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Summary

Infection with human cytomegalovirus (HCMV) remains a significant cause of morbidity and 

mortality following hematopoietic stem cell transplant (HSCT), due to various hematologic 

problems, including myelosuppression. Here we demonstrate that latently expressed HCMV miR-

US5-2 down-regulates the transcriptional repressor NGFI-A binding protein (NAB1) to induce 

myelosuppression of uninfected CD34+ hematopoietic progenitor cells (HPCs) through an 

increase in TGF-β production. Infection of HPCs with an HCMVΔmiR-US5-2 mutant resulted in 

decreased TGF-β expression and restoration of myelopoiesis. In contrast, we show that infected 

HPCs are refractory to TGF-β signaling as another HCMV miRNA, miR-UL22A, down-regulates 

SMAD3, which is required for maintenance of latency. Our data suggests that latently-expressed 

viral miRNAs manipulate stem cell homeostasis by inducing secretion of TGF-β, while protecting 

infected HPCs from TGF-β-mediated effects on viral latency and reactivation. These observations 

provide a mechanism through which HCMV induces global myelosuppression following HSCT 

while maintaining lifelong infection in myeloid lineage cells.
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eTOC Blurb

HCMV infection causes significant morbidity and mortality in stem cell transplant recipients due 

to virus-induced myelosuppression. Hancock et al show that HCMV miRNAs produced during 

latent infection induces the expression of the myelosuppressive cytokine TGFb while protecting 

the infected cell from TGFb signaling for efficient viral latency.

Introduction

Human Cytomegalovirus (HCMV) infection of allogeneic hematopoietic stem cell transplant 

(HSCT) recipients remains a significant cause of morbidity and mortality with up to 80% of 

patients requiring antiviral therapy (Ljungman et al., 2011; Safdar and Armstrong, 2019). A 

common clinical manifestation of HCMV disease in these patients is severe pancytopenia, 

myelosuppression, bone marrow hypoplasia, and delayed engraftment or graft failure (Fries 

et al., 1993). Over the past 40 years HCMV infection of hematopoietic progenitor cells 

(HPCs) in the bone marrow has been implicated as the causative agent of the 

myelosuppression observed in these recipients. While the effects of HCMV infection in the 

bone marrow are significant, the number of infected hematopoietic progenitor cells is 

extremely small (Torok-Storb et al., 1992) indicating that factors other than HCMV direct 

infection of these cells mediates myelosuppression. Despite the clinical relevance in these 

recipients, surprisingly little is currently known about the mechanism(s) by which HCMV 

causes these hematologic abnormalities.
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Transforming growth factor beta (TGF-β) is a member of a multifunctional cytokine family 

that regulates a multitude of cellular processes including proliferation, cell survival, 

differentiation, and migration (Blank and Karlsson, 2015) which are important for regulation 

of HPC homeostasis (Capron et al., 2010). Several studies have shown that TGF-β is a 

potent inhibitor of early progenitor cell proliferation (Capron et al., 2010; Sing et al., 1988; 

Sitnicka et al., 1996) but in contrast can also promote HPC division at low concentrations 

(Kale, 2004), and more differentiated progenitors are unaffected by TGF-β (Challen et al., 

2010). TGF-β regulation of cytokine receptors (McNiece et al., 1992; Sing et al., 1988), cell 

cycle regulators (Batard et al., 2000; Dao et al., 2002) and apoptosis (Sánchez-Capelo, 2005) 

are important for progenitor cell self-renewal and quiescence during normal homeostasis 

(Blank and Karlsson, 2015). Altering TGF-β levels in the bone marrow compartment 

dramatically alters HPC quiescence and normal hematopoiesis (Bataller et al., 2019).

Expression of TGF-β is regulated by Early Growth Response Gene-1 (EGR1), a zinc finger 

transcription factor induced by growth factor stimulation of the MEK/ERK pathway (Christy 

et al., 1988; Lim et al., 1987; Milbrandt, 1987; Sukhatme et al., 1987). EGR1 upregulates 

TGF-β through two GC-rich EGR1 binding sites within the TGF-β promoter (Kim et al., 

1989; Liu et al., 1996; Yoo et al., 1996). EGR1-mediated transcription is negatively 

regulated by the transcriptional repressor NGFI-A binding protein (NAB1) through direct 

interaction of sumoylated NAB1 and the R1 domain of EGR1 which brings histone 

deacetylase 2 (HDAC2) and other chromatin modifiers to EGR1-regulated promoters in 

order to repress transcription (Cai et al., 2017; García-Gutiérrez et al., 2011; Russo et al., 

1995; Swirnoff et al., 1998; Thiel et al., 2000). Mutation of the NAB1 interaction domain of 

EGR1 results in enhanced expression of TGF-β (Liu et al., 1996). Therefore, NAB1 can 

modulate TGF-β expression through regulation of EGR1-mediated TGF-β transcription.

TGF-β is secreted from the cell in a latent form that is processed by cellular proteases to 

produce biologically active TGF-β that can bind to its cognate receptors. Ligand binding 

results in receptor phosphorylation which recruits and phosphorylates the receptor-

associated SMADs (R-SMADs) SMAD2 and/or SMAD3. Phosphorylation of R-SMADs 

enhances their interaction with the co-SMAD, SMAD4, which results in shuttling of the R-

SMAD/SMAD4 complex to the nucleus. SMADs regulate transcription by altering 

chromatin structure and generally have only weak affinity for the SMAD binding element, 

therefore other DNA binding proteins are required for selective binding of the SMAD 

complexes to target enhancer elements (Reviewed in (Massagué et al., 2000)). Thus, the 

transcriptional outcome of canonical TGF-β signaling depends critically on a SMAD DNA 

binding cofactor, whose expression and localization are regulated by additional cellular 

signaling pathways initiated in a context-dependent and cell type-specific manner.

HCMV encodes multiple miRNAs that regulate expression of both cellular and viral genes 

involved in viral replication, cytokine expression, cell survival, and innate and adaptive 

immunity (Diggins and Hancock, 2018). HCMV miRNAs miR-US5-1, miR-US5-2 and 

miR-UL112-3p target multiple cellular genes within the endocytic recycling pathway to 

allow for efficient virion assembly compartment formation and to limit the release of pro-

inflammatory cytokines (Hook et al., 2014). Cytokine production and secretion were also 

shown to be regulated by HCMV miR-UL148D-1 that targets ACVR1B to limit IL-6 
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secretion (Lau et al., 2016) and RANTES/CCL5 (Kim et al., 2012). Additionally, HCMV 

miRNAs miR-US5-1 and miR-UL112-3p were reported to directly target the IKK complex 

kinases IKKα and IKKβ to inhibit NFκB signaling in order to limit the release of pro-

inflammatory cytokines (Hancock et al., 2017). Furthermore, miR-UL112-3p was shown to 

target the TLR2 transcript to limit signaling through the TLR2-IRAK1 axis and block NFκB 

activation (Landais et al., 2015). Recently, miR-US22 was shown to directly target EGR1 

that regulates proliferation, differentiation and viral reactivation in CD34+ HPCs (Mikell et 

al., 2019). These examples illustrate how HCMV miRNAs manipulate the cell to facilitate 

latency and reactivation, as well as shape the antiviral immune response.

In this study, we demonstrate that latent HCMV infection of CD34+ HPCs induces the 

secretion of TGF-β that is responsible for virus-mediated myelosuppression. We observe 

that HCMV miR-US5-2 down-regulation of the transcriptional repressor NAB1 was 

sufficient to induce expression of the cytokine and result in myelosuppression of uninfected 

CD34+ HPCs. We also observe that cellular signaling induced by TGF-β in the latently 

infected cell was blocked by viral miR-UL22A targeting of SMAD3 which is critical for 

latency in CD34+ HPCs. These results provide a mechanism for how latent HCMV infection 

of a minor population of CD34+ HPCs in the bone marrow of HSCT patients induces global 

myelosuppression. By inducing the production of TGF-β and simultaneously blocking the 

negative effects of TGF-β on latently infected cells the virus successfully maintains a 

lifelong infection in myeloid-lineage cells.

Results

Latent HCMV infection of CD34+ HPCs mediates myelosuppression through secretion of 
TGF-β.

In order to examine the mechanisms of HCMV inhibition of myelopoiesis, hematopoietic 

colony formation was quantified using myeloid colony forming assays. For these studies, 

CD34+ HPCs were infected with HCMV strain TB40E-GFP for 48 hours followed by 

purification of CD34+, GFP+ cells and culture for 14 days in Methocult. Quantitation of 

hematopoietic colonies indicated that HCMV preferentially suppressed myeloid (CFU-GM 

and CFU-GEMM) colony formation as compared to erythroid (CFU-E and BFU-E) colony 

formation (Figure 1A). This myelosuppression was reproducibly observed with HCMV 

infection of CD34+ HPCs obtained from multiple donors ((data not shown) and from 

previous studies (Goodrum et al., 2004; Rakusan et al., 1989; Sing and Ruscetti, 1990)). In 

order to determine if long-term latent HCMV infection was also myelosuppressive to 

infected HPCs, CD34+ HPCs were infected and sorted as above, then cultured under 

latency-promoting conditions on stromal cells for 12 days before quantitation of myeloid 

colony formation. Similar to results obtained with shorter-term infection of CD34+ HPCs, 

latent HCMV infection suppressed myeloid colony formation indicating that virus-induced 

myelosuppression was not transient (Figure 1B).

To determine whether HCMV-induced myelosuppression is due to factors secreted from 

infected progenitor cells, supernatants from latently infected CD34+ HPCs were examined 

for myelosuppressive effects on uninfected cells. In these experiments, HCMV-infected 

CD34+ HPCs were cultured on stromal cell support and supernatants were harvested 
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following establishment of latency. Analysis of CD34+ latently-infected HPCs did not reveal 

the presence of infectious virus (Supplemental Figure 1).

Supernatants were diluted at a ratio of 1:5 and added to uninfected CD34+ HPCs to 

quantitate myeloid colony formation. As shown in Figure 1C, supernatants from latently-

infected cells (HCMV) were capable of suppressing colony formation compared to 

supernatants from Mock-infected HPCs cultured under the same conditions. These results 

indicate that latent HCMV infection of CD34+ HPCs reprograms the cell to produce 

cytokines that alter hematopoiesis of neighboring uninfected progenitor cells. To identify the 

HCMV-induced cytokines and growth factors produced by latently infected CD34+ HPCs, 

HPCs were cultured for an additional two days following the establishment of latency and 

supernatants were analyzed by Luminex assay and TGF-β ELISA. As shown in Figure 1D 

and Supplemental Table 1, TGF-β was the only cytokine induced by latent HCMV (~4-fold) 

in CD34+ HPC supernatants.

TGF-β plays a critical role in regulating the balance between proliferation and 

differentiation of hematopoietic cells and suppresses hematopoietic colony formation (Blank 

and Karlsson, 2015). Therefore, to determine if HCMV-induced TGF-β was responsible for 

myelosuppression, TGF-β neutralizing antibody was added to latent supernatants. In these 

experiments, 1 μg/ml of anti-TGF-β antibody was added to supernatants obtained from 

Mock or HCMV-infected CD34+ HPCs at 14 dpi and the supernatants were subsequently 

added to naïve progenitor cells followed by quantitation of myeloid colony formation. As 

shown in Figure 1C, addition of anti-TGF-β antibody to supernatants from HCMV-infected 

cultures restored total myeloid colony formation to levels observed in cells treated with 

mock-infected supernatants indicating that TGF-β is responsible for viral-mediated 

myelosuppression in vitro.

HCMV miR-US5-2 targets the transcriptional repressor NAB1 that regulates TGF-β 
expression.

The ability of latent HCMV infection to induce the secretion of TGF-β in CD34+ HPCs 

implies that a latently expressed viral gene product regulates this process. Several HCMV-

encoded miRNAs are expressed during latency (Mikell et al., 2019). To determine if HCMV 

miRNAs were capable of inducing secretion of TGF-β, NHDFs were transfected with 

mimics of latently expressed miRNAs as well as siRNA to TGF-β followed by quantitation 

of the cytokine in supernatants. As shown in Figure 2A, miR-US5-2 was the only HCMV 

miRNA that significantly induced secretion of TGF-β from transfected cells. Bioinformatic 

analysis to identify potential cellular mRNA targets of miR-US5-2 that might regulate TGF-

β expression determined that the 3’ UTR of NAB1 encodes two potential miR-US5-2 target 

sequences (Supplemental Figure 2A). NAB1 is a transcriptional repressor of the 

transcription factor EGR1 that activates expression of TGF-β (Liu et al., 1996; Yoo et al., 

1996). In order to validate NAB1 as a target of miR-US5-2, 293T cells were co-transfected 

with a miR-US5-2 mimic and luciferase reporters containing either a WT NAB1 3’UTR, or 

3’UTRs with mutations of each individual or both potential miR-US5-2 target sites. As 

shown in Figure 2B, luciferase expression was significantly reduced from the WT NAB1 

3’UTR, partially restored by mutation of either of the miR-US5-2 potential target sites and 
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fully restored with mutation of both sequences. Transfection of 293T cells (Figure 2C), 

Normal Human Dermal Fibroblasts (NHDF) (Figure 2D) or endothelial cells (Figure 2E) 

with the miR-US5-2 mimic or siRNA to NAB1 resulted in down-regulation of NAB1 protein 

levels. These data indicate that NAB1 is a valid target of miR-US5-2.

HCMV miR-US5-2 is sufficient to induce expression of TGF-β and myelosuppression in 
CD34+ HPCs.

To determine if miR-US5-2 regulated TGF-β expression in hematopoietic cells, pSIREN-

GFP vectors expressing either miR-US5-2 or a NAB1 shRNA were transfected into 

Kasumi-3 cells. Viable, CD34+, GFP+ cells were sorted 24 hours post-transfection, 

incubated another 24 hours in serum-free media and TGF-β was quantified in cellular 

supernatants. As shown in Figure 3A, expression of either HCMV miR-US5-2 or an shRNA 

to NAB1 resulted in a 2-fold increase in secretion of TGF-β. CD34+ HPCs were also 

transfected with HCMV miR-US5-2 and cultured in HPC maintenance media to determine 

the effect of the miRNA on hematopoiesis. As shown in Figure 3B and C miR-US5-2 

decreased CD34+ HPC expansion. In Figure 3C miR-US5-2 decreased CD34+ HPC 

proliferation in six different CD34+ HPC donors from 25% to 2-3 fold in comparison to the 

expression vector control. Quantitation of myeloid colonies from CD34+ HPCs transfected 

with either miR-US5-2 or a NAB1 shRNA demonstrated a reduction of CFU-GM myeloid 

colonies as well as total hematopoietic colony formation (Figure 3D and E).

In order to determine the contribution of miR-US5-2 to induction of TGF-β and 

myelosuppression in the context of the virus, the miR-US5-2 pre-miRNA was deleted from a 

TB40E infectious clone (TB40EΔmiR-US5-2) using GalK recombination (Supplemental 

Figure 2B). The TB40EΔmiR-US5-2 virus exhibits WT replication in NHDF (data not 

shown) and infection of NHDF with TB40EΔmiR-US5-2 results in increased NAB1 

expression compared to WT-infected cells (Figure 4A). TB40EΔmiR-US5-2 infection of 

CD34+ HPCs resulted in a significant decrease in TGF-β secretion into the supernatant 

(Figure 4B). Importantly, deletion of miR-US5-2 significantly restored both CD34+ HPC 

proliferation (Figures 4C and D) as well as myelopoiesis to levels observed in uninfected 

cells (Figure 4E). Collectively, these data indicate that miR-US5-2 targeting of NAB1 during 

HCMV infection in CD34+ HPCs is sufficient to induce TGF-β expression and 

myelosuppression observed during HCMV infection.

HCMV miR-UL22A down-regulates SMAD3 to allow viral reactivation in CD34+ HPCs

Although HCMV-induced TGF-β exhibits myelosuppressive effects on uninfected CD34+ 

HPCs, the effects of the cytokine on latently infected HPCs is unknown. Since TGF-β can 

negatively affect the growth of other viruses (Campion et al., 2014; Chiu et al., 2012; Choi et 

al., 2015; Di Bartolo et al., 2008; DiMaio et al., 2014; Fukuda et al., 2002; Fukuda and 

Longnecker, 2004; Horndasch et al., 2002; Inman and Allday, 2000; Lei et al., 2012; Lo et 

al., 2010; Mori et al., 2003; Morris et al., 2016; Prokova et al., 2002; Seo et al., 2005; 

Tomita et al., 2004; Wood et al., 2007), we hypothesized that HCMV protects infected cells 

from the negative effects of TGF-β signaling by manipulating components of the TGF-β 
signaling pathway. To test this hypothesis, we mock or HCMV-infected primary CD34+ 

HPCs for 48 hours, and isolated a pure population of viable, CD34+, GFP+ HPCs. Following 
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serum starvation, HPCs were stimulated for 4 hours with TGF-β and RNA was analyzed by 

qRT-PCR. Figure 5A shows that while mock infected CD34+ HPCs respond to TGF-β 
stimulation by inducing expression of the classic TGF-β-responsive transcript SERPINE, 

WT infected cells did not induce this transcript, indicating a block in the canonical TGF-β 
signaling pathway. We next tested whether latently-expressed miRNAs could block the 

canonical TGF-β signaling pathway. 293T cells were transfected with a SMAD luciferase 

reporter construct along with negative control miRNA, HCMV miRNA mimics or a SMAD3 

siRNA. As shown in Figure 5B, both miR-UL22A-3p and miR-UL22A-5p but not miR-

UL112-3p, significantly reduced expression from the SMAD reporter construct. 

Bioinformatic and biochemical analyses indicated that the R-SMAD SMAD3 contains 

miRNA binding sites for both miR-UL22A-3p and miR-UL22A-5p within the 3’ UTR 

(Supplemental Figure 2C) suggesting that these miRNAs potentially target the canonical 

SMAD signaling pathway. We validated each target site for the respective miRNA using 3’ 

UTR luciferase assays (Figure 5C). Expression of miR-UL22A-3p and miR-UL22A-5p 

significantly reduced the expression of SMAD3 transcript (Figure 5D) and protein (Figure 

5E), as well as reduced SERPINE expression in response to TGF-β (Figure 5F). These data 

validate miR-UL22A-5p and miR-UL22A-3p miRNA targeting of SMAD3 as well as the 

ability of these miRNAs to block signaling through the canonical TGFβ pathway.

We next generated a ΔmiR-UL22A mutant virus by removing the pre-miR-UL22A sequence 

(deleting both the -3p and -5p arms of the miRNA) from the TB40E strain of HCMV as well 

as a ΔmiR-UL22A/SMAD3 shRNA virus by replacing the miR-UL22A hairpin with an 

shRNA targeting SMAD3 (Supplemental Figure 2D). Infection of NHDF with the ΔmiR-

UL22A mutant virus results in an increase in SMAD3 protein (Figure 6A), indicating that 

SMAD3 is a target of miR-UL22A during viral infection. Replacement of miR-UL22A with 

a SMAD3 shRNA reduced SMAD3 protein levels to those observed during WT infection 

(Figure 6A). Importantly, infection of CD34+ HPCs with ΔmiR-UL22A restored the 

transcriptional response to TGF-β, as measured by SERPINE transcript levels, to levels 

similar to mock infected cells, while infection with the ΔmiR-UL22A/SMAD3 shRNA 

mutant resulted in a decrease in SERPINE levels to what was observed in WT infected cells 

(Figure 6B). Thus, miR-UL22A targeting of SMAD3 is directly responsible for the block in 

canonical TGF-β signaling observed during latent infection of CD34+ HPCs.

In order to investigate the importance of targeting SMAD3 and blocking the canonical TGF-

β signaling pathway during HCMV latency and reactivation in CD34+ HPCs we established 

latent infections with WT, ΔmiR-UL22A and ΔmiR-UL22A/SMAD3 shRNA viruses. As 

shown in Figure 6C, the ΔmiR-UL22A virus reactivates with lower frequency compared to 

WT virus, while the ΔmiR-UL22A/SMAD3 shRNA virus restores the reactivation potential 

of the ΔmiR-UL22A mutant to WT levels. In order to determine the stage of latency and/or 

reactivation that is impaired upon infection with the ΔmiR-UL22A mutant virus, viral 

genomes were quantitated in CD34Δ HPCs at 2 and 14 dpi (Figure 6D). We observed fewer 

genomes at 14 dpi in ΔmiR-UL22A-infected cells compared to WT while expression of the 

SMAD3 shRNA in the context of the ΔmiR-UL22A mutant resulted in enhanced viral 

genomes. Thus, reducing SMAD3 expression and blocking the canonical TGF-β signaling 

pathway is an essential function of the miR-UL22A miRNAs during latency establishment 

and/or maintenance in CD34+ HPCs.

Hancock et al. Page 7

Cell Host Microbe. Author manuscript; available in PMC 2021 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

In this report we demonstrate that latent HCMV infection of CD34+ HPCs induces the 

expression of TGF-β and inhibits myelopoiesis, which is restored with the addition of a 

TGF-β neutralizing antibody. We also show that HCMV miR-US5-2 down-regulates NAB1, 

a repressor of the transcription factor EGR1, and significantly increases expression of TGF-

β. Introduction of a mutation into HCMV that blocks expression of HCMV miR-US5-2 

inhibits the ability of the virus to induce TGF-β as well as restores CD34+ HPC proliferation 

and myelopoiesis to levels observed with mock-infected cells. These results provide a 

potential explanation and a mechanism for the observations in HSCT recipients that despite 

the presence of very few HCMV-infected cells in the bone marrow HCMV induction of 

TGF-β results in global myelosuppression.

We also observed that intracellular TGF-β signaling was blocked in infected CD34+ HPCs 

through HCMV miR-UL22A downregulation of SMAD3 expression. Mutation of miR-

UL22A blocked viral reactivation in CD34+ HPCs that was reversed by expression of an 

shRNA directed against SMAD3. These data indicate that activation of the canonical TGF-β 
signaling pathway in the infected cell is detrimental for HCMV latency and requires miR-

UL22A to block the negative effects of cytokine signaling on the establishment or 

maintenance of latency and viral reactivation. Thus, HCMV coordinates the expression of 

two distinct viral miRNAs during latency in order to increase production of TGFβ to 

manipulate homeostasis of surrounding cells in the bone marrow microenvironment as well 

as directly protect the infected cell from the negative effects of TGF-β signaling. A model 

describing the mechanisms of HCMV-mediated myelosuppression through induction of 

TGF-β and blocking of TGF-β signaling is shown in Figure 7.

TGF-β is one of the most important cytokines regulating CD34+ HPC homeostasis and self-

renewal (Blank and Karlsson, 2015). TGF-β can have different effects on cellular functions 

depending on the differentiation state of the cell and the concentration of the cytokine in the 

bone marrow microenvironment (Akel et al., 2003; Batard et al., 2000; Capron et al., 2010; 

Challen et al., 2010; Oh et al., 2000; Sitnicka et al., 1996). While TGF-β produced by 

stromal and hematopoietic cells is necessary to maintain CD34+ HPC homeostasis (Batard et 

al., 2000; Zhang et al., 2016), administration of high concentrations of the cytokine to HSCs 

in vitro is a potent inhibitor of cellular growth and proliferation (Dao et al., 2002; Sing et al., 

1988; Sitnicka et al., 1996). While high concentrations of TGF-β negatively affect CD34+ 

HPC growth and proliferation, physiological concentrations of the cytokine are necessary to 

maintain stem cell quiescence and self-renewal. The processes involved in the maintenance 

of the stem cell pool and the signals that promote CD34+ HPC proliferation and 

differentiation are highly regulated, but incompletely understood (reviewed in (Haas et al., 

2018)). As we have shown in this report, altering this balance through HCMV-induced 

overproduction of TGF-β results not only in myelosuppression but also suppression of HPC 

proliferation. In contrast to the effects of TGF-β on primitive hematopoietic progenitor cells, 

more differentiated hematopoietic cells respond differently to the cytokine (Fortunel et al., 

2000; Mayani et al., 1995; Oh et al., 2000). Concentrations of TGF-β within the range 

produced during latent HCMV infection stimulate the proliferation of murine myeloid-

biased HSCs, but inhibit lymphoid-biased HSC proliferation (Challen et al., 2010). This 
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situation would promote increased numbers of myeloid lineage cells but decreased numbers 

of lymphoid cells in the peripheral organs of the host, potentially contributing to an overall 

immune suppression. Since HCMV preferentially targets myeloid lineage cells for latency 

and uses these cells a vector to traffic virus throughout the host, induction of TGF-β may 

provide a better environment for viral persistence.

Since TGF-β is a critical regulator of numerous cellular processes, cytokine expression and 

release are carefully regulated by the cell. The immediate early transcription factor EGR1 

stimulates expression of TGF-β through two GC-rich EGR1 binding sites within the TGF-β 
promoter (Liu et al., 1996). NAB1 is a transcriptional repressor of EGR1-dependent 

transcripts and interacts with EGR1 to bring HDAC2 and other chromatin modifiers to the 

promoter (Cai et al., 2017; García-Gutiérrez et al., 2011; Swirnoff et al., 1998; Thiel et al., 

2000). Critically, mutation of the NAB1-interacting domain of EGR1 enhances TGF-β 
production (Liu et al., 1996), which supports the observations presented here in which 

downregulation of NAB1 protein by miR-US5-2 enhances TGF-β expression. EGR1 is also 

a key transcription factor in maintaining the ‘stemness’ of HPCs in the bone marrow by 

blocking differentiation and promoting self-renewal (Min et al., 2008). Interestingly, we 

have recently reported that HCMV miR-US22 directly targets the EGR1 transcript (Mikell et 

al., 2019). miR-US22 is not expressed during latency in CD34+ HPCs, allowing the cells to 

maintain their stem cell phenotype and produce TGF-β. However, upon reactivation miR-

US22 expression is upregulated and plays a key role in reducing EGR1 levels as well as 

blocking proliferation and enhancing differentiation along the myeloid lineage. Thus, 

regulated expression of HCMV miRNAs plays key roles in the maintenance of latency and 

triggering viral reactivation.

Herpesviruses, including Epstein-Barr virus and Kaposi’s sarcoma-associated herpesvirus 

have been extensively studied for their interactions with the TGF-β signaling pathway and 

encode proteins and non-coding RNAs or induce cellular miRNAs in order to overcome 

TGF-β-mediated apoptosis and block expression of growth inhibitory genes (Campion et al., 

2014; Chiu et al., 2012; Choi et al., 2015; Di Bartolo et al., 2008; DiMaio et al., 2014; 

Fukuda et al., 2002; Fukuda and Longnecker, 2004; Horndasch et al., 2002; Inman and 

Allday, 2000; Lei et al., 2012; Lo et al., 2010; Mori et al., 2003; Morris et al., 2016; Prokova 

et al., 2002; Seo et al., 2005; Tomita et al., 2004; Wood et al., 2007). In this study we 

demonstrate that HCMV miR-UL22A reduction of SMAD3 is critical to block TGF-β 
signaling and plays an essential role in the establishment and/or maintenance of viral latency 

in CD34+ HPCs. By utilizing a ΔmiR-UL22A mutant virus expressing a SMAD3 shRNA, 

we are able to conclusively link the lack of viral reactivation observed with the ΔmiR-

UL22A mutant virus to the requirement to block the canonical TGF-β signaling pathway. 

How TGF-β interferes with HCMV latency remains to be determined, but its effects at early 

stages of latency suggest TGF-β could act on latency establishment or alter the cell such that 

it is no longer conducive to latency maintenance.

HCMV-induced myelosuppression in HSCT and solid organ transplantation remains a 

significant problem in these patient populations (Ljungman et al., 2011; Randolph-Habecker 

et al., 2002). While current clinical practices utilize antiviral drugs that target lytic HCMV 

infection in transplant patients, the data presented here underlie the need for therapeutics 
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targeting latent infection in order to combat virus-induced myelosuppression. Understanding 

the mechanisms of how HCMV regulates expression of TGF-β in latently infected CD34+ 

HPCs to alter hematopoiesis as well as how the virus controls the TGF-β signaling pathway 

to survive in an environment of enhanced TGF-β expression will be important for 

development of new therapeutic interventions.

STAR Methods

Lead Contact and Materials Availability

All information and unique reagents generated in this study are available from the Lead 

Contact, Dr. Jay Nelson (nelsonj@ohsu.edu) without restriction.

Experimental Model and Subject Details

Isolation of Primary Hematopoietic Stem/Progenitor Cells from Primary Fetal 
Liver—CD34+ hematopoietic progenitor cells (HPCs) were isolated from de-identified 

human fetal liver obtained from Advanced Bioscience Resources using CD34+ magnetic 

bead separation (Miltenyi) as previously described (Crawford et al., 2017). In brief, single 

cell suspensions of fetal liver cells were derived by enzymatic and mechanical disruption of 

the liver tissue followed by purification through a Ficoll gradient. CD34+ HPCs were 

isolated using the CD34+ HPC MicroBead kit from Miltenyi (Miltenyi Biotec). The purity of 

isolated CD34+ cells was analyzed using a allophycocyanin (APC)-conjugated monoclonal 

mouse antibody against CD34 (BioLegend).

Tissue Culture Cells—Normal human dermal fibroblasts (NHDF) and HEK293T cells 

were obtained from ATCC and cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (HyClone), 100 units/ml 

penicillin, 100ug/mL streptomycin and 100ug/mL glutamine (ThermoFisher). Human aortic 

endothelial cells (hAEC) (CC-2535; Lonza) were cultured in EBM-2 basal medium with 

EGM-2 SingleQuots supplement excluding Heparin (Lonza), as well as 10% FBS, 

penicillin, and streptomycin. Kasumi-3 cells were obtained from ATCC and maintained in 

RPMI 1640 with 20% FBS and penicillin, streptomycin, and glutamine. M2-10B4 and S1/S1 

stromal cells were obtained from Stem Cell Technologies and maintained in DMEM with 

10% fetal bovine serum and penicillin, streptomycin, and glutamine. All cells were 

maintained at 37°C and 5% CO2.

Method Details

HCMV Constructs—Viruses used in this study include BAC-generated WT TB40/E 

expressing GFP from the SV40 promoter (Umashankar et al., 2011) and TB40/E mutant 

viruses lacking the pre-miR-US5-2 sequence, the pre-miR-UL22A sequence or with a 

SMAD3 shRNA replacing miR-UL22A were generated by galactokinase (galK-)mediated 

recombination (Warming et al., 2005). Briefly, the galK gene was used to replace the miR-

US5-2 pre-miRNA hairpin using homologous recombination (miR-US5-2 galK F: 

ACGAGAGCGTTCATCGGGGCATGAAGTACGCATTACACAAACTCCATATATTTGTT

ACGATAGAATACGGAACGGACCTGTTGACAATTAATCATCGGCA, miR-US5-2 galK 

R: 
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TATGCACAAAAGGTATGTGTGAATGGAAATACATGATGAATGTCATCATCACGCAA

AGCAGCCGTGGGAATGGTCTCAGCAAAAGTTCGATTTATTCAAC) or the miR-

UL22A hairpin (miR-UL22A galk F: 

TTTGCTCTAAAAACACCCCGCCTCCGGTCTTTTTTCTTTTGTATTCGGCACGCGAA

ACACGGTTTCTTCCCATAGCCCTGTTGACAATTAATCATCGGCA, miR-UL22A galK 

R: 

ATACGAACCGCTCGAGTCGCGTGTGTTTTGACGGGGCTGGGTGGAGAGGGAAGG

TCGCGCCGCCGCAGCATCCCGCATAGCTCAGCAAAAGTTCGATTTA). In the second 

recombination step, galK is removed using oligos that encompass the regions up- and 

downstream of the pre-miR-US5-2 sequence (miR-US5-2 F: 

TACGCATTACACAAACTCCATATATTTGTTACGATAGAATACGGAACGGAACCATTC

CCACGGCTGCTTTGCGTGATGATGACATTCATCATGTATTTCC, miR-US5-2 R: 

GGAAATACATGATGAATGTCATCATCACGCAAAGCAGCCGTGGGAATGGTTCCGT

TCCGTATTCTATCGTAACAAATATATGGAGTTTGTGTAATGCGTA) or up and 

downstream of the pre-miR-UL22A sequence (miR-UL22A oligo F: 

GTCTTTTTTCTTTTGTATTCGGCACGCGAAACACGGTTTCTTCCCATAGC 

CTATGCGGGATGCTGCGGCGGCGCGACCTTCCCTCTCCACCCAGCCCCGT, miR-

UL22A oligo R: 

ACGGGGCTGGGTGGAGAGGGAAGGTCGCGCCGCCGCAGCATCCCGCATAGGCTA

TGGGAAGAAACCGTGTTTCGCGTGCCGAATACAAAAGAAAAAAGAC) or replaced 

with a SMAD3 shRNA sequence: 

(TGCTGTTGACAGTGAGCGCTGTGTGAGTTCGCCTTCAATTGAAGCCACAGATGTA

ATTGAAGGCGAACTCACACACTGCCTACTGCCTCGGA). All virus stocks were 

propagated and titered on NHDFs.

3’ UTR Luciferase Assays—The NAB1 and SMAD3 3’ UTRs were cloned into the dual 

luciferase reporter pSiCheck2 (Promega) using the following primer sets: NAB1 F: 5’ 

GAGCCTGAAGATTCAAGATAG 3’ and NAB1 R: 5’ 

GTGAGGCACAGAAAATCTTTATTG 3’ and SMAD3 F: 5’ 

GACCACCAGAGGAGGATGT 3’ and SMAD3 R: 5’ CAGACTGAGCTCCTGGCACAG 

3’. Site-directed mutagenesis was performed using the QuikChange PCR method to mutate 

the potential miR-US5-2 sites within the NAB1 3’ UTR and the potential miR-UL22A sites 

within the SMAD3 3’ UTR. The primers for mutating miR-US5-2 site 1: Forward: 5’ 

GATTTAAGGATAATACTCCGAAATAAGCCTTAATAACC 3’ and Reverse: 5’ 

GGTTATTAAGGCTTATTTCGGAGTATTATCCTTAAATC 3’. The primers for mutating 

miR-US5-2 site 2: 5’ AGTTCTGCTCTAGTCATAATTGTAA 3’ and Reverse: 5’ 

TTACAATTATGACTAGAGCAGAACT 3’. The primers for mutating the miR-UL22A 3p 

site: Forward: 5’ CTAGAGGAGTGGACGTGACTGGATAG 3’ and Reverse: 5’ 

CTATCCAGTCACGTCCACTCCTCTAG 3’. The primers for mutating the miR-UL22A 5p 

site: 5’ CTTCCTTGAAGCCACAATTCTTAGTTTTAAAATC 3’ and Reverse: 5’ 

GATTTTAAAACTAAGAATTGTGGCTTCAAGGAAG 3’. HEK293T cells were seeded 

into 96 wells plates and transfected with 100ng of pSiCheck2 vector and 100fmol of 

negative control or HCMV miRNA mimic using Lipofectamine 2000. Twenty-four hours 

after transfection cells were harvested for luciferase assay using the Dual-Glo Reporter 

Assay Kit (Promega) according to the manufacturer’s protocol. Luminescence was detected 
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using a Veritas Microplate Luminometer (Turner Biosystems). All experiments were 

performed at least in triplicate and presented as mean +/− standard deviation.

Luciferase Reporter Assay—293T cells were plated as above and transfected with 

100ng of the SMAD Cignal reporter plasmid (Qiagen), 25ng of pRLSV40-Rluc and 100fmol 

of miRNA mimic or SMAD3 siRNA using Lipofectamine 2000. siRNA targeting NAB1 or 

SMAD3 were obtained from ThermoFisher Scientific. Cells were incubated overnight and 

then the media was replaced with serum-free media. After 4 hours of serum starvation 

100pg/mL TGFβ was added in serum-free media for an additional 4 hours and the cells were 

harvested and analyzed as above. Luminescence was detected using a Veritas Microplate 

Luminometer (Turner Biosystems). All experiments were performed at least in triplicate and 

presented as mean +/− standard deviation.

Immunoblotting—Protein extracts were run on an 8% SDS-PAGE, transferred to 

Immobilon-P Transfer Membranes (Milipore Corp., Bedford, MA), and visualized with 

antibodies specific for NAB1 (sc-81565; Santa Cruz Biotechnology), SMAD3 (ab-40854; 

Abcam), HCMV IE2 (MAB810; Sigma Aldrich) and GAPDH (ab8245; Abcam). Relative 

intensity of bands detected by western blotting were quantitated using ImageJ software. 

Each experiment utilizing western blotting was performed at least in duplicate.

qRT-PCR for cellular transcripts—Total RNA was isolated from transfected or infected 

cells using the Trizol RNA isolation method. cDNA was prepared using 1000ng of total 

RNA and random hexamer primers. Samples were incubated at 16°C for 30 minutes, 42°C 

for 30 minutes and 85°C for 5 minutes. Real-time PCR (Taqman) was used to analyze cDNA 

levels in transfected or infected samples. An ABI StepOnePlus Real Time PCR machine was 

used with the following program for 40 cycles: 95°C for 15 sec and 60°C for one minute. 

Taqman primer and probe sets for SMAD3 (Hs00969210_m1), SERPINE 

(Hs00167155_m1) and 18S (Hs03928990_g1) were obtained from ThermoFisher Scientific. 

Relative expression was determined using the ΔΔCt method using 18S as the standard 

control with error bars representing the standard deviation of at least two experiments.

CD34+ HPC Colony Formation Assay—Primary CD34+ HPCs were thawed and 

recovered overnight in stem cell media (Iscove’s Modified Dulbecco’s Medium (IMDM) 

containing 10% BIT serum replacement (Invitrogen), penicillin/streptomycin and stem cell 

cytokines (SCF, FLT3L, IL-3, IL-6 (Peprotech)) and infected with HCMV at a MOI of 3 or 

transfected with 1ug endotoxin-free plasmid stocks using the P3 primary cell kit and 4D 

AMAXA (Lonza). All treated HPCs were isolated by FACS (BD FACS Aria equipped with 

488, 633 and 405 lasers, running FACS DIVA software) for a pure population of viable, 

CD34+, GFP+ HPCs. At indicated times, viable CD34+ HPCs were plated in Methocult 

H4434 (Stem Cell Technologies) in 35mm dishes or 6 well plates in triplicate for myeloid 

colony assays. Total and specific myeloid colonies were enumerated manually at 7 and 14 

days using a standard microscope. Experiments were performed at least in duplicate. 

Neutralization of TGF-β was performed by treating supernatants with 1ug/mL anti-TGF-β 
antibody (clone 1D11, MAB1835, R&D) prior to combining with CD34+ HPCs and plating 

for myeloid colony assays as above.
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CD34+ HPC Proliferation Assays—Pure populations of sorted HPCs were plated at 

2x103 to 104 cells/mL in progenitor cell proliferation media (SFEMII (Stem Cell 

Technologies) supplemented with penicillin/streptomycin and stem cell cytokines (SCF, 

FLT3L, IL-3, IL-6)) at 200uL/well in 96 well plates for proliferation assays. Proliferation 

was assessed at indicated times as described in the Figures 3 and 4 by Trypan Blue exclusion 

and manual counting.

HCMV HPC Latency Culture—HCMV latency was established in long-term cultures of 

CD34+ HPCs using methods as previously detailed (Umashankar and Goodrum, 2014). 

Briefly, CD34+ HPCs were infected with HCMV TB40E-GFP, TB40E-GFPΔmiR-US5-2, 

TB40E-GFPΔmiR-UL22A or TB40E-GFPΔmiR-UL22A/SMAD3 shRNA at an MOI of 3 

for 42 hours prior to FACS in order to obtain a pure population of viable, CD34+, GFP+ 

HPCs. HPCs were then co-cultured in transwells above monolayers of irradiated M2-10B4 

and S1/S1 stromal cells for 12 additional days to establish latency. The frequency of 

infectious centers was calculated using ELDA (http://bioinf.wehi.edu.au/software/elda/, (Hu 

and Smyth, 2009)) at three weeks post plating. Two representative experiments are shown in 

Figure 6.

Quantitative PCR for viral genomes—Viral DNA was isolated from Trizol at 2 and 14 

days post-infection as described in Figure 6 using the manufacturer’s two-step RNA/DNA 

protocol. Primers and a probe recognizing HCMV UL141 were used to quantify HCMV 

genomes (probe, CGAGGGAGAGCAAGTT; forward primer, 5′-

GATGTGGGCCGAGAATTATGA; reverse primer, 5′-ATGGGCCAGGAGTGTGTCA). 

Viral genomes synthesized during infection in CD34+ HPCs were normalized to the total 

cell number using human β-globin as a reference (probe, GGACAGATCCCCAAAGGACT; 

forward primer, 5′-TTAGGGTTGCCCATAACAGC; reverse primer, 5′-

TTGGACCCAGAGGTTCTTTG) as previously described (Crawford et al., 2018). Error 

bars represent the standard deviation of three replicate wells.

TGF-β ELISA and LUMINEX Assays—CD34+ HPCs, NHDF, or Kasumi-3 cells were 

maintained as described above. For analysis of cytokine-containing supernatant, cells were 

transferred to serum-free culture media at equivalent densities and cultured for the indicated 

times as described in Figures 1, 3, and 4 as well as Supplemental Table 1. Quantification of 

total TGF-β was performed on duplicate samples using the LegendMAX total TGF-β1 

ELISA Kit (Biolegend) following the manufacturer’s instructions and absorbance read at a 

wavelength of 450nm. Samples for multiplex cytokine analysis were obtained the same way 

and analyzed using the Cytokine Human Magnetic 30-plex panel (ThermoFisher) according 

to the manufacturer’s instructions and read on a Luminex LX-200.

Quantification and Statistical Analysis

Data are shown as mean +/− standard deviation or standard error of the mean as indicated in 

the legends of Figures 1-6. Statistical analysis was performed using GraphPad Prism (v6 or 

v7) for comparisons between experimental groups using unpaired t-test, paired t-test or one- 

or two-way analysis of variance (ANOVA) with Tukey post-test as indicated.
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This manuscript did not generate any unique datasets or code

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Latent HCMV infection of stem cells induces the myelosuppressive cytokine 

TGFβ

• HCMV miR-US5-2 targets the transcriptional repressor NAB1 to mediate 

TGFβ expression

• HCMV miR-UL22A down-regulates SMAD3 to block TGFβ signaling in the 

infected cell

• Blocking TGFβ signaling is critical for HCMV latency and genome 

maintenance
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Figure 1. HCMV infection directly suppresses myelopoiesis via upregulation of TGF-β from 
latently infected HPCs.
CD34+ HPCs were infected with HCMV (TB40E-GFP) for ~42 hrs. Infected cells were 

sorted for viable, CD34+, and GFP+ HPCs. Uninfected cells were cultured in the same 

manner and sorted for viable, CD34+ HPCs. A) For analysis of the direct effects of HCMV 

infection on myeloid differentiation, sorted CD34+ (Mock) or CD34+GFP+ (HCMV) HPCs 

were plated at 500 cells per dish in Methocult H4434 and cultured for 14 days. Different 

myeloid (CFU-GM, CFU-GEMM) and erythroid (CFU-E and BFU-E) colonies were 

counted at 14 days post-plating. B) For analysis of the effects of latent HCMV infection on 

myeloid differentiation, sorted CD34+ (Mock) or CD34+GFP+ (HCMV) HPCs were plated 

on stromal cell support for long-term culture to establish HCMV latency. Total cells were 

counted after 12 days in latency culture (14dpi) and were plated at 1000 cells per dish in 

Methocult H4434 and cultured for an additional 14 days. Representative experiments are 

shown. Error bars represent standard deviation for triplicate wells, significance determined 

by two-way ANOVA with Sidak’s post-test. C) To determine the effect of the HCMV 

secretome from latently infected CD34+ HPCs, Mock and HCMV-infected HPCs were 

infected and cultured as in B, then removed and plated in serum-free media for an additional 

48hrs prior to collection of cell-free supernatants (secretome samples). CD34+ HPCs pre-

treated with or without anti-TGF-β antibody were mixed with diluted (1:5) secretome 

samples from Mock or HCMV-infected HPCs, plated at 500 cells per dish in Methocult 

H4434 and cultured for 14 days. Total colonies from a representative experiment are shown. 

Error bars represent standard deviation for triplicate wells, significance determined by t-test. 

D) Cell-free secretome samples from latent HCMV-infected CD34+ HPCs or Mock-infected 

HPCs from long term culture were analyzed for secreted TGF-β by ELISA. Data shown is 

for one representative experiment out of 5 biological replicates. Additional replicates are 

summarized in Supplemental Table 1. Error bars represent standard deviation for duplicate 

wells, significance determined by t-test. See also Figure S1 and Supplemental Table 1.

Hancock et al. Page 20

Cell Host Microbe. Author manuscript; available in PMC 2021 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. HCMV miR-US5-2 upregulates TGF-β by directly targeting NAB1.
A) NHDFs were transfected with mimics for latently expressed HCMV miRNAs or TGF-β 
siRNA for 48 hours and secreted TGF-β analyzed by ELISA. Error bars represent standard 

deviation for triplicate wells, significance determined by one-way ANOVA compared to 

negative control siRNA. B) HEK293T cells were co-transfected with pSIREN expression 

vectors containing the WT NAB1 3’ UTR or 3’UTRs containing mutations in the putative 

miR-US5-2 binding sites and Negative control or miR-US5-2 mimic. Twenty-four hours 

post-transfection, protein lysates were harvested and examined for luciferase expression. 

Statistical significance determined by one-way ANOVA. See also Figure S2A. Protein was 

harvested from 293T (C), Normal Dermal Human Fibroblasts (NHDFs) (D), or human aortic 

endothelial cells (hAECs) (E) transfected with miR-US5-2 mimic or NAB1 siRNA for 48 

hours and analyzed for NAB1 expression via western blot. GAPDH was used as a loading 

control and fold change in NAB1 expression compared to GAPDH is recorded below.
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Figure 3. HCMV miR-US5-2 directly targets NAB1 to upregulate TGF-β in HPCs and mediate 
myelosuppression.
A) Kasumi-3 cells were transfected with pSIREN-GFP plasmids expressing miR-US5-2 or 

an shRNA against NAB1 and cultured for 24hrs. Pure populations of viable, transfected 

(GFP+) cells were isolated by FACS and recovered overnight. Supernatants were analyzed 

by TGF-β ELISA following an additional 24hrs in serum-free media. B and C) CD34+ 

HPCs were transfected as in A for 48hrs. Pure populations of viable, transfected (GFP+) 

cells were isolated by FACS and plated in SFEMII to support progenitor cell proliferation 

for 7 days. Total viable cells were manually counted at 2, 5 and 7 days post plating. The 

average proliferation for one representative experiment is shown in B with error bars 

representing standard deviation for replicate wells. Primary CD34+ HPCs from 6 

independent donors were transfected with pSIREN-GFP-miR-US5-2 and the fold change in 

proliferation compared to control vector (pSIREN-GFP) shown in C. Two way ANOVA was 

performed comparing all donors in C, p<0.05. D and E) CD34+ HPCs were transfected and 

isolated as above. Pure populations were plated at 500 cells per dish in Methocult H4434 in 

triplicate for 14 days. Specific myeloid colony types are shown from one representative 

experiment in D. The average total myeloid colonies from independent CD34+ HPC donors 

are shown in E for miR-US5-2 (N=11) and NAB1 shRNA (N=5). Error bars represent 

standard deviation for replicate wells (D) or SEM for replicate experiments (E), significance 

determined by two-way (D) or one-way (E) ANOVA with Tukey post-test.

Hancock et al. Page 22

Cell Host Microbe. Author manuscript; available in PMC 2021 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Loss of miR-US5-2 directly abrogates HCMV-mediated TGF-β upregulation in HPCs 
and controls myelosuppression.
A) NHDF were mock infected or infected with WT HCMV or HCMVΔmiR-US5-2 for the 

indicated times. Protein lysates were harvested and analyzed for NAB1 expression via 

western blot. GAPDH was used as a loading control and fold change in NAB1 expression 

compared to GAPDH is recorded below. B) CD34+ HPCs were infected with HCMV or 

HCMVΔmiR-US5-2 for 48 hours, then sorted and plated for latency as described in Figure 

1. Latently infected HPCs were cultured for an additional 48hrs in serum-free media and 

analyzed by ELISA for TGF-β expression. Error bars represent standard error of the mean 

from 4 independent experiments with each independent HPC donor represented by unique 

symbols, significance determined by one-way ANOVA. C and D) CD34+ HPCs were 

infected with HCMV, HCMVΔmiR-US5-2, or Mock-infected, sorted by FACS and plated 

for latency as described in Figure 1. Total viable HPCs were counted at 12d post-plating 

(14dpi) to assess proliferation during the latency period. The average proliferation for one 

representative experiment is shown in C, and the fold change compared to Mock-infected 

cells for 10 independent experiments is shown in D. Error bars represent SEM for replicate 

experiments and significance was determined by one-way ANOVA. E) Pure populations of 
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infected HPCs were sorted and plated at 500 cells per well in Methocult H4434 in triplicate 

for analysis of myeloid colony formation. Specific myeloid colony types are shown from one 

representative experiment out of 3 independent experiments. Error bars represent standard 

deviation for triplicate wells and significance was determined by two-way ANOVA with 

Tukey post-test. See also Figure S2B.
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Figure 5. HCMV miR-UL22A directly targets the SMAD3 transcript to limit signaling through 
the TGF-β pathway.
A) CD34+ HPCs were mock-infected or infected with WT TB40E for 48 hours followed by 

cell sorting for viable, CD34+, GFP+ cells. Cells were serum starved, stimulated with 

100pg/mL of TGF-β for 4 hours, and RNA isolated and used for qRT-PCR for SERPINE 

expression normalized to 18S. Experiment was performed in triplicate. Error bars represent 

the standard deviation of the mean and significance was determined by t-test B) 293T cells 

were transfected with a SMAD luciferase reporter construct along with negative control 

miRNA, SMAD3 siRNA or HCMV miRNA mimics for 24 hours. Cells were serum starved, 

stimulated with 100pg/mL of TGF-β for 4 hours, then harvested and analyzed for luciferase 

expression. Experiment was performed in triplicate. Error bars represent the standard error 

of the mean and significance was determined by t-test. C) Either WT or SMAD3 3’UTR 

constructs containing mutations in the miR-UL22A-5p or -3p target sites were transfected 

into 293T cells along with negative control or the corresponding HCMV miRNA mimic. 

Twenty-four hours later cells were harvested and luciferase expression was measured. 

Experiment was performed in triplicate. Error bars represent the standard error of the mean 

and significance was determined by t-test. See also Figure S2C. D and E) NHDF were 

transfected with negative control miRNA, HCMV miR-UL22A-3p and -5p miRNA mimics 

or SMAD3 siRNA for 48 hours after which RNA (D) or protein (E) were harvested and 

analyzed for SMAD3 expression. Protein expression is normalized to GAPDH and relative 

levels are shown below. F) NHDF were transfected as in D and E, then serum starved and 

treated with 100pg/mL TGF-β for 4 hours after which time RNA was isolated and qRT-PCR 

was used to assess SERPINE expression as in (A). * p<0.05, **p<0.01.
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Figure 6. HCMV miR-UL22A targeting of SMAD3 is essential for latency in CD34+ HPCs.
A) NHDF were infected with WT, ΔmiR-UL22A or ΔmiR-UL22A/SMAD3shRNA and 

protein was harvested at the indicated timepoints and assessed for SMAD3, HCMV IE2 and 

GAPDH protein expression. B) CD34+ HPCs were infected with WT, ΔmiR-UL22A and 

ΔmiR-UL22A/SMAD3 shRNA viruses and analyzed as in Figure 5A to determine 

SERPINE transcript levels. Experiment was performed in duplicate. Error bars represent the 

standard error of the mean. Significance was determined by t-test. *p<0.05 C) CD34+ HPCs 

were infected with HCMV, HCMVΔmiR-UL22A and HCMVΔmiR-UL22A/SMAD3 

shRNA and analyzed for latency and reactivation as described in Figure 1. Results from two 

representative donors are shown. D) HCMV genome copy number in initially sorted (2dpi) 

and latently-infected HPCs (14dpi) from both two donors was assessed by qPCR for HCMV 

UL141 and normalized to cellular β-globin. Error bars represent the standard error of the 

mean of three triplicate wells. See also Figure S2D.
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Figure 7. HCMV miRNA-mediated regulation of TGF-β production and signaling during viral 
latency and reactivation in CD34+ HPCs.
Latent infection of CD34+ HPCs results in the expression of HCMV miR-US5-2 which 

directly targets the TGF-β transcriptional repressor NAB1 resulting in increased production 

and secretion of TGF-β. Secreted TGF-β acts on neighboring uninfected cells to mediate 

myelosuppression. Infected cells additionally express miR-UL22A which directly targets 

SMAD3 to block signaling through the TGF-β pathway which is required for efficient 

latency establishment and genome maintenance.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-human TGF-beta 1, 2, 3 R&D Systems Cat# MAB1835

Mouse monoclonal anti-human NAB1 Santa Cruz 
Biotechnology

Cat# sc-81565

Mouse monoclonal anti-human GAPDH Abcam Cat# ab8245

Rabbit monoclonal anti-human SMAD3 Abcam Cat# ab40854

Mouse monoclonal anti-HCMV IE2 Sigma Aldrich Cat# MAB810

 

 

Bacterial and Virus Strains

HCMV BAC: TB40E-GFP GenBank ref # 
EF999921.1

 

 

 

 

Biological Samples

Human: primary fetal liver, de-identified, 12-20 wks Advanced 
Bioscience 
Resources

n/a

 

 

 

 

Chemicals, Peptides, and Recombinant Proteins

Recombinant human TGF-β Peprotech Cat# 100-21

 

 

 

 

Critical Commercial Assays

 

P3 primary cell nucleofection kit Lonza Cat# V4XP-3032

Cytokine Human Magnetic 30-plex panel ThermoFisher Cat# 
LHC6003MCytokine

LegendMAX total TGF-β1 ELISA Biolegend Cat# 436707

SMAD3 Taqman Assay ThermoFisher Hs00969210_m1

SERPINE Taqman Assay ThermoFisher Hs00167155_m1

18S rRNA Tarman Assay ThermoFisher Hs03928990_g1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

 

 

 

 

 

Experimental Models: Cell Lines

Human: NHDF ATCC Cat# PCS-201-012

Human: HEK293T ATCC Cat# CRL-11268

Human: Kasumi-3 ATCC Cat# CRL-2725

Human: AEC Lonza CC-2535

Mouse: M2-10B4 Stem Cell 
Technologies

Cat# 00301

Mouse: S1/S1 Stem Cell 
Technologies

Cat# 00302

Experimental Models: Organisms/Strains

 

 

 

 

 

 

Oligonucleotides

miR-US5-2 galk F primer: 
ACGAGAGCGTTCATCGGGGCATGAAGTACGCATTACACAAACTCCATATATTTGTTACGATAGAATACGGAACGGACCTGTTGACAATTAATCATCGGCA

This study n/a

miR-US5-2 galk R primer: 
TATGCACAAAAGGTATGTGTGAATGGAAATACATGATGAATGTCATCATCACGCAAAGCAGCCGTGGGAATGGTCTCAGCAAAAGTTCGATTTATTCAAC

This study n/a

miR-US5-2 F primer: 
TACGCATTACACAAACTCCATATATTTGTTACGATAGAATACGGAACGGAACCATTCCCACGGCTGCTTTGCGTGATGATGACATTCATCATGTATTTCC

This study n/a

miR-US5-2 R primer: 
GGAAATACATGATGAATGTCATCATCACGCAAAGCAGCCGTGGGAATGGTTCCGTTCCGTATTCTATCGTAACAAATATATGGAGTTTGTGTAATGCGTA

This study n/a

NAB1 3’ UTR F primer: GAGCCTGAAGATTCAAGATAG This study n/a

NAB1 3’ UTR R primer: GTGAGGCACAGAAAATCTTTATTG This study n/a

miR-US5-2 NAB1 binding site 1, F primer: GATTTAAGGATAATACTCCGAAATAAGCCTTAATAACC This study n/a

miR-US5-2 NAB1 binding site 1, R primer: GGTTATTAAGGCTTATTTCGGAGTATTATCCTTAAATC This study n/a

miR-US5-2 NAB1 binding site 2, F primer: AGTTCTGCTCTAGTCATAATTGTAA This study n/a

miR-US5-2 NAB1 binding site 2, R primer: TTACAATTATGACTAGAGCAGAACT This study n/a

Please see Table S2 for additional oligonucleotide sequences

Recombinant DNA

pRL SV40-Rluc Promega Cat# E2231

pSiCheck2 Promega PR-C8021

pSIREN-GFP Clontech Cat# 632455
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REAGENT or RESOURCE SOURCE IDENTIFIER

SMAD Cignal Reporter Assay Qiagen Cat# CCS-017G

TGF-β siRNA ThermoFisher Cat # 4427038 
Assay ID: s14054

NAB1 siRNA ThermoFisher Cat # 4427037 
Assay ID: s9245

SMAD3 siRNA ThermoFisher Cat # 4392420 
Assay ID: s535082

RISC-free siRNA negative control ThermoFisher Cat# 
D-001220-01-05

 

Software and Algorithms

ImageJ Schneider et 
al., 2012

https://
imagej.nih.gov/ij/

FACS Diva BD

Prism (v6 or v7) GraphPad https://
www.graphpad.com/
scientific-software/
prism/

 

 

Other
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