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ABSTRACT Human mannose receptor 1 (MRC1) is a cell surface receptor expressed
in macrophages and other myeloid cells that inhibits human immunodeficiency virus
type 1 (HIV-1) particle release by tethering virions to producer cell membranes. HIV-1
counteracts MRC1 expression by inhibiting mrc1 transcription. Here, we investigated
the mechanism of MRC1 downregulation in HIV-1-infected macrophages. We identified
the myeloid cell-specific transcription factor PU.1 as critical for regulating MRC1
expression. In the course of our study, we recognized a complex interplay between
HIV-1 Tat and PU.1 transcription factors: Tat upregulated HIV-1 gene expression but
inhibited mrc1 transcription, whereas PU.1 inhibited HIV-1 transcription but activated
MRC1 expression. Disturbing this equilibrium by silencing PU.1 resulted in increased
HIV-1 gene expression and reduced MRC1 promoter activity. Our study identified PU.1
as a central player in transcriptional control, regulating a complex interplay between
viral and host gene expression in HIV-infected macrophages.

IMPORTANCE HIV-1 replication in primary human cells depends on the activity of vi-
rus-encoded proteins but also involves cellular factors that can either promote (viral
dependency factors) or inhibit (host restriction factors) virus replication. In previous
work, we identified human MRC1 as a macrophage-specific host restriction factor
that inhibits the detachment of viral particles from infected cells. Here, we report
that HIV-1 counteracts this effect of MRC1 by imposing a transcriptional block on
cellular MRC1 gene expression. The transcriptional inhibition of the MRC1 gene is
accomplished by Tat, an HIV-1 factor whose best-described function actually is the
enhancement of HIV-1 gene expression. Thus, HIV-1 has evolved to use the same
protein for (i) activation of its own gene expression while (ii) inhibiting expression of
MRC1 and other host factors.

KEYWORDS HIV-1, PU.1 transcription factor, Tat, transcriptional repression, mannose
receptor

Secretion of virus particles from human immunodeficiency virus type 1 (HIV-1)-infected
monocyte-derived macrophages (MDMs) is inhibited by two mechanisms, (i) tethering

of virus particles to the cell surface by BST-2 (1, 2), and (ii) tethering of progeny virions to
the cell surface through an interaction with human mannose receptor 1 (MRC1) (3). While
retention of mature and fully infectious virions at the surface of infected cells is likely to
promote cell-to-cell transmission of HIV-1 and thus may be advantageous for localized
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spread within a tissue or organ, the virus makes a serious effort to counteract the effects
of BST-2 and MRC1, presumably to allow efficient spread into the peripheral organs.
Indeed, different lentiviruses employ different strategies to accomplish that goal. HIV-1, for
instance, employs Vpu to counteract the antiviral activity of BST-2. Vpu downregulates
BST-2 from the cell surface by interfering with the cycling of BST-2 from internal mem-
branes to the plasma membrane (reviewed in references 4 and 5). On the other hand, HIV-
2 and some simian immunodeficiency virus (SIV) strains lack Vpu. Instead, they encode
Env glycoproteins with the ability to antagonize BST-2 (6–10). Finally, some SIV strains
employ Nef to accomplish this goal (8, 11, 12). Regarding MRC1-based antiviral activity, we
previously reported that HIV-1 counteracts the inhibitory effect of MRC1 by reducing its in-
tracellular steady-state expression. Indeed, we found that reduction of MRC1 protein
expression in HIV-infected MDMs was paralleled by a reduction of MRC1 mRNA levels;
however, the underlying mechanism remained unclear (3, 13–15).

The regulation of the mannose receptor 1 promoter (p-mrc1) in uninfected MDMs is
poorly understood even though the mrc1 gene was among a group of more than 100
cellular genes found to be regulated by the myeloid-specific transcription factor PU.1
(16, 17). PU.1 is a member of the Ets family of transcription factors and is expressed
exclusively in cells of the hematopoietic lineage (18). It is a critical regulator of hemato-
poiesis, and mice homozygous for mutation of the PU.1 DNA binding domain die
within a few days after birth due to septicemia (16–19). PU.1 was discovered in 1988 as
a putative oncogene encoded by the Spi-1 locus, which was associated with virally
induced murine erythroleukemia (20). During hematopoiesis, PU.1 is required for the
development of both lymphoid and myeloid lineages (reviewed in references 21 and
22). The 272-residue PU.1 protein is made up of a 118-residue transcriptional activation
domain at its N terminus, a 42-residue PEST motif in the center, and a 110-residue
DNA-binding domain (ETS domain) at its C terminus (23). Phosphorylation at a con-
served serine residue (S148 in the PEST domain) was reported to be important for pro-
tein-protein interactions and transcriptional activity of PU.1 (24). Recently, PU.1 was
identified as a target for caspase-3 that can cleave the protein at two sites, thereby
separating its DNA binding domain from the transactivating and PEST domains (25).
PU.1 interacts with DNA as a monomer and recognizes DNA sequences containing the
“PU-box,” a GGAA or AGAA nucleotide motif (19, 26, 27). Indeed, the sequence of the
human MRC1 promoter (28) predicts two potential PU.1 binding sites; however, tran-
scriptional regulation of the MRC1 promoter by PU.1 has not been experimentally
tested to date.

Previous studies have implicated the viral Tat, Nef, and Vpr proteins in MRC1 down-
modulation, although the relative contribution of each of these factors remains under
debate (13, 14). In particular, Nef does not affect cellular steady-state levels of MRC1,
and its effect is limited to the internalization of cell surface MRC1 (14). On the other
hand, HIV-1 Tat was reported to act at the transcriptional level by inhibiting the basal
activity of the rat mannose receptor promoter, which is about 60% identical to the
human MRC1 promoter (13). However, the impact of Tat on the regulation of human
mannose receptor was found to be insignificant by others, even though they did
observe a transcriptional component in inhibition of MRC1 expression (15). That same
study implicated Nef and Vpr in the inhibition of MRC1 expression via a concerted
action that involved an interaction of Vpr with DCAF1, which was indicative of protea-
some-mediated MRC1 degradation (15).

The goal of the current study was to further investigate the mechanism of MRC1
downregulation in HIV-1-infected macrophages. We identified a complex interplay
between HIV-1 Tat and the myeloid-specific transcription factor PU.1, which upregu-
lates the MRC1 promoter. Interestingly, while Tat activates HIV-1 gene expression
through a positive feedback loop, PU.1 is involved in a negative feedback loop that
acts on the HIV-1 LTR promoter and inhibits viral gene expression, including Tat. Tat,
on the other hand, inhibits the activity of PU.1, thereby antagonizing the inhibitory
effect of PU.1 on long terminal repeat (LTR)-based transcription. Thus, we found that
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there is a complex equilibrium between viral and host gene expression in HIV-infected
macrophages. Indeed, disturbing this equilibrium, for instance, by silencing PU.1, had
opposing effects and resulted in increased HIV-1 gene expression while reducing
MRC1 promoter activity. Our work has important implications for understanding how
HIV-1 gene expression is regulated in HIV-infected macrophages.

RESULTS
HIV-1 infection of MDMs reduces expression of MRC1 and PU.1.We initially ana-

lyzed the impact of HIV-1 infection on the expression of MRC1 in the course of a
spreading infection of primary human MDMs (Fig. 1A). Protein expression was assessed
by immunoblotting on days 9 and 16 postinfection (Fig. 1B). Consistent with our previ-
ous report (3), we found that MRC1 expression was downregulated relative to unin-
fected cells at both time points. To evaluate which HIV-1 gene products are involved in
MRC1 downmodulation, we infected MDMs with recombinant vesicular stomatitis virus
G protein (VSVg)-pseudotyped AD8 variants carrying knockout mutations in individual
accessory genes (Fig. 1C). The use of VSVg-pseudotyped viruses allowed us to achieve
comparable efficiency of infection by all viral mutants, irrespective of their ability to

FIG 1 HIV-1 replication in MDM induces the downmodulation of mannose receptor 1 (MRC1) and PU.1. (A) Terminally differentiated
human monocyte-derived macrophages (MDMs) were infected in triplicate with the R5-tropic HIV-1 isolate AD8 (WT). Virus
replication was monitored for 16 days by measuring the virus-associated reverse transcriptase (RT) assay. Uninfected MDMs were
cultured in parallel (mock). On days 9 and 16 (marked by red arrows), parts of the cells were removed and processed for
immunoblotting. Mean and error bars representing standard error of the mean (SEM) calculated from triplicate infections are shown.
(B) Immunoblotting was performed on days 9 and 16 on whole-cell extracts using antibodies to MRC1, HIV-1 (CA, p55), and tubulin
(tub). Molecular mass markers are on the left. Proteins are identified on the right. (C) MDMs were infected with concentrated, VSVg-
pseudotyped stocks of AD8 WT or AD8 variants lacking expression of individual viral proteins as indicated at the top. Cells were
harvested 9 days postinfection and processed for immunoblot analysis using antibodies to MRC1, PU.1, HIV (CA), and tubulin (tub).
A representative blot of two independent experiments is shown. A nonspecific band below the MRC1 band (marked by a star in
panels B and C) is seen in some experiments. Its intensity varies in a donor-dependent manner. (D and E) MRC- and PU.1-specific
bands from panel C were quantified by image analysis and expressed relative to signals observed in the uninfected (mock) cells.
Mean and error bars representing SEM calculated from two independent infections are shown.
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initiate a spreading infection in MDMs. As expected, probing viral Gag expression on
day 9 postinfection revealed comparable amounts of cell-associated Gag protein (Fig. 1C,
CA). Surprisingly, inactivation of individual accessory genes, including vpr and nef, previ-
ously reported to be involved in inhibition of MRC1 expression (15) did not affect the abil-
ity of HIV-1 to downmodulate MRC1 expression in two independent experiments (Fig. 1D).
Consistent with the possible role of PU.1 in regulating MRC1 expression, downmodulation
of endogenous PU.1 was evident in all infected samples as well (Fig. 1E). Thus, our results
indicate that HIV-1 infection of MDMs leads to the silencing of both MRC1 and PU.1
through a mechanism that does not depend on expression of individual viral accessory
proteins.

Viruses expressing Tat86 or Tat101 do not differ in their ability to reduce MRC1
expression. The experiment shown in Fig. 1 did not address the possible impact of
HIV-1 Tat on MRC1 downmodulation. Indeed, Tat was previously implicated in the
silencing of the rat MRC1 promoter (13), although others were unable to verify an inde-
pendent function of Tat (15). HIV-1 Tat exists in two isoforms: the R5-tropic isolate
AD8, for instance, expresses a 101-residue protein (Tat101), whereas the X4-tropic
NL43 isolate encodes a shorter, 86-amino-acid form (Tat86) due to the presence of a
stop codon in the second coding exon of Tat (Fig. 2A). It is conceivable that the highly
charged C-terminal 15 residues in Tat101 are important for the replication of the R5-
tropic AD8 in MDMs and/or the ability to downmodulate MRC1. To test that possibility,
we inserted a stop codon in the Tat ORF of pAD8, resulting in an AD8 variant express-
ing the shorter Tat86. Importantly, changing Ser87 (TCG) to TAG (stop) in the Tat ORF
did not affect the amino acid sequence of the overlapping Env and Rev ORFs. A Vpr-de-
fective variant of AD8 was included as a reference for attenuated virus replication. In
this experiment, infection of MDMs was initiated with nonpseudotyped virus stocks to
allow for spreading of infection in the culture. We found that eliminating the highly

FIG 2 Replication of HIV-1 AD8 in MDMs is not impacted by different Tat isoforms. (A) AD8 encodes a
101-residue Tat protein (Tat101), while HIV-1 NL-43 encodes a shorter, 86-residue protein due to a
premature stop codon in the 2nd coding exon (Tat86). (B) MDMs were infected with wild-type AD8
(Tat101, red circles) or AD8 Tat86 (black triangles). A Vpr-defective AD8 variant (encoding Tat101) known
to exhibit an attenuated replication phenotype in MDMs was included as a reference (blue open circles).
Mock-infected cells (black circles) were cultured in parallel. Virus replication was monitored for 16 days by
RT assay. Mean and error bars representing SEM from triplicate infections are shown. (C) Cells from panel
B were collected on day 16 and processed for immunoblotting using antibodies to human MRC1
(hMRC1), HIV-1 (p55, CA), and tubulin (tub). The red star in the hMRC1 blot indicates a nonspecific
background band as noted in Fig. 1B and C.
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charged C-terminal domain of Tat101 did not impair the replication fitness of the AD8
Tat86 variant in MDMs. In fact, the AD8 Tat86 virus replicated slightly better than the
parental virus (Fig. 2B). Of note, immunoblot analysis of cell extracts on day 16 postin-
fection showed comparable levels of viral Gag proteins for both Tat variants and
revealed comparable downmodulation of MRC1 (Fig. 2C, lanes 2 and 4). As expected,
Vpr-defective AD8 virus replicated poorly in MDMs, as evident by the low replication
profile (Fig. 2B, open blue circles) and the low Gag signal (Fig. 2C, lane 3) and, conse-
quently, did not cause downmodulation of MRC1 (Fig. 2C, lane 3). Thus, our data con-
firm that productive HIV-1 infection of MDMs leads to the downmodulation of MRC1.
This effect is, however, independent of the respective Tat isoform.

Tat does not affect the basal activity of the human MRC1 promoter. We previ-
ously reported that the reduction of MRC1 protein levels in infected MDMs is at least in
part due to transcriptional silencing of the MRC1 promoter (3). Since none of the HIV-1
accessory proteins assayed in Fig. 1C showed an impact on the virus-induced silencing
of MRC1 expression in infected MDMs, we wanted to assess the possible impact of the
HIV-1 Tat protein. HIV-1 Tat is a well-studied transcriptional activator, but it has also
been implicated in additional functions (reviewed in references 29 to 32). To assess a
possible impact of HIV-1 Tat on the transcriptional activity of the MRC1 promoter, we
cloned a 150-bp synthetic DNA fragment (IDT; gBlock) (Fig. 3A) containing the human
mannose receptor promoter (28) into the promoter-trap vector pGL3 (Promega) carry-
ing a luciferase indicator gene downstream of a multicloning site (MCS) (Fig. 3B). The
MRC1 promoter sequence encoded in the resulting pGL-hMRC1-Luc vector contains
several known transcriptional regulatory elements, including two TATA boxes and one

FIG 3 Human mannose receptor promoter has low basal activity in HEK293T cells. (A) A 150-bp fragment of the
hMRC1 promoter (positions 21 to 2150) was cloned into the promoter trap vector pGL3-basic (Promega). Known
(blue) or predicted (red) transcriptional elements are boxed. (B) The structures of pGL3-basic and pGL-hMRC1-Luc are
shown schematically. (C) Tat expression vectors used in this study. Tat86 and Tat101 were cloned into pcDNA3.1
either in untagged form (lanes 2 and 3) or carrying an N-terminal triple-Flag epitope (lanes 4 and 5). Expression of Tat
was assessed by immunoblotting using antibodies to the Flag epitope (a-Flag) or Tat (a-Tat). Tubulin expression was
monitored as a loading control. (D and E) Expression of luciferase from pGL3-basic (D) and pGL-hMRC1-Luc (E) in the
presence or absence of Tat. HEK293T cells were transfected in 24-well plates with pGL3-basic (0.25 mg) or pGL-hMRC1-
Luc (0.25 mg) together with empty vector (pUC19; 0.25 mg) or vectors encoding Tat variants (0.25 mg each) as
indicated in panel C. Luciferase production was measured 48 h later. Mean and error bars reflecting SEM calculated
from three independent transfections are shown. Differences between samples in columns 2 to 5 were not statistically
significant from those in column 1 in both panels D and E (see Fig. S1 in the supplemental material).
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SP1 site, as well as two potential PU.1 binding sites (TTCCT). When tested in transfected
HEK293T cells, the presence of the MRC1 promoter sequence only very modestly (about
3-fold) upregulated luciferase activity compared to the empty pGL3-basic vector, indicat-
ing that, in 293T cells, the hMRC1 sequence has very poor promoter activity (Fig. 3D and
E, column 1). Coexpression of Tat86 or Tat101, either in untagged or Flag-tagged form
(Fig. 3C), did not appear to have an impact on hMRC1 promoter activity (Fig. 3D and E,
compare columns 2 to 5 to column 1; for statistics, see Fig. S1). We conclude that HIV-1
Tat neither activated nor inhibited the basal activity of the MRC1 promoter in HEK293T
cells.

The myeloid-specific transcription factor PU.1 activates the MRC1 promoter. As
noted above, the sequence for the MRC1 promoter reveals the presence of two poten-
tial PU.1 binding sites [identified as PU.1(a) and PU.1(b) in Fig. 3A]. PU.1 is a myeloid-
specific transcription factor that is involved in macrophage proliferation (33) and also
directs the tissue-specific expression of the macrophage colony-stimulating factor
(MCSF) receptor (34). Furthermore, PU.1 has the ability to either repress or activate
gene expression during T cell development by redirecting partner transcription factor
binding (35). PU.1 expression was confirmed in MDMs as well as the monocytic cell line
THP-1 (Fig. 4A, lanes 4 and 5). Most other cell types tested, including HEK293T and
Jurkat cells, did not express significant levels of PU.1 (Fig. 4A, lanes 1 and 3). We cloned
human PU.1 into pcDNA3.1. Expression of PU.1 was confirmed by immunoblotting
(Fig. 4A, lane 2). To compare the levels of PU.1 in transiently transfected 293T cells to
levels of endogenous PU.1 in uninfected human MDMs, 293T cells were transfected
with increasing amounts of PU.1 vector and analyzed by immunoblotting together
with cell extract of uninfected MDMs by using tubulin as internal reference (Fig. 4B).
Band intensities were used to calculate PU.1/tubulin ratios (Fig. 4B, shown below the
PU.1 blot). We found that levels of exogenously expressed PU.1 were in the general
range of the endogenous PU.1 in MDMs. We tested the same PU.1 vector concentra-
tions shown in lanes 1 to 4 of Fig. 4B in our luciferase induction assay. Note that
amounts of transfected DNA had to be lowered to account for the smaller cell number
in 24-well plates relative to 25-cm2 flasks used for the immunoblot analysis in Fig. 4B.
We observed strong dose-dependent activation of the MRC1 promoter with increasing
amounts of PU.1 (Fig. 4C). To ascertain that the effect of PU.1 on the MRC1 promoter
was specific, we performed a dual-reporter assay where firefly luciferase was controlled
by the MRC1 promoter and Renilla luciferase was under the control of the thymidine ki-
nase (TK) promoter (Fig. 4D). Thus, constant amounts of firefly and Renilla luciferase indi-
cator vectors were cotransfected with increasing amounts of PU.1 vector. As predicted,
firefly luciferase was activated at increasing amounts of PU.1 irrespective of the presence
or absence of the Renilla luciferase vector (Fig. 4E; for statistics, see Fig. S1). On the other
hand, the PU.1 amount had no effect on the expression of the TK promoter-driven
Renilla luciferase (Fig. 4F), attesting to the specificity of the PU.1-mediated activation of
the MRC1 promoter. Taken together, these results indicate that the low basal activity of
the MRC1 promoter in Fig. 3E is likely due to the absence of PU.1 in HEK293T cells. Our
results also raise the possibility that MRC1 expression in macrophages is under the con-
trol of the myeloid-specific PU.1 transcription factor and that the HIV-1 induced reduc-
tion of MRC1 expression directly or indirectly involves PU.1.

HIV-1 Tat inhibits activation of the MRC1 promoter by PU.1. Our observation in
Fig. 4 that PU.1 upregulates the MRC1 promoter activity in a dose-dependent manner
raises the possibility that the inhibition of MRC1 expression in HIV-1-infected MDMs is
due to interference by HIV-1 Tat with the function of PU.1. To test this hypothesis, we
first assessed the ability of the full-length AD8 molecular clone to affect PU.1 function.
For this purpose, constant amounts of pGL-hMRC1-Luc vector were cotransfected with
increasing amounts of PU.1 vector in the presence of increasing amounts of pAD8. As
expected, increasing the amounts of PU.1 in the absence of AD8 resulted in increased
activation of the MRC1 promoter (Fig. 5A, red line); however, MRC1 promoter activity
at the largest amount of PU.1 was reduced compared to control in all three samples
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with increasing amounts of cotransfected pAD8 DNA (Fig. 5A, blue lines; for statistics,
see Fig. S1).

Next, we compared the accessory protein mutants of AD8 employed in Fig. 1C for their
effect on MRC1 promoter activity. In this experiment, only one concentration of each pro-
viral vector, corresponding to the largest amount of pAD8 used in panel A (see Fig. 5A,
open blue circles), was tested against increasing amounts of PU.1. Consistent with the
results from infected macrophages (Fig. 1C), we found that inactivation of Vif, Vpr, Vpu,
and Nef did not have an impact on the HIV-1-mediated inhibition of PU.1 activity in our
in vitro assay (Fig. 5B). Additionally, we tested an Env-deficient variant of pAD8 and found
that it was capable of interfering with the function of PU.1 as well (Fig. 5B, DEnv). At the

FIG 4 PU.1 is expressed in myeloid cells and activates the MRC1 promoter. (A) Immunoblot analysis of various cell
types for expression of PU.1. A sample of HEK293T cells transfected with pcDNA-PU.1 (lane 2) was included as control.
Tubulin expression was used as internal reference. (B) Comparison of exogenous and endogenous PU.1 expression.
HEK293T cells (3 � 106) were transfected with increasing amounts (0, 0.2, 0.65, or 2.2 mg) of a vector encoding
untagged PU.1 (lanes 1 to 4). DNA concentrations were chosen to match the DNA concentrations (i.e., mg DNA per
106 cells) of panel C. All samples were adjusted to 5 mg total transfected DNA using empty vector DNA (pUC19). Lane
1 is a mock-transfected control. Cell extract (20 and 40 mL) from uninfected MDMs was included as reference. Whole-
cell extracts were prepared 24 h posttransfection and processed for immunoblotting using antibodies to PU.1 (a-PU.1)
or tubulin (a-Tub). Relative expression of PU.1 was calculated by dividing the signal obtained for PU.1 by the signal
for tubulin in each lane. Results are indicated below the PU.1 blot. (C) HEK293T cells were plated in 24-well plates
(1 � 105 cells/well) and transfected in triplicate with 0.1 mg each of pGL-hMRC1-Luc (hMRC1; red line) or promoterless
pGL3-basic (mock; black line) together with increasing amounts (0.06 mg, 0.2 mg, and 0.4 mg) of pcDNA-PU.1 DNA.
Total amounts of transfected DNA were adjusted to 0.5 mg in each sample using empty vector DNA as needed.
Production of luciferase was measured 24 h later. Means and error bars representing SEM calculated from triplicate
transfections are shown. (D) Cartoon of constructs employed in a dual-reporter assay. Firefly luciferase is under the
control of the PU.1 responsive hMRC1 promoter; Renilla luciferase is under the control of the HSV-thymidine kinase
(TK) promoter. (E and F) Dual-reporter assay to assess the specificity of PU.1 activation of the MRC1 promoter.
HEK293T cells were plated in 24-well plates (1 � 105 cells/well) and transfected in triplicate with 0.1 mg of pGL-
hMRC1-Luc with or without 0.1 mg of pRN-TK-Luc, together with increasing amounts (0, 0.02, 0.06, and 0.2 mg) of
pcDNA-PU.1. After 24 h, samples were analyzed for firefly and Renilla expression using the Promega dual-luciferase
reporter assay system (Promega; catalog no. E1910). (E) Results of firefly luciferase activity. There were no statistically
significant differences in firefly luciferase activities between samples with and without transfection of the Renilla
luciferase regardless of PU.1 amounts (all comparisons were nonsignificant [ns]). (F) Results of Renilla luciferase activity.
Renilla luciferase activities at increased PU.1 amounts were not statistically significantly different from no PU.1. Mean
and error bars reflecting the SEM calculated from three analyses are shown. For details of the statistical analyses, see
Fig. S1 in the supplemental material.
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largest amount of PU.1, all variants had significantly reduced MRC1 promoter activity com-
pared to control (for statistics, see Fig. S1).

To further narrow down the region in HIV-1 required for the inhibition of PU.1, we
tested the effect of the HIV-1 NL43-based vector pNL-A1. This vector is derived from a
Vif-cDNA clone and encodes and expresses all HIV-1 proteins except for Gag and Pol
(36). The results indicate that Gag and Pol are dispensable for the HIV-induced inhibition of
PU.1 (Fig. 5C). Additionally, we directly tested the ability of HIV-1 Tat to inhibit the activity of
PU.1. Here, we tested the full-length AD8 Tat (Tat101), as well as the early termination prod-
uct (Tat86). Interestingly, both Tat101 and Tat86 efficiently inhibited the PU.1-mediated acti-
vation of the MRC1 promoter (Fig. 5C); at the largest amount of PU.1, MRC1 promoter

FIG 5 Tat inhibits the PU.1-dependent activation of the hMRC1 promoter. HEK293T cells were plated into 24-well plates
(5 � 104 cells/well) and transfected in triplicate with a total of 0.5 mg DNA mixture each. Luciferase production was
determined 2 days posttransfection as described in Materials and Methods. (A) Full-length AD8 inhibits PU.1-mediated
activation of the MRC1 promoter. Cells were transfected with pGL-hMRC1-Luc (0.1 mg) and increasing amounts of PU.1
(0.02 mg, 0.06 mg, and 0.2 mg) as well as pAD8 WT (AD8-1, 0.02 mg; AD8-2, 0.06 mg; AD8-3, 0.2 mg). The effect of PU.1 in
the absence of AD8 was assessed in parallel (red circles). Mean and error bars representing SEM from nine independent
transfections (n = 9) are shown. MRC1 promoter activity was statistically significantly different between the control sample
and all three AD8-transfected samples at 0.2 mg PU.1 (indicated by an asterisk). (B) Inactivation of individual HIV-1 genes
has no effect on the ability of AD8 to interfere with the function of PU.1. Cells were transfected with pGL-hMRC1-Luc
(0.1 mg) and increasing amounts of PU.1 (0.06 mg, 0.2 mg) as well as 0.2 mg each of pAD8 WT or pAD8 mutants as
indicated. A control lacking AD8 proviral DNA was included as reference (red circles). Mean and error bars representing
SEM from six independent transfections (n = 6) are shown. The MRC1 promoter activity of all virus-transfected samples
was statistically significantly different from the control sample at 0.2 mg PU.1 (indicated by an asterisk). (C) Tat expression
is sufficient to inhibit PU.1 activity. Cells were transfected with pGL-hMRC1-Luc (0.1 mg) and increasing amounts of PU.1
(0.02 mg, 0.06 mg, and 0.2 mg) either in the absence of Tat [Tat(2)] or the presence of 0.1 mg of pTat86 or pTat101 or
0.2 mg of pNL-A1 DNA. Mean and error bars representing the SEM from six independent transfections (n = 6) are shown.
MRC1 promoter activity of all three transfected samples was statistically significantly different from that of the [Tat(2)] at
0.2 mg PU.1 (indicated by an asterisk). (D) Tat does not affect the stability of PU.1 protein. HEK293T cells were transfected
in 25-cm2

flasks with 2 mg of pcDNA-PU.1-HA and increasing amounts (1 mg, 2 mg, and 3 mg) of p3xFlag-Tat101. The total
amount of transfected DNA was adjusted in all samples to 5 mg each using empty vector DNA as appropriate. Cells were
collected 24 h later, and whole-cell extracts were subjected to immunoblot analysis using antibodies to HA (PU.1) and
Flag (Tat101) epitope tags. Expression of PU.1 in the absence of Tat served as reference (Ctrl). (E) Inhibition of the hMRC1
promoter by Tat. Cells were transfected with pGL-hMRC1-Luc (0.1 mg) and increasing amounts of pTat101 (0, 0.02, 0.06,
and 0.1 mg) either in the absence of PU.1 (Ctrl) or in the presence of 0.1 mg of PU.1 DNA (PU.1). Means and error bars
representing SEM from nine independent transfections (n = 9) are shown. In the presence of PU.1, MRC1 promoter activity
was statistically significantly different between 0 mg and 0.2 mg Tat (P , 0.001); this was not the case in the absence of
PU.1 (P = 0.985). The slope of Tat on MRC1 promoter activity was significant only in the presence of PU.1, and the slope
of the curve in each group was statistically significantly different from each other. For details of the statistical analyses, see
Fig. S1 in the supplemental material.
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activity was significantly reduced in these samples relative to control (for statistics, see Fig.
S1). Of note, Tat protein expression had no impact on PU.1 protein stability (Fig. 5D), indicat-
ing that Tat targets PU.1 function via a degradation-independent mechanism. However,
attempts to demonstrate a physical interaction of Tat and PU.1 failed (data not shown).
Finally, doing the reverse experiment by testing the effects of increasing amounts of Tat101
in the absence or presence of PU.1 revealed that Tat inhibited the PU.1-activated MRC1 pro-
moter activity in a dose-dependent manner (Fig. 5E). Consistent with the results from
Fig. 3D and E, the basal activity of the MRC1 promoter in the absence of PU.1 was too
low to reliably measure any effects of Tat. Taken together, we conclude that HIV-1
Tat101 inhibited the PU.1-dependent activation of the MRC1 promoter. Thus, our data
suggest that the reduction of MRC1 expression observed in HIV-infected MDMs (Fig. 1
and 2) is at least in part due to interference by HIV-1 Tat with the PU.1-dependent regu-
lation of the MRC1 promoter activity.

Tat transactivator function is not required for inhibition of PU.1 activity. It was
previously reported that Tat transactivator function is dependent on conserved cysteine
residues present in the first exon of Tat. Indeed, a Tat variant carrying a C22G mutation
was found to have lost more than 90% of its transactivator activity (37). To test whether
Tat transactivator function was required for interference with PU.1 activity, we created a
catalytically inactive variant (C22G) in the context of AD8 Tat101. We confirmed that Tat
wild type (WT) and Tat C22G were expressed equally well (Fig. 6A). To verify loss of trans-
activator function by Tat C22G, we made use of an indicator vector, pGL-LTR-Luc, con-
taining the 603 bp HIV-1 LTR in the backbone of pGL3-Luc (Fig. 6B). Loss of transactivator
function of Tat C22G was confirmed by transfecting pGL-LTR-Luc together with increas-
ing amounts of Tat WT or Tat C22G (C22G). As expected, at the largest amount of Tat,
Tat WT strongly activated the HIV-1 LTR promoter (Fig. 6C, red line), whereas Tat C22G
had lost its ability to activate the HIV-1 LTR (Fig. 6C, blue line). Interestingly, both Tat WT
and Tat C22C retained the ability to inhibit the PU.1-induced MRC1 promoter activity
(Fig. 6D, compare red and blue lines; for statistics, see Fig. S1). This indicates that the in-
hibitory effect of Tat on the MRC1 promoter activity is independent of its transactivator
function.

Silencing of PU.1 enhances HIV-1 gene expression in infected macrophages. If
reduction of MRC1 expression by HIV-1 Tat in HIV-infected cells is linked to interference
with PU.1 activity, then artificially reducing endogenous PU.1 levels through small
interfering RNA (siRNA)-mediated silencing should have the same effect. To test this
hypothesis, we determined the effect of siRNA silencing of PU.1 on MRC1 expression in
uninfected or HIV-1 AD8-infected MDMs (Fig. 7). MDMs were infected with VSVg-pseu-
dotyped AD8 virus stock (AD81) or left uninfected (AD82). Beginning on day 9 postin-
fection, one-third of each of the uninfected and infected cultures was either left
untreated (untreated) or were treated with control siRNA (Ctrl siRNA) or PU.1-specific
siRNA (PU.1 siRNA). The siRNA treatment was repeated 2 days later (day 11). On day 12,
cells were harvested, and two-thirds of each sample were processed for reverse tran-
scriptase quantitative PCR (RT-qPCR) to determine MRC1 mRNA levels (Fig. 7A), while
the remaining samples were processed for immunoblotting to assess the effect of PU.1
siRNA on protein expression (Fig. 7B). We found that MRC1 mRNA levels were reduced
by about 50% following infection by AD8. This effect was amplified in cells treated
with PU.1 siRNA where MRC1 mRNA levels were reduced to about 10% (Fig. 7A, com-
pare column 1 to column 6), supporting our above-stated hypothesis of the involve-
ment of PU.1 in the regulation of MRC1 mRNA expression.

Consistent with the results from Fig. 1C, HIV infection of MDMs resulted in the par-
tial reduction of both MCR1 and PU.1 at the protein level in untreated and Ctrl-siRNA
treated samples (Fig. 7B, compare lane 1 to lanes 2 and 4). Surprisingly, despite the ap-
proximate 70% silencing of MRC1 mRNA in uninfected MDMs following PU.1 siRNA
treatment (Fig. 7A, column 5), MRC1 protein levels remained relatively stable (Fig. 7B,
lane 5). The reason for this is unclear; however, it is possible that due to the long half-
life of MRC, which was reported to be 32 h (38), changes at the mRNA level were slow
to translate into changes at the protein level. At any rate, treatment of HIV-1-infected
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MDMs with PU.1 siRNA resulted in additional downregulation of MRC1 protein levels
(Fig. 7B, compare lanes 2 and 4 to lane 6). Of note, metabolic labeling revealed that
the kinetics of viral particle assembly and release were not affected by PU.1 siRNA
treatment and that, after 4 h, virus release was not significantly different between
groups (Fig. 7C and E; for statistics, see Fig. S1). Interestingly, however, metabolic label-
ing of infected MDMs revealed a noticeable increase in de novo Gag protein synthesis
in PU.1 siRNA-treated samples compared to the Ctrl siRNA-treated sample (Fig. 7D; for
statistics, see Fig. S1). Thus, silencing of PU.1 increases HIV-1 LTR-driven de novo viral
protein synthesis in infected MDMs.

PU.1 inhibits HIV-1 LTR promoter activity. Since PU.1 is a transcriptional regulator,
the observation that PU.1 silencing in infected MDMs increases HIV-1 gene expression points
toward a PU.1-dependent inhibition of the HIV-1 LTR promoter activity. To test this hypothe-
sis, we assessed the impact of PU.1 on Tat-dependent and Tat-independent HIV-1 LTR pro-
moter activity in an in vitro assay using the pGL-LTR-Luc indicator vector (see Fig. 6B). The
basal HIV-1 LTR promoter activity in HEK293T cells in the absence of Tat was significantly

FIG 6 Inhibition of PU.1-activated MRC1 promoter activity does not require Tat transactivator function. (A) HEK293T cells
were transfected with 1 mg each of N-terminally Flag-tagged Tat WT (lane 2) or Tat C22G (lane 3) or were mock
transfected (lane 1). After 24 h, whole-cell extracts were prepared, and samples were processed for immunoblotting using
a Flag epitope-specific antibody (a-Flag). Tubulin levels were determined by probing with an antibody to alpha-tubulin
(a-tub). (B) The 632-bp 59 HIV-1 LTR fragment from pNL4-3 was cloned into the backbone of pGL3-basic, resulting in pGL-
LTR-Luc. The construct is shown schematically. (C) To measure the transactivator function of Tat C22G, HEK293T cells were
transfected in triplicate in a 24-well plate with 0.1 mg of pGL-LTR-Luc together with increasing amounts (0.02, 0.06, and
0.2 mg) of Flag-tagged Tat WT (red line) or Tat C22G (blue line). Total amounts of transfected DNA were adjusted to
0.5 mg for each sample using empty vector (pUC19) as needed. LTR-driven luciferase activity was determined 24 h later.
Mean and error bars representing SEM from three transfections are shown. LTR activity at 0.2 mg Tat induced by Tat WT
or Tat C22G is statistically significantly different (P , 0.001). (D) Inhibition of the PU.1-stimulated MRC1 promoter activity
by Tat C22G was measured by transfecting HEK293T cells in triplicate in a 24-well plate with 0.1 mg of pGL-hMRC1-Luc
and 0.1 mg of pcDNA-PU.1, together with increasing amounts (0.02, 0.06, and 0.2 mg) of Flag-tagged Tat WT (red line) or
Tat C22G (blue line). Total amounts of transfected DNA were adjusted to 0.5 mg for each sample using empty vector
(pUC19) as needed. LTR-driven luciferase activity was determined 24 h later. Mean and error bars reflecting SEM from 12
transfections are shown. MRC1 promoter activity by both Tat WT and Tat C22G was statistically significantly reduced
between 0 mg Tat and 0.2 mg Tat (P , 0.001 for both). There is no significant difference between Tat WT and Tat C22G
(P = 0.562) at 0.2 mg Tat. The effect of Tat is significant regardless of group, and the slopes of the line in each group are
not statistically significantly different from each other. For details on the statistical analyses, see Fig. S1 in the
supplemental material.
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above the background (Fig. 8A, compare gray and red columns; for statistics, see Fig. S1). As
expected, Tat expression caused an additional 100-fold increase in LTR promoter activity on
top of its basal activity (Fig. 8A, compare red and blue columns; for statistics, see Fig. S1).
Interestingly, coexpression of PU.1 caused a dose-dependent reduction in LTR promoter ac-
tivity both in the presence and absence of Tat (Fig. 8B and C; for statistics, see Fig. S1). In
fact, the effect of PU.1 on LTR promoter activity was significant only in the absence of Tat
(see relative effect in Fig. 8C), although this may be caused by the overall higher absolute

FIG 7 Silencing of PU.1 upregulates gene expression in HIV-1-infected MDMs. (A and B) Monocytes from a healthy
donor were plated in 6-well plates (4 � 106/well; 18 wells total) and allowed to differentiate into MDMs for 6 days.
Nine wells were then infected with VSVg-pseudotyped HIV-1 AD8 WT virus stock; the other nine wells remained
uninfected. On days 9 and 11, cells were treated as follows: 3 wells each of infected and uninfected cells were left
untreated (lanes 1 and 2) or were treated with nontargeting siRNA (lanes 3 and 4) or PU.1 siRNA (lanes 5 and 6). (A)
One day later, cells from two of the three wells were processed for RT-qPCR as detailed in Materials and Methods. RT-
qPCR was done twice in triplicate sets. MRC1 mRNA levels were plotted relative to GAPDH mRNA levels. Mean and
error bars representing SEM from replicate data sets are shown. Differences in relative MRC1 mRNA levels between
column 1 and columns 2, 3, and 4 were not statistically significant. Differences in relative MRC1 mRNA levels between
column 1 and columns 5 and 6 are statistically significant (P = 0.022 and P = 0.001, respectively). For details on the
statistical analyses, see Fig. S1 in the supplemental material. (B) Cells from the third well of each set were processed
for immunoblotting and probed for expression of MRC1, PU.1, tubulin (tub), and HIV-1 Gag (CA). The red star in the
MRC1 blot indicates a nonspecific background band as noted in Fig. 1. (C) MDMs (4 wells of a 6-well plate) were
infected with VSVg-pseudotyped HIV-1 AD8 WT virus stock as in panels A and B. On days 9 and 11 postinfection,
cultures were treated with nontargeting control siRNA (Ctrl siRNA) or with PU.1-specific siRNA (PU.1 siRNA). Cells were
collected on day 12 and labeled for 25 min with [35S]-Expre35S35S-label and chased for up to 4 h as indicated on the
top. Detergent extracts were immunoprecipitated with HIV-1 IgG, separated by SDS-PAGE, and visualized by
fluorography. Proteins are identified on the right. Representative gels from one of four independent pulse-chases are
shown. (D) Signals for p55gag at the end of the pulse (lane 1 in panel C) were quantified by phosphoimage analysis.
The signal obtained with the control samples (nontargeting siRNA treated) was defined as 100% in each of the four
replicate experiments. The signal obtained with the PU.1 siRNA-treated samples was calculated relative to the control.
Mean and error bars representing SEM from four independent experiments are shown. Differences are statistically
significant (P = 0.005). For details on the statistical analyses, see Fig. S1. (E) Silencing of PU.1 does not affect virus
assembly and release. Gag-specific bands from panel C were quantified by phosphoimage analysis, and the fraction of
extracellular Gag present at each time point was calculated as percentage of the total intra- and extracellular Gag.
Means and error bars representing SEM calculated from four independent experiments are shown. Differences
between the two samples at 4 h are not statistically significant (P = 0.623). For details on the statistical analyses, see
Fig. S1.
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luciferase levels in the absence of PU.1, which are harder to neutralize (Fig. 8B). At any rate,
we conclude that the inhibition of LTR promoter activity by PU.1 is largely, if not entirely, Tat
independent.

To further support this conclusion, we repeated the experiment shown in Fig. 8
using an LTR-Luc construct carrying mutations in the TAR stem-loop structure (Fig. 9A
and B) that dramatically reduced, but did not completely abolish, the ability of Tat to
activate the HIV-1 LTR promoter (Fig. 9C, blue line). Consistent with the results from
Fig. 8, we found that PU.1 inhibited the LTR-mTAR basal activity in a dose-dependent
manner (Fig. 9D, red line; for statistics, see Fig. S1). Coexpression of Tat partially inhib-
ited the effect of PU.1 on LTR promoter activity (Fig. 9D; compare blue and red lines).
This is likely due to residual promoter activity of Tat (Fig. 9C, blue line) rather than
direct interference of Tat with PU.1 activity.

Inhibition of phosphorylation at S148 does not affect the functional properties
of PU.1. PU.1 is subject to posttranslational phosphorylation by multiple kinases that is
required for the regulation of a variety of promoters by PU.1 (39). In particular, the interac-
tion of PU.1 with another B cell-restricted nuclear factor, EM5, was shown to be dependent
on PU.1 phosphorylation at Ser148 (24). Unphosphorylated PU.1 was able to bind DNA but
unable to interact with EM5 (24). To test the possible impact of PU.1 phosphorylation at
S148 in our assays, we constructed an S148A mutant of PU.1 in the context of C-terminally
hemagglutinin (HA)-tagged PU.1 (Fig. 10). Transfection of increasing amounts of PU.1 WT
and PU.1 S148A vector into HEK293T cells verified that mutation of S148A had no impact
on PU.1 expression in HEK293T cells (Fig. 10A). Analysis of the ability of PU.1 S148A to acti-
vate the MRC1 promoter did not reveal a requirement of S148 phosphorylation for this
function of PU.1 (Fig. 10B). Similarly, the ability of the PU.1 S148 mutant to inhibit the activ-
ity of the HIV-1 LTR was not affected (Fig. 10C). Importantly, HIV-1 Tat was able to inhibit
the activation of the MRC1 promoter by both PU.1 WT and PU.1 S148A (Fig. 10D; for statis-
tics, see Fig. S1). These results suggest that lack of PU.1 phosphorylation at S148 does not
abolish its sensitivity to HIV-1 Tat.

DISCUSSION

Macrophages are long-lived cells that are susceptible to productive infection in vivo by
R5-tropic or dual-tropic strains of HIV-1. Indeed, HIV-1 species circulating in a patient

FIG 8 PU.1 inhibits the basal activity of the HIV-1 LTR in a Tat-independent manner. (A) HEK293T cells were
seeded in 24-well plates and transfected with pGL3-basic (0.1 mg), pGL-LTR-Luc (0.1 mg), or pGL-LTR-Luc
(0.1 mg) plus pTat101 (0.1 mg). Total amounts of transfected DNA were adjusted to 0.5 mg using empty vector
DNA (pUC19) as appropriate. Luciferase production was measured 2 days posttransfection. Means and error
bars representing SEM from triplicate transfections are shown. The P value for the test comparing promoter
activity between pGL3-basic and pGL-LTR-Luc is 0.001. The P value for the test comparing log10 LTR promoter
activity between pGL-LTR-Luc and pGL-LTR-Luc plus Tat101 is ,0.001. (B and C) HEK293T cells were transfected
in 24-well plates with pGL-LTR-Luc (0.1 mg) in the absence or presence of Tat (0.1 mg) as well as increasing
amounts of pcDNA-PU.1 (0 mg, 0.02 mg, 0.06 mg, and 0.2 mg). Luciferase production was measured 24 h later.
Results are shown as absolute luciferase units (B) or as relative units (C) with the signal obtained in the absence
of PU.1 being defined as 100%. Means and error bars representing SEM from 12 transfections are shown.
Statistical analyses demonstrate that the effect of PU.1 on LTR promoter activity is significant in the control group
(no Tat) only. For details on the statistical analyses, see Fig. S1 in the supplemental material.
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typically become more macrophage tropic during the course of infection (40–42). Thus,
the ability to infect macrophages appears to be of crucial importance to HIV-1. Infected
macrophages are relatively resistant to HIV-induced cytopathicity and therefore have the
potential to act as a long-lasting reservoir. Compared to productive infection of CD4-posi-
tive (CD41) T lymphocytes, virus output from infected macrophages is comparatively low
(43). It is therefore conceivable that viral gene expression in differentiated macrophages is
moderated by cell type-specific transcription factors. As such, our observation that the my-
eloid cell-specific transcription factor PU.1 acts as an inhibitor of HIV-1 LTR-driven gene
expression could support such a hypothesis. Given the inhibitory effect of PU.1 on HIV-1
gene expression combined with the regulatory feedback loops identified in our study, it is
even conceivable that PU.1 is involved in regulating HIV-1 latency. This will be the subject
of a future study.

The mechanistic details of how PU.1 activates the MRC1 promoter while inhibiting
the HIV-1 LTR promoter have yet to be elucidated. However, preliminary results from
electrophoretic mobility shift assays (EMSAs) indicate that PU.1 binds directly to the
PU.1 elements identified in the MRC1 promoter (unpublished data). The finding that
PU.1 has opposing effects with regard to the regulation of the HIV-1 LTR and the MRC1
promoter in itself is not surprising since such opposing functions had already been
reported for other PU.1-regulated promoter elements (35). In those situations, it was
proposed that the inhibitory effect of PU.1 is caused by its recruitment of other

FIG 9 Tat binding to the TAR stem-loop structure of the HIV-1 LTR is not required for PU.1-mediated
inhibition of the HIV-1 LTR promoter activity. (A) Schematic representation of the constructs used in
this experiment. (B) To minimize binding of Tat to the LTR, the TAR stem-loop structure in pGL-LTR-
mTAR-Luc was mutated in the bulge-and-loop region, as previously reported, (52) using site-directed
mutagenesis. Mutated residues are shown in red. (C) HEK293T cells were transfected in 24-well plates
with pGL-LTR-Luc (0.1 mg) or pGL-LTR-mTAR-Luc (0.1 mg) together with increasing amounts of
pTat101 (0 mg, 0.02 mg, 0.06 mg, and 0.2 mg). Production of luciferase was assessed 2 days later.
Means and error bars reflecting SEM calculated from six independent transfections are shown. LTR
promoter activity was statistically significantly different between 0 mg and 0.2 mg Tat for both LTR-
Luc (P = 0.001) and LTR-mTAR (P = 0.009). (D) HEK293T cells were transfected in 24-well plates with
pGL-LTR-mTAR-Luc (0.1 mg) in the absence (red circles) or presence (blue circles) of 0.1 mg pTat101
and increasing amounts of PU.1 DNA (0 mg, 0.06 mg, and 0.2 mg). Production of luciferase was
assessed 2 days later. Means and error bars reflecting SEM calculated from nine independent
transfections are shown. LTR-mTAR-driven luciferase activity by PU.1 was statistically significantly
different between 0 mg and 0.2 mg PU.1 both in the presence (P = 0.006) and absence (P , 0.001) of
Tat. The slope of the inhibition curves was significant in the presence or absence of Tat, although the
curves were not statistically significantly different from each other. For details on the statistical
analyses, see Fig. S1 in the supplemental material.
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transcription factors to PU.1 binding sites on promoters that are activated by PU.1
(e.g., the MRC1 promoter).

Interestingly, phosphorylation of PU.1 at Ser148, which was previously reported to
affect its interaction with other cellular factors (24), did not seem to affect the ability of
HIV-1 Tat to inhibit PU.1 function. Thus, while it is currently unclear exactly how PU.1
inhibits HIV-1 LTR-driven gene expression, the fact that the HIV-1 LTR lacks a canonical
TTCCT PU.1 binding site could be consistent with such a competitive binding model.
On the other hand, the presence of two potential PU.1 binding sites in the human
MRC1 promoter (Fig. 3A) may explain the activating effect of PU.1 on the MRC1 pro-
moter. It is interesting to note that an earlier study reported a modest activating effect
of PU.1 on the HIV-1 LTR as opposed to the inhibitory effect reported here (44). However,
that study focused on the effects of lipopolysaccharide (LPS) stimulation on HIV-1

FIG 10 Phosphorylation at S148 is not critical for PU.1 function or sensitivity to Tat. (A) S148 in PU.1
was mutated to alanine in the backbone of pcDNA-PU.1-HA. Expression of the resulting mutant
relative to the wild-type protein was analyzed by immunoblotting. For that, HEK293T cells were
transfected with increasing amounts (0.5, 1.0, 2.0, and 5.0 mg) of pcDNA-PU.1-HA WT or pcDNA-PU.1-
HA S148A. Cells were harvested 24 h later and processed for immunoblotting using HA tag-specific
antibodies. Band intensities were quantified using Bio-Rad Image Lab software and blotted as a
function of transfected PU.1 DNA. Quantitation of PU.1 WT is shown in red; quantitation of the S148A
mutant is shown in blue. Means and error bars representing SEM calculated from three independent
experiments are shown. (B and C) The ability of PU.1 S148A to activate the MRC1 promoter (B) and to
inhibit the HIV-1 LTR promoter (C) was tested in HEK293T cells. Cells were transfected with pGL-
HMRC1-Luc (0.1 mg) or pGL-LTR-Luc (0.1 mg) together with increasing amounts (0, 0.02, 0.06, and
0.2 mg) of pcDNA-PU.1-HA (red lines) or pcDNA-PU.1-HA S148A (blue lines). (D) The ability of Tat to
interfere with the inhibition of the MRC1 promoter by PU.1 S148A was tested by transfecting
HEK293T cells with pGL-MRC1-Luc (0.1 mg) and either pcDNA-PU.1-HA WT (0.1 mg; red line) or
pcDNA-PU.1-HA S148A (0.1 mg; blue line), along with increasing amounts (0, 0.02, 0.06, and 0.2 mg) of
pTat101. (B to D) Luciferase activity was measured 24 h later. Means and error bars representing the
SEM calculated from 3 to 6 experiments as indicated in the figure panels are shown. Statistical
analyses demonstrate that while the slope (i.e., the change in outcome between the lowest and
largest amounts of PU.1 [panels B and C] or Tat DNA [panel D]) for each group is significant, there
are no significant differences between the curves for PU.1 wild type and PU.1 S148A in all three
assays. Thus, at 0.2 mg, there are no statistically significant differences between PU.1 wild type and
PU.1 S148A in all three assays. For details on the statistical analyses, see Fig. S1 in the supplemental
material.
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promoter activity, and the study neither tested the effect of Tat on PU.1 function nor did it
offer other mechanistic insights into the PU.1 activation of the HIV-1 LTR.

One of the key findings of our study is that HIV-1 Tat inhibits the transcriptional ac-
tivity of the MRC1 promoter (Fig. 5). Our experiments were facilitated by the fact that
HEK293T cells do not express PU.1, resulting in very low background activity of the
MRC1 promoter indicator vector. Thus, the results from our experiments involving full-
length infectious AD8 (Fig. 5A) or a variety of individual accessory gene mutants (Fig. 5B)
demonstrate the inhibitory effect of HIV-1 on the MRC1 promoter and suggest that none
of the viral accessory proteins on their own, including Vpr, are responsible for the inhibi-
tion of the MRC1 promoter. Indeed, expression of Tat alone was sufficient to inhibit the
PU.1-activated MRC1 promoter (Fig. 5C and E). Somewhat surprisingly, the function of Tat
was not affected by the presence or absence of a 15-residue highly charged C-terminal do-
main that is present in the 101-residue Tat variant encoded by the R5-tropic AD8 isolate
but is absent in the 86-residue variant encoded by the X4-tropic NL4-3 isolate. Also, inter-
estingly, Tat transactivator activity was not required for the interference with PU.1 function.
Taken together, our results demonstrate that PU.1 has a strong activating effect on the
MRC1 promoter, which is counteracted efficiently by the HIV-1 Tat protein.

Our finding of Tat-dependent transcriptional repression of the MRC1 promoter is not
unique. Indeed, an earlier comprehensive chromatin immunoprecipitation sequencing
(ChIP-seq) analysis of the effects of Tat on the epigenetic landscape of the host cell
showed that Tat both upregulates and downregulates cellular genes (45). For instance,
Tat was found to act as a transcriptional inhibitor of MHC class I genes (46). Interestingly,
the inhibition of MHC class I genes was dependent on the second exon of Tat since the
one-exon form of Tat (Tat72) failed to inhibit transcription of MHC class I genes (47). The
observation that HIV-1 Tat repressed the human MRC1 promoter is in line with the previ-
ous report on Tat’s inhibitory effect on the rat promoter (13). However, our data clearly
indicate that the effect of Tat is not mediated by a direct effect on the MRC1 promoter
but, instead, is exerted indirectly by inhibiting the activity of PU.1 (Fig. 5). Indeed, the
MRC1 promoter has very low basal activity in PU.1-deficient HEK293T cells, and providing
Tat in trans neither increased nor reduced this basal activity (Fig. 3E). Moreover, we failed
to detect a direct physical interaction between Tat and PU.1 (data not shown). Thus,
exactly how Tat inhibits PU.1 activity remains to be investigated. One possible mecha-
nism could involve competitive binding to shared cellular cofactors. Finally, while HIV
infection of MDMs resulted in the inhibition of PU.1 expression (Fig. 1C and E), we can
rule out Tat-induced proteolytic degradation of PU.1 (Fig. 5D). Preliminary data also
argue against a role of Vpr in the inhibition of PU.1 expression since WT Vpr or its DCAF1
binding mutant have similar effects on transiently expressed PU.1 (data not shown), and
deletion of Vpr did not reverse the ability of HIV-1 AD8 to downmodulate PU.1 steady-
state levels (Fig. 1C and E). It is therefore likely that the reduction of PU.1 expression in
HIV-1-infected macrophages is mediated by a degradation-independent mechanism. We
are in the process of cloning the PU.1 promoter in order to study factors affecting PU.1
promoter activity.

Our data do not formally rule out a contribution of Vpr to the reduction of MRC1
expression in infected MDMs as reported by others (15) since our work focused primarily
on the role of Tat. It is indeed possible that the discrepant results regarding the contribu-
tion of Vpr come from the use of different HIV-1 strains since we used the R5-tropic AD8
isolate, while Lubow et al. employed the dual-tropic 89.6 isolate. The Vpr proteins of these
isolates are only 88% identical, and it will be interesting to perform a side-by-side compari-
son of their biological activities in the future. However, at least under the experimental
conditions used in our study, the absence of Vpr did not adversely affect the ability of the
AD8 virus to reduce MRC1 protein expression (Fig. 1C and D). Furthermore, our in vitro
assessment of the MRC1 promoter did not provide any evidence for a contribution of Vpr
(Fig. 5B). Finally, the inability of Vpr-defective AD8 to repress MRC1 expression under the
experimental conditions used in Fig. 2C is probably not caused by the absence of Vpr but

PU.1 Regulation of Gene Expression in HIV-Infected Macrophages Journal of Virology

July 2022 Volume 96 Issue 14 10.1128/jvi.00652-22 15

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00652-22


is more likely the result of inefficient replication of AD8 that presumably left most of the
cells in the culture uninfected.

In summary, our data reveal a complex interplay between Tat and PU.1 proteins, as
well as the HIV-1 LTR and MRC1 promoters, as summarized in Fig. 11. Individual steps of
the model are explained in the legend to the figure. Our current work established that
PU.1 activates the MRC1 promoter but inhibits the HIV-1 LTR promoter. Inhibition of the
LTR promoter limits expression of HIV-1-encoded proteins, including Tat. However, HIV-1
Tat ensures continued expression of virus-encoded proteins (including Tat) via a positive
feedback loop involving its interaction with the TAR stem-loop structure on the HIV-1
RNA. Continued production of Tat therefore increasingly inhibits PU.1 activity, which
results in reduced expression of MRC1 and thus in increased virus release. Aside from
Tat, Nef and Vpr have been implicated in regulating MRC1 expression in macrophages.
However, Nef does not significantly affect steady-state expression of MRC1 but, instead,
triggers cell surface downmodulation of MRC1 in HIV-infected cells (14, 15). In contrast,
Vpr was reported to reduce expression of MRC1 through an incompletely defined tran-
scriptional mechanism (15). Thus, HIV-1 appears to employ multiple pathways to control
the expression of MRC1 in infected macrophages.

MATERIALS ANDMETHODS
Cells. HEK293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L

glucose (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 mg/mL streptomycin in a 37°C and 5.0% CO2 environment. Elutriated human monocytes from
multiple anonymous healthy donors were obtained from the NIH Blood Bank. For some experiments,
elutriated monocytes from healthy donors were obtained from Chunling Gao (FDA, White Oak, MD).
Monocytes were precultured as adherent cell monolayers by a modification of the procedure of Lazdins
et al. (48). Monocytes (4 � 106 cells/well in a 6-well plate) were first cultured in 2 mL of serum-free
DMEM for 90 min. The medium was then changed to macrophage medium (complete DMEM supple-
mented with 1 mM sodium pyruvate and 10% pooled human serum [Gemini Bio-Products, West
Sacramento, CA]). Cells were cultured for 5 to 7 days to allow differentiation into monocyte-derived mac-
rophages (MDMs). Replication studies were performed in 24-well plates containing 0.75 � 106 cells/well
in 1 mL of macrophage medium. For protein analyses (immunoblotting and pulse-chase), cells were cul-
tured in 6-well plates containing 4 � 106 cells per well in 2 mL of macrophage medium.

FIG 11 PU.1 inhibits transcription from the HIV-1 LTR but activates the MRC1 promoter. PU.1 is a
myeloid-specific transcription factor that regulates expression of multiple genes, including mannose
receptor (MRC1). PU.1-mediated upregulation (blue arrow) of MRC1 (a) (see Fig. 4) accounts for the
previously observed inhibition of HIV-1 virus release (b) (3). We now report that this effect is
counteracted by the HIV-encoded Tat protein that inhibits PU.1 function (c) (see Fig. 5). Inhibition of
PU.1 function by Tat reduces MRC1 expression, which contributes to enhanced virus release. While
PU.1 upregulates MRC1 expression, it has an inhibitory effect on HIV-1 LTR promoter activity (d) (see
Fig. 8 and 9). This leads to reduced Tat protein synthesis (e), which, in turn, increases the inhibition
of HIV-1 LTR transcription by PU.1 (d). However, a positive feedback loop ensures continued Tat
synthesis via TAR-dependent activation of HIV-1 transcription (f) and thus control of PU.1 expression
(see Fig. 1C and E and Fig. 8B). Aside from Tat, HIV-1 Vpr (15) and Nef (14, 15) have been implicated
in the regulation of MRC1 (h).
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Plasmids and viral vectors. An hMRC1 cDNA clone (GenBank accession no. NM_002438) in the back-
bone of pCMV6-Entry was purchased from OriGene (OriGene Technologies, Inc., Rockville. MD; catalog no.
SC303200). A PU.1 (SPI1) cDNA (GenBank accession no. BC111379) clone was obtained from Dharmacon
(catalog no. OHS5898-202627596) and was subcloned into vectors for expression of untagged or C-termi-
nally HA-tagged proteins. A phosphorylation mutant (S148A) was created by PCR-based mutagenesis.
Infectious molecular clones pNL4-3 (49) and pAD8 (50) have been reported previously. An Env mutant of
pAD8 was created by QuikChange (Stratagene, La Jolla, CA) mutagenesis (3). The Vif open reading frame
(ORF) was interrupted by introducing a stop codon after residue 23 using QuikChange mutagenesis. The
Vpr ORF was interrupted by filling in a unique EcoRI site, resulting in a translational frameshift after residue
62. A Vpu-defective variant, pAD8-Udel2, carrying an out-of-frame deletion, was reported previously (51).
Nef-deficient AD8 was created by introducing a stop codon after residue 6 by using QuikChange mutagen-
esis. To create pAD8-Tat86, Ser86 (TCG) was converted to a premature stop codon (TAG). For expression of
Tat in the absence of other viral proteins, the two-exon Tat101 gene was synthesized (IDT; gBlock) and
subcloned into pcDNA3.1 with or without an N-terminal Flag tag. Tat86 was created by inserting a stop
codon in the pcDNA-Tat101 construct using site-directed mutagenesis. The mannose receptor promoter
vector pGL-hMRC1-Luc was constructed using a synthetic DNA fragment (IDT; gBlock) corresponding to
positions 21 to 2150 in the human mannose receptor promoter (sequence based on reference 28) and
subcloning it into the promoter trap vector pGL3-Basic (Promega; GenBank accession no. U47295). The
HIV-1 LTR vector pGL-LTR-Luc was created by subcloning a 632-bp 59-LTR fragment from pNL4-3. The Tat
binding mutant pGL-LTR-mTAR-Luc was constructed by introducing five point mutations in the bulge and
loop of the TAR stem-loop structure (52) by using site-directed mutagenesis. The Renilla luciferase control
vector, pRL-TK, encoding Renilla luciferase under the control of the herpes simplex virus (HSV)-thymidine
kinase promoter was purchased from Promega (GenBank accession no. AF025846) and used in dual-re-
porter assays.

Transient transfection of HEK293T cells for protein analyses. For transient transfection of
HEK293T cells, 3 � 106 cells were plated in a 25-cm2

flask and grown overnight. The following day, cells
were transfected using Lipofectamine Plus (Invitrogen Corp., Carlsbad, CA) according to the manufac-
turer’s instructions. Total amounts of plasmid DNA in all samples were adjusted to 5 mg with empty vec-
tor DNA as appropriate. After 24 h, whole-cell extracts were produced as follows: cells were scraped,
washed with phosphate-buffered saline (PBS), suspended in PBS (100 mL/106 cells), and mixed with an
equal volume of 2� sample buffer. Samples were then heated for 10 to 15 min at 95°C with occasional
vortexing to shear cellular DNA. Samples were then processed for immunoblot analysis.

Transient transfection of HEK293T cells for luciferase assays. For transient transfection of
HEK293T cells, cells were plated into 24-well plates (1 � 105 cells per well in 1 mL). The following day,
cells were transfected using Lipofectamine Plus as follows. The medium was removed from 24-well
plates and replaced by 0.5 mL of serum-free DMEM. DNA samples (2.5 mg total DNA) were mixed with
150 mL of DMEM containing 6 mL of Plus reagent. After 15 min, 150 mL of DMEM containing 6.5 mL of
Lipofectamine reagent was added to the DNA-containing samples for a total volume of 312.5 mL. After
15 min incubation at room temperature, 50 mL of transfection mix was added to each of three wells. The
remaining transfection mix was discarded. After 24 h, medium was aspirated from plates, 250 mL of 1�
Promega lysis buffer (Promega; catalog no. E397A) was added, and plates were transferred to a 280°C
freezer for at least 30 min. Then, plates were warmed to 37°C for 30 min, and 15 mL of lysate from each
well was mixed with 50 mL of Steady-Glo substrate (Promega; catalog no. E2510). After 5 min incubation
at room temperature, light emission was measured in a Promega GloMax Explorer.

Virus replication in MDMs. Virus stocks for the infection of MDMs were prepared as follows. For
low-titer infections, HEK293T cells (in 75-cm2

flasks) were transfected with 15 mg of pAD8 DNA using
Lipofectamine Plus according to the manufacturer’s instructions. To produce high-titer VSVg-pseudo-
typed virus stocks, 1.5 mg of pCMV-VSVg vector DNA was cotransfected with 13.5 mg of pAD8 DNA.
Virus-containing supernatants were harvested 2 days later, and cellular debris was removed by centrifu-
gation (5 min, 1,500 rpm), followed by filtration (0.45 mm). Virus was then concentrated about 10-fold by
ultracentrifugation.

For infection of MDMs, 70% of the culture medium was removed from the cells, and virus-containing
supernatants or concentrated virus stocks were added. Virus was allowed to adsorb for 4 h at 37°C
before the medium was replaced by macrophage medium. For determination of replication kinetics, half
of the culture medium was replaced by fresh medium every 3 days. Virus production was monitored by
determining the reverse transcriptase (RT) activity in the culture supernatants (53). For immunoblot anal-
ysis, MDMs were detached using a cell scraper, washed once with PBS, suspended in PBS (200 mL per
well of a 6-well plate), mixed with an equal volume of 2� sample buffer (4% sodium dodecyl sulfate,
125 mM Tris-HCl [pH 6.8], 10% 2-mercaptoethanol, 10% glycerol, 0.002% bromophenol blue), and
heated at 95°C for 5 to 10 min with occasional vortexing.

Metabolic labeling and pulse-chase analysis. For pulse-chase analysis, infected siRNA-treated
MDMs from 2 wells each of a 6-well plate were harvested by scraping, pooled, washed with PBS, and
suspended in 5 mL of labeling medium (methionine- and cysteine-free RPMI [MP Biomedical, Solon, OH]
containing 5% fetal calf serum [FCS]). Samples were incubated for 20 min at 37°C in labeling medium to
deplete the intracellular methionine-cysteine pool. Cells were then labeled for 25 min at 37°C in 200 mL
of labeling medium, supplemented with 30 mL (300 mCi) of [35S]-Expre35S35S-label (product no. NEG072;
PerkinElmer, Waltham, MA). After the labeling period, cells were pelleted, and supernatant containing
unincorporated isotope was removed. The cell pellet was then suspended in 850 mL of complete DMEM,
and aliquots of 200 mL each were distributed into 4 tubes containing 1 mL of prewarmed complete
DMEM (except for the tube designated time zero, which was kept on ice) and chased for the times
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indicated in the text. At each time point, cells were pelleted, and virus-containing supernatants were
stored separately on dry ice until all samples had been collected. For immunoprecipitation of intracellu-
lar and virus-associated Gag proteins, cells and virus-containing supernatants were lysed in 1 mL of
Triton X-100-based lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Triton X-100, and 10% glyc-
erol) and incubated on ice for 20 min. After lysis, insoluble material from the cellular fractions was pel-
leted at 13,000 rpm for 10 min, and the clarified supernatants were added to protein A Sepharose beads
(Sigma-Aldrich, Inc.; catalog no. P-3391) that had been preadsorbed with HIV-1 Ig. Beads were incubated
for 1 h at 4°C on a rotator to keep the Sepharose beads in suspension. Beads were then extensively
washed with lysis buffer. Precipitated proteins were eluted by boiling in sample buffer and separated by
SDS-PAGE. Gels were soaked in 1 M sodium salicylic acid and dried. Finally, gels were exposed to Kodak
XMR film, and proteins were visualized by fluorography. For protein quantitation, gels were exposed to
imaging plates, and analysis of the relevant bands was performed using a Typhoon FLA 9500 phos-
phoimager (GE Healthcare).

siRNA knockdown of PU.1 in MDMs. Elutriated human monocytes were plated in 6-well plates
(4 � 106 cells per well in 2 mL medium) and cultured for 5 to 7 days to allow differentiation into MDMs. Then,
MDMs were infected as described in the text. On day 9 and day 11 postinfection, MDMs were transfected ei-
ther with 100 nM ON-TARGETplus nontargeting control siRNAs (catalog no. D-001810-01; Horizon Discovery,
Cambridge, UK) or 100 nM ON-TARGETplus Human SPI1 (PU.1) siRNA SMARTpool (catalog no. L-010537-00;
Horizon Discovery, Cambridge, UK) using TransIT-TKO transfection reagent (Mirus Bio, Madison, WI) following
the manufacturer’s recommendations. One day after the second siRNA treatment, cells were harvested by
scraping and processed for immunoblot analysis or metabolic labeling (pulse-chase analysis).

Immunoblot analysis. Cells were washed once with PBS, suspended in PBS (100 mL/106 cells), and
mixed with an equal volume of 2� sample buffer. Samples were heated at 95°C with occasional vortex-
ing until samples were completely dissolved. Samples were subjected to SDS-PAGE, transferred to poly-
vinylidene difluoride (PVDF) membranes, and reacted with primary antibodies as described in the text.
To enhance sensitivity, SignalBoost immunoreaction enhancer kit (CalBiochem; catalog no. 407207-1KIT)
was employed in some of the experiments. Human MRC1 was identified using a rabbit monoclonal anti-
body to hMRC1 (Abcam, Inc., Cambridge MA; catalog no. ab125028). HIV-1 Gag was identified using
pooled HIV Ig (NIH Research and Reference Reagent Program; catalog no. 3957), and tubulin was identified
using a mouse monoclonal antibody to alpha-tubulin (catalog no. T9026; Sigma-Aldrich Inc.). A rabbit
monoclonal antibody to PU.1 was from Abcam (catalog no. ab76543), and a rabbit polyclonal antibody to
Tat was from Bryan Cullen through the NIH Research and Reference Reagent Program (catalog no. 705).
Mouse anti-HA antibodies were obtained from Sigma (catalog no. H3663; Sigma-Aldrich, Inc.). Membranes
were then incubated with horseradish peroxidase-conjugated secondary antibodies (GE Healthcare,
Piscataway, NJ), and proteins were visualized by enhanced chemiluminescence (Clarity Western ECL sub-
strate; catalog no. 170-5061; Bio-Rad Laboratories, Hercules, CA).

RNA isolation and RT-qPCR. Total RNA was extracted from MDM using Direct-zol RNA miniprep kit
(Zymo Research, Irvine, CA) according to the manufacturer’s instructions, and the RNA concentration
was quantified by NanoDrop (Thermo Fisher Scientific, Inc., Waltham, MA). RT-qPCR was performed with
20 ng of total RNA and specific primer sets for hMRC1 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) using iTaq Universal SYBR Green one-step kit (Bio-Rad). Primers for RT-qPCR were as follows:
hMRC1 sense, 59-AAAGCTGCCA ACAACAGAAC GCTGAG-39; hMRC1 antisense, 59-ATATAGCCCA GTTTCTG
AAC ACATTCC-39; PU.1 sense, 59-AGCTCAGATG AGGAGGAGGG-39; PU.1 antisense, 59-AACAGGAACT GGT
ACAGGCG-39; GAPDH sense, 59-AAGGTCGGAG TCAACGGATT-39, and GAPDH antisense, 59-CTCCTGGAAG
ATGGTGATGG-39. RT-qPCR was carried out using the CFX96 Touch real-time PCR detection system (Bio-
Rad). The housekeeping gene GAPDH was used as an internal control, and relative mRNA levels were
determined using the threshold cycle (DDCT) quantification method.

Quantitation of extracellular virus by RT assay. Extracellular virus was quantified by measuring the
amounts of virus-associated reverse transcriptase using a 32P-based assay essentially as described (53). We
mixed 10 mL of virus-containing culture supernatant with 50 mL of an RT reaction cocktail, which con-
tained, as the template, poly(A) (5 mg/mL) and, as primer, oligo(dT) [oligo(dT)12-18; 0.16 mg/mL] in 50 mM
Tris, pH 7.8, 7.5 mM KCl, 2 mM dithiothreitol, 5 mM MgCl2, 0.05% Nonidet P-40, and 1 mCi/mL cocktail of
[32P]dTTP (800 Ci/mmol). Following a 90-min incubation at 37°C, 10mL of the reaction mixture was spotted
onto DEAE ion exchange paper (Whatman) and washed three times in 2� SSC (l� SSC is 0.15 M NaCl plus
0.015 M sodium chloride) to remove unincorporated [32P]dTTP. Spots were counted in a scintillation
counter.

Statistical analysis. Comparisons of continuous variables between two groups were done using an
unpaired two-tailed t test with the assumption of unequal variances between groups. If outliers were
present (Fig. 8C), a Wilcoxon test was used to compare outcomes between groups. To evaluate dose
response, linear regression was performed to predict the outcome from microgram DNA, group, and an
interaction between DNA and group. When absolute values were used as the outcome, values were
log10 transformed. Analyses were done in R version 3.6.3, and P values of ,0.05 were considered signifi-
cant (indicated by an asterisk). P values were not adjusted for multiple comparisons and should be inter-
preted cautiously. Details of the statistical analyses are in Fig. S1 in the supplemental material.
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