrial
membranes. Infection results in a slight, but significant, increase in mitochondrial
depolarization. In the absence of MARCH1, there was a three times greater increase in
mitochondrial depolarization compared to normal infection (Fig. 5G). Levels of ATP
were also significantly reduced during infection of the MARCH1-knockdown fibroblasts
(Fig. 5H). The inability to control iron levels during infection adversely affects mito-
chondrial function and the ability to support a productive infection.

Blocking the early increase in the iron pool reduces infectious HCMV virion
production. Our data shows that elevated iron levels late in infection are detrimental
to infection. We next wanted to investigate whether the early increase in iron was also
required for a productive infection. To assess the role of the early increase in TfR levels,
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we infected fibroblasts expressing a control shRNA or shRNA against TfR. We were able to
achieve near complete knockdown of TfR using two different clones of shRNA (Fig. 6A).
Both clones resulted in greater than a one-log reduction in the production of infectious
virions (Fig. 6B). However, we noticed a reduced growth rate and altered morphology in
the fibroblasts expressing the TfR shRNA. On occasion, the TfR-knockdown fibroblasts did
not survive the selection process, leaving an insufficient number of surviving cells to

FIG 5 MARCH1 knockdown increases labile iron pool and lipid peroxidation. (A) Western blot analysis at 96 hpi from HCMV-
infected (TB40/E, MOI = 3) fibroblasts expressing a scrambled shRNA or an shRNA against MARCH1. Blots were probed for
MARCH1, TfR, and the loading control actin. (B) HCMV-infected fibroblasts expressing EGFP-MARCH1 were fixed at 72 hpi and
stained for a Golgi marker (pink) and the viral protein pp28 (red). (C) HCMV-infected fibroblasts expressing EGFP-MARCH1 and
TfR-mCherry were fixed at 96 hpi and stained for the viral protein pp28 (pink), which is shown only in the composite image.
Nuclei in (B) and (C) are stained with DAPI. (D) Labile iron pool measurements taken by measuring calcein fluorescence increase
following iron chelation with SIH in uninfected and HCMV-infected (as in (A)) cells expressing a control shRNA (shCtrl) or shRNA
against MARCH1 (shMARCH1) at 24, 48, 72, 96, and 120 hpi. Data are presented as fold increase over levels in uninfected shCtrl
cells. (E) Western blot analysis from uninfected and HCMV-infected (96 hpi) fibroblasts expressing a control shRNA (Ctrl) or shRNA
against MARCH1 (MAR1). Blots were probed for MARCH1, ferritin (FTH), GPX4, and the loading control p115. (F) MDA assay
measuring lipid peroxidation in uninfected and HCMV-infected fibroblasts (96 hpi) expressing control shRNA (shCtr) or shRNA
against MARCH1 (shM1). (G) Mitochondrial depolarization as measured by JC-10 fluorescence shift in uninfected or HCMV-infected
fibroblasts (TB40/E, MOI = 3) expressing control (shCtrl) or MARCH1 shRNA (shMAR1). (H) ATP levels at 96 and 120 hpi in
fibroblasts expressing control (shCtrl) or MARCH1 shRNA (shMAR1) infected with HCMV as in (G). For the above panels, * indicates
P , 0.05 and data are average of three independent experiments.
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perform infections, and the selection process had to be restarted. Thus, we questioned
whether the decreased titers were specifically due to a block in the early rise in TfR during
infection and instead wondered if this was a result of an overall decrease in cell fitness
and an inability to support a robust infection. An alternative method was therefore
required to address whether the early increase in TfR protein was required for infection.

Rather than completely knock down TfR in cells, we sought a method that would
allow us to prevent the HCMV-induced transient increased in TfR, while maintaining a
protein level close to what is observed in uninfected cells. To do this, we engineered a
recombinant HCMV virus with MARCH1 expressed from the US34-TRS1 region within
the HCMV genome, a region allowing robust expression of inserted genes (38). Using
this virus, we confirmed that MARCH1 was expressed at 24 hpi, resulting in decreased
TfR protein levels (Fig. 6C). Thus, any resulting phenotype could be attributed to a
block in the TfR increase and not from the adverse cell fitness that occurs when levels
of TfR protein are nearly completely abolished. Using this virus, we found a reduction
in the production of infectious virions (Fig. 6D). Since the overexpression of MARCH1 may
result in the degradation of other MARCH1 targets, therefore either causing or contribut-
ing to the observed phenotype, we sought to rescue virus titers by expressing a version of
TfR that contains 4 lysine to arginine substitutions (4KR) that prevent its ubiquitination and
lysosomal degradation (15). To guard against any adverse effects of prolonged overexpres-
sion of TfR, an FKBP death domain was attached at the 59 end of TfR. This domain results
in rapid degradation of the FKBP-TfR protein, which can be stabilized with the addition of

FIG 6 Overexpression of MARCH1 reduces infectious HCMV virion production. (A) Western blot analysis from
fibroblasts expressing a scrambled shRNA (Ctrl) or shRNA against TfR. Blots were probed for TfR or p115
loading control. Duplicate samples from two distinct TfR shRNA clones are shown. (B) Infectious titers at 120
hpi from HCMV-infected (TB40/E, MOI = 3) control or TfR knockdown fibroblasts. (C) Western blot analysis for
TfR, MARCH1, IE1, IE2, or the loading control GAPDH from fibroblast lysates infected with wild-type HCMV (WT)
or HCMV expressing MARCH1 (MAR1) from its genome (MOI = 3, 24 hpi). (D) Infectious titers at 96 hpi and 120
hpi from fibroblasts infected with wild-type HCMV (WT) or HCMV expressing EGFP-MARCH1 from its genome
(MOI = 3). (E) Fibroblasts were selected to express a control vector, FKBP-TfR, or FKBP-TfR(4KR) and infected
with either wild-type HCMV or HCMV overexpressing MARCH1 (TB40/E, MOI = 3). Infectious titers were assayed
at 120 hpi. For the above panels, * indicates P , 0.05 and data are average of three independent experiments.
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Shield-1. This allowed for a rapid, controlled accumulation of our TfR constructs. While we
observed a slight rescue with wild-type TfR, expression of TfR-4KR resulted in titers similar
to those observed after infection with wild-type HCMV (Fig. 6E). Therefore, HCMV has
changing needs for iron during infection. Dysregulating the iron pools, both early and late
in infection, has adverse effects on the ability to produce infectious virions.

DISCUSSION

Under normal conditions, cells tightly regulate the uptake, efflux, and storage of
iron. Many proteins are involved in this process, with the Transferrin-TfR complex being
a major player in transporting extracellular iron into the cell. HCMV manipulates this
process by controlling TfR expression. We found that early in infection TfR expression
is increased, leading to increased iron uptake and availability in the cell. There is a tran-
scriptional component to this increase as we observed increased transcripts. From a
replication perspective, the virus would benefit from inducing iron uptake during
infection as it enhances energy generation and is required for DNA replication (Fig. 7).
While iron is beneficial in this way, excess iron can also be damaging, leading to ROS
generation and ferroptosis. An alternative explanation to the early increase in iron is
that it is a cellular response to infection by increasing toxicity and promoting cell death
through ferroptosis. After this initial increase, levels of the LIP are decreased later in
infection, which correlates with a decrease in TfR protein. A decrease in the level of TfR
transcripts likely contributes to the decline in TfR protein, but it has not yet been deter-
mined if this is due to actively repressing transcription or by simply relieving the induc-
tion. In addition to modulating transcript levels, we found that a cellular E3 ligase,
MARCH1, which targets TfR for lysosomal degradation, is expressed late in infection (Fig.
7). Induction of MARCH1 may occur to counteract the toxic effects of prolonged elevated
iron levels, a necessary step to combat toxicity and complete replication, regardless of
whether the initial rise in iron was viral-mediated or a host response (Fig. 7).

The discovery that HCMV induces MARCH1 in infected fibroblasts was intriguing
since MARCH1 expression is normally restricted to antigen presenting cells. The pre-
dominant role of MARCH1 in APCs is to regulate antigen presentation by targeting
MHC class II and CD86, essential proteins for T cell activation, for lysosomal degrada-
tion (16, 20, 39). MARCH1 therefore modulates the development of immune cells and

FIG 7 MARCH1 is upregulated to regulate TfR levels and control iron during infection. Model
depicting iron levels at early and late times during HCMV infection.

MARCH1 Downregulates TfR during HCMV Infection Journal of Virology

March 2022 Volume 96 Issue 6 e01806-21 jvi.asm.org 11

https://jvi.asm.org


regulates immune responses (40–42). Even within these immune cell types, MARCH1
expression is tightly regulated with limited expression under basal conditions (17, 18,
43). The induction of MARCH1 by HCMV is specific to MARCH1, as its homolog
MARCH8, while ubiquitously expressed in fibroblasts, is unchanged during infection.

The family of MARCH ubiquitin ligases was originally identified from their homology
to the K3 and K5 ligases encoded by another herpesvirus, KSHV (16). Herpes simplex vi-
rus-1 and varicella zoster virus both encode RING E3 ubiquitin ligases ICP0 and ORF61,
respectively. However, despite a large genome, HCMV does not encode its own E3
ubiquitin ligase, and it is therefore dependent on cellular ligases. We found that
MARCH1 plays a proviral role in infection. While MARCH1 is an antiviral factor during
HIV-1 infections, a proviral role for its closely related homolog MARCH8 has been
described in hepatitis C virus infections (44–46). Even though we focused on the role
of MARCH1 in infection, we cannot exclude a contribution from MARCH8, which also
targets TfR for degradation. We observed a greater than 90% inhibition of virus pro-
duction upon knockdown of MARCH1, but it is possible that we would observe a fur-
ther reduction in infectious titers upon double depletion of MARCH1 and MARCH8.

Several targets of MARCH1 are expressed in fibroblasts, including Fas, CD98, insulin
receptor (INSR), stimulator of interferon genes (STING), mitochondrial antiviral signaling
protein (MAVS), and TfR (16, 47–49). Proteomics analyses demonstrate that expression of
INSR and CD98 remain unchanged during HCMV infection in fibroblasts, suggesting
these are not likely targeted by MARCH1 (3). With MARCH1 knockdown, our preliminary
analysis did not find an increase in protein levels of Fas, MAVS, or CD98 when compared
to the control cells although CD98 did shift in gel mobility. However, further analysis is
necessary to determine if MARCH1 regulation of other targets, known or yet to be identi-
fied, is important for supporting a productive HCMV infection. We did find that STING
expression is also increased in infection when MARCH1 is knocked down. While this
presents an interesting implication for MARCH1 regulating the cellular innate immune
response, we could not find evidence to support the direct targeting of STING by
MARCH1 during HCMV infection. An alternative explanation could be that due to the
global block in infection, levels of STING protein were returning to mock levels.

In addition to the changes observed in TfR protein throughout infection, we found
that protein levels of the iron storage protein ferritin are downregulated. We also
observed a decrease in the levels of the cellular protein GPX4 that prevents the accumu-
lation of lipid peroxides and ferroptosis. The downregulation of these proteins, whether
host or viral mediated, alters the ability of the cells to properly deal with variations in lev-
els of iron, as is observed with MARCH1 knockdown. This has therapeutic implications as
HCMV-infected cells exhibit a higher susceptibility to iron variation than uninfected cells
and infection sensitizes cells to death by ferroptosis in an environment of excess iron.
Infection is also adversely affected by depleting iron levels as iron chelators, used for
treatment of other conditions, have already been indicated as inhibitors of HCMV infec-
tion (11). Our findings highlight the need for iron levels to be tightly regulated to main-
tain a productive infection, as well as demonstrate that the cell’s ability to deal with
even the slightest variations in nutrient levels is compromised during infection.

MATERIALS ANDMETHODS
Cell culture, virus stocks, and infections. Normal human dermal fibroblasts (HDFs) (Cell Applications

Inc.), MRC-5 cells (ATCC), and Kasumi-3 cells were cultured as previously described (23). All cytomegalo-
virus stocks were generated from BACs (50), and recombinants were generated using primers in Table 1.
The UL111A-STOP virus is published (23). Recombinant virus sequences were verified by Sanger
sequencing (Genewiz). Virus stocks were propagated by electroporating purified BAC DNA into MRC5
cells according to published protocols (51) and titrated by the immunological detection of immediate
early proteins as previously described (52, 53).

For HCMV infections, virus was added to HDFs and allowed to incubate for 3 h at 37°C. Cells were
washed twice with 1XPBS and replaced with fresh growth medium. Single-step growth curve analysis of
all HCMV viruses were performed on HDFs infected at MOI = 3. When applicable, cells were treated with
1mM aqueous shield-1 (CheminPharma), which stabilizes FKBP(DD)-tagged proteins, at the time of infec-
tion. Virus was harvested by scraping cells in the medium, sonicating, vortexing, and centrifuging at
13,000 rpm for 10 min at 4°C. Supernatants were collected, aliquoted, flash frozen in liquid nitrogen, and
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stored at 280°C until analysis. Samples were titrated by serial dilutions and quantified as described
above. Kasumi-3 cells were infected in X-VIVO media as previously described (23).

Lentivirus was generated using the 3rd generation packaging system: pCMV-VSV-G (gift from Bob
Weinberg, Addgene #8454), pMDLg-RRE (gift from Didier Trono, Addgene #12251), and pRSV-Rev (gift
from Didier Trono, Addgene #12253) as described previously (54). The MARCH1 (TRCN0000037019
(clone #1), TRCN0000037021 (clone #2)) and TfR (TRCN0000057658 (clone #1), TRCN0000057659 (clone
#2)) shRNA plasmids were from the TRC1.0 shRNA library. Scrambled control was a gift from David
Sabatini (Addgene #1864). The puro sequence was replaced with a puro-2A-EGFP sequence by generat-
ing the T2A-EGFP insert by PCR and fusing it to the end of the puromycin without a stop codon using
gene sewing technique. Restriction sequences for BamHI and KpnI were introduced and used for cloning
into the corresponding sites on the designated pLKO.1 plasmids. Primers used for all cloning are listed
in Table 1. The MARCH1 sequence was amplified from pCDNA3.1-MARCH1-EYFP (gift from Dr. Jacques
Thibodeau) and inserted into the XhoI/BamHI sites on pEGFPC1. EGFP-MARCH1 was transferred to
pCDH-CMV-MCS-EF1-Puro (System Biosciences) using NheI/BamHI sites to generate pCDH-EGFP-
MARCH1. The TfR-EGFP sequence was amplified from pBA-TfR-EGFP (gift from Gary Banker and Marvin
Bentley (55), Addgene #45060) and ligated into pCDH-CMV-MCS-EF1-Puro using EcoRI/NotI sites. The
EGFP was replaced with mCherry using BamHI/NotI sites to generate pCDH-TfR-mCherry. The death do-
main sequence from FKBP was amplified from pBMN-FKBP(DD)-YFP (gift from Thomas Wandless (56),
Addgene #31763) with primers containing XbI and EcoRI and inserted into pCDH using the correspond-
ing sites to generate pCDH-FKBP(DD). The TfR-sequence was subsequently amplified using primers that
added EcoRI and BamHI sites to the 59 and 39 ends, respectively, and inserted at the 39 of FKBP(DD)
using the aforementioned sites to generate pCDH-FKBP(DD)-TfR. The first 445 nucleotides of TfR were
synthesized (Integrated DNA Technologies) with mutations to encode arginine at positions K39, K53,

TABLE 1 Primers for cloning and qPCR

Name Sequence
EGFP-MARCH1-galK-For CCTAGGCTTTTGCAAAAAGCTTGCCACAACCCGGGATCCGCCACCCCTGTTGACAATTAATCATCGGCA
EGFP-MARCH1-galK-Rev ATGGGTGGCAACTAAAAGGCACAGTCGAGGCTGATCAGCGAGCTCTCAGCACTGTCCTGCTCCTT
EGFP-March1-EGFP-For CCTAGGCTTTTGCAAAAAGCTTGCCACAACCCGGGATCCGCCACCATGGTGAGCAAGGGCGAGGAGCT

GTTCACCGGGGTGGTGCCCATC
EGFP-March1-EGFP-Rev ATGGGTGGCAACTAAAAGGCACAGTCGAGGCTGATCAGCGAGCTCTCAGACTGATACAACTTCAGGGGG

GCCACCCTCTGCAGATGGCAG
GAPDH-For ACCCACTCCTCCACCTTTGAC
GAPDH-Rev CTGTTGCTGTAGCCAAATTCGT
MARCH1-For TCCCAGGAGCCAGTCAAGGTT
MARCH1-Rev CAAAGCGCAGTGTCCCAGTG
MARCH8-For ACAGGAAGCCTCCACTTCG
MARCH8-Rev GACGTGGAATGTCACTGAG
IL-10-For GGTTGCCAAGCCTTGTCTGA
IL-10-Rev AGGGAGTTCACATGCGCCT
IE-For CAAGTCCCGACACGTACC
IE-Rev TCTGTTTGACGAGTTCTGCCA
pp28-For GTGTCCCATTCCCGACTCG
pp28-Rev TTCACAACGTCCACCCACC
TfR-For CTGCTTTCCCTTTCCTTGCATATT
TfR-Rev GCTCGTGCCACTTTGTTCAACT
XhoI-March1-For GCATCTCGAGTAATGACCAGCAGC
BamHI-March1-Rev GCATGGATCCTCAGACTGATACAACTTC
EcoRI-TfR-For GCATGAATTCATGATGGATCAAGCTAGATCA
NotI-EGFP-Rev GCATGCGGCCGCTTACTTGTACAGCTCGTC
BamHI-TfR-Rev GCATGGATCCTTAAAACTCATTGTCAATGTC
TfR-137-For GCACAGACTTCACCAGCA
XbaI-FKBP(DD)-For GCATTCTAGAATGGGAGTGCAGGTGGAA
EcoRI-FKBP(DD)-Rev GACTGAATTCTTCCGGTTTTAGAAGCTC
β-globin-For ACGTGGATGAAGTTGGTGGT
β-globin-Rev GCCCAGTTTCTATTGGTCTCC
4KR Gene block GCATGAATTCATGATGGATCAAGCTAGATCAGCATTCTCTAACTTGTTTGGTGGAGAACCATTGTCATA

TACCCGGTTCAGCCTGGCTCGGCAAGTAGATGGCGATAACAGTCATGTGGAGATGAGGCTTGCTGTA
GATGAAGAAGAAAATGCTGACAATAACACAAGGGCCAATGTCACAAGGCCACGGAGGTGTAGTGGA
AGTATCTGCTATGGGACTATTGCTGTGATCGTCTTTTTCTTGATTGGATTTATGATTGGCTACTTGGGCT
ATTGTAAAGGGGTAGAACCAAAAACTGAGTGTGAGAGACTGGCAGGAACCGAGTCTCCAGTGAGGG
AGGAGCCAGGAGAGGACTTCCCTGCAGCACGTCGCTTATATTGGGATGACCTGAAGAGAAAGTTGT
CGGAGAAACTGGACAGCACAGACTTCACCAGCACCATCAAGCTGCTGAATG
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K58, and K60. The remaining TfR sequence was amplified using a primer that generated a 59 36 bp over-
lap with the 39 end of the synthesized 4KR construct. This PCR product and the 4KR fragment were
stitched together using PCR primers containing EcoRI and BamHI. The resulting TfR(4KR) sequence was
inserted into the pCDH-FKBP(DD) using the respective EcoRI and BamHI sites to generate pCDH-FKBP
(DD)-TfR(4KR).

For lentivirus transduction, subconfluent fibroblasts were seeded overnight and transduced with len-
tivirus and 8 mg/mL Polybrene (Sigma-Aldrich). Transduced cells were selected using 2 mg/mL puromy-
cin (Thermo Fisher) and before seeding for HCMV infection as described above.

Western blotting. Western blots and cell lysate harvests were performed as previously described
(54). Where applicable, 50 mM chloroquine (MilliporeSigma) or 0.5 mM concanamycin A (Santa Cruz) was
added 24 h before harvest or 100 mg/mL acyclovir (EMD Millipore) was added at the time of infection.
The primary antibodies are listed in Table 2. The horseradish peroxidase-conjugated secondary antibod-
ies were from GE Healthcare. Blots were developed with SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific). Bands from three independent samples were quantified using
ImageLab densitometry.

Immunofluorescence microscopy and imaging. Fibroblasts were grown on coverslips and infected
with HCMV as described above. Cells were fixed with 4% paraformaldehyde for 15 min at room tempera-
ture and blocked in PBS containing 10% human serum, 0.5% Tween 20, and 5% glycine. Triton X-100
(0.1%) was added for permeabilization. Primary antibodies are listed in Table 2. Mouse or rabbit second-
ary antibodies were Alexa Fluor 488, 568, and 647 (Thermo Fisher Scientific). Coverslips were mounted
with ProLong Diamond Antifade Mountant with DAPI (ThermoFisher). Images were taken on a C21
Confocal Microscope System (Nikon). Images were processed using NIS elements software and are either
a single slice of a Z-stack or a volume rendering of the Z-stacks.

Reverse transcriptase and quantitative PCR. At indicated time points, RNA was isolated from cells
using RNeasy minikit (Qiagen) following manufacturer’s protocol. RNA concentration was quantified
using NanoDrop 2000 (ThermoFisher), and cDNA was synthesized using SuperScript first-strand synthe-
sis system for RT-PCR (ThermoFisher) following manufacturer’s protocol. Samples were cycled on a
StepOnePlus real-time PCR system (ThermoFisher): 50°C 2 min, 95°C 10 min, (95°C 15 sec, 60°C 60 sec,
55°C 30 sec, 40 cycles). Primers are listed in Table 1. Data were analyzed using delta-Ct method with
GAPDH as normalization control. To calculate absolute transcript numbers, standard curves for each
primer set were generated by dilution series (1 ng to 1fg). Samples from RT-PCR were run on 4% agarose
gel for visualization.

Electron microscopy. Fibroblasts expressing MARCH1- and scrambled-shRNA were seeded in
60 mm Permanox tissue culture dishes (Nalge Nunc International) and were infected as described above.
Cells were washed two times with 1XPBS and fixed in fixation buffer (0.5% vol/vol glutaraldehyde, 0.04%
vol/vol paraformaldehyde, 0.1M sodium cacodylate) for 1 h at 4°C at 96 hpi. Cells were processed by the
Microscopy Imaging Facility at Penn State College of Medicine. Briefly, the fixed samples were washed
three times with 0.1M sodium cacodylate, followed by postfixation in 1% osmium–1.5% potassium ferro-
cyanide overnight at 4°C. Samples were washed 3 times in 0.1M sodium cacodylate, dehydrated with
ethanol, and embedded in Epon 812 for staining and sectioning. Images were acquired using a JEOL
JEM-1400 Digital Capture transmission electron microscope.

Viral DNA replication. Fibroblasts were infected as described above and harvested at 24 hpi. DNA
was isolated using a DNeasy blood and tissue kit (Qiagen). Quantitative PCR (qPCR) was performed on
the extracted DNA using the primers in Table 1. To generate a standard curve for UL99 and b-globin,10-
fold dilutions of respective sequences were subjected to qPCR analysis. UL99 genomic equivalents were
normalized to the b-globin.

Calcein labile iron pool assay. The intracellular LIP was determined as previously described (57–59).
HDFs were washed with PBS, then incubated with calcein-AM (25 mM) (Cayman) in 1XPBS with 1 mg/mL
BSA and 20 mM HEPES at 37°C for 15 min. After loading, cells were washed with PBS and incubated in
1XPBS with 1 mg/mL BSA and 20 mM HEPES for 30 min at 37°C to allow calcein fluorescence to stabilize.
Fluorescence was measured with a Synergy H1 hybrid reader at 37°C (488/517). Iron-bound calcein was
determined by adding the cell-permeant iron chelator, isonicotinoyl salicylaldehyde hydrazone (SIH)
(Cayman) at 100 mM and measuring fluorescence after 2-min incubation. The fluorescence difference af-
ter the addition of SIH was normalized to uninfected cells at each time point.

TABLE 2 Primary antibodies

Target Source Assaya Target Source Assaya

IE1/2 (53) W MARCH1 MilliporeSigma W
IE1/2 (ex2/3) Jim Alwine (60) W, IF STX5 Santa Cruz W
UL71 (23) W STX5 Synaptic Systems IF
pp150 Bill Britt W FTH CellSignaling W
pp28 Virusys W, IF GPX4 CellSignaling W
gB Virusys W p115 Proteintech W
UL44 Santa Cruz W Actin MilliporeSigma W
TfR CellSignaling W GAPDH Santa Cruz W
aIF, immunofluorescence; W, Western blot.
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CellTiter-Glo, lipid peroxidation, mitochondrial membrane potential (MMP) assays. ATP levels
were evaluated with the CellTiter-Glo cell viability assay (Promega) following the manufacturer’s instructions.
Lipid peroxidation was evaluated by measuring malondialdehyde (MDA) using a Lipid Peroxidation (MDA)
assay kit (MilliporeSigma) following the manufacturer’s protocol. MMP was measured using the fluorophore
JC-10 (AdipoGen). HDFs cultured in black 96-well plates were washed with 1XPBS, then incubated with 1mM
JC-10 for 30 min at 37°C, followed by another wash with 1XPBS. Fluorescence intensity was measured at
both 480/525 and 540/590 with the Synergy H1 hybrid reader, and the ratio of green to red fluorescence
was calculated.
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