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Abstract 

Human cytomegalovirus (HCMV) is a widely-spread β-herpesvirus that causes congenital infection 

resulting in devastating disabilities in newborns. HCMV requires viral remodeling of host cell metabolism 

to obtain metabolites and lipids to support replication and contains an envelope made of lipids ‘stolen’ 

from the host.  Envelopment is a crucial step in the HCMV life cycle and requires numerous host cell 

lipids, including phosphatidylcholines (PC).  PC lipids are transferred between membranes by 

phosphatidylcholine transfer protein (PC-TP). I hypothesize that infection requires the transfer of PC 

lipids from their site of synthesis to the site of HCMV envelopment via PC-TP. I found that HCMV 

upregulates PC-TP expression during infection, suggesting that it is important to infection. To determine 

the role of PC-TP in virus replication, I used a small molecule inhibitor and a CRISPR/Cas9 knockout of 

PC-TP. My preliminary data indicates that the loss of PC-TP activity reduces HCMV infection late in the 

viral replication cycle, consistent with my hypothesis.  Additionally, I analyzed how the loss of PC-TP 

affects HCMV remodeling of host lipid metabolism. Overall, my preliminary findings demonstrate a 

possible role for PC-TP in viral replication and provide greater insight into HCMV’s ability to rewire host 

cells to support infection. 
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Introduction 

Human cytomegalovirus (HCMV) is a globally ubiquitous β-herpesvirus infecting over 60% of the 

world population [1] with prevalence varying based on location and socioeconomic status (i.e. <90% of 

preschool children are infected in the developing world compared to 20% in developed countries)  [2]. 

Generally, HCMV infection is asymptomatic for healthy and immunocompetent children, adults, and 

newborns. However, HCMV is the most common congenital viral infection and can result in deafness, 

blindness, liver abnormalities, and severe learning disabilities in children. In the United States, HCMV is 

the leading cause of birth defects [3]. Infection has also been associated with glioblastoma [4, 5], 

cardiovascular disease [6], and the deterioration of the immune system [7]. Infection can lead to 

prolonged drug treatment, hospitalization and, less commonly, death. HCMV is also a life threatening 

opportunistic infection in immunocompromised patients, including HIV/AIDS patients and stem-

cell/solid-organ transplant recipients [1, 8]. Patients are typically give acyclovir-related drugs (nucleoside 

analogues) that have a poor therapeutic index and can lead to cytopenia [9]. HCMV is typically 

transmitted by the exchange of bodily fluids [10], including sexual activity [11]. HCMV infection can be 

limited by widespread sanitation (e.g. washing hands, not sharing food and drink-ware), but this practice 

is impractical on a large scale [12]. There is no cure or vaccine for HCMV. Like all herpesviruses, once a 

person is infected, they will harbor the HCMV for life since the immune system fails to clear the virus 

[13]. 

HCMV has a double-stranded DNA genome surrounded by a capsid, a proteinaceous layer called 

the tegument, and an envelope composed of host derived lipids and viral proteins. HCMV virion 

assembly occurs in the nucleus and in a virally generated perinuclear organelle called the assembly 

complex that contains various host and virus proteins and host membranes [1]. The formation of this 

complex has been shown to not only increase the expression of organelle markers but also relocate 

them to the complex [14]. HCMV undergoes two distinct and independent envelopment phases: primary 
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envelopment that occurs at the inner nuclear membrane of as the viral capsid exits the nucleus (this 

envelope is only temporary as it is lost at the outer nuclear membrane), and a final envelopment that 

likely happens in the assembly complex. During final envelopment, lipids made by host metabolic 

pathways are used to form an infectious HCMV virion [1]. 

HCMV upregulates the expression of host proteins, including the fatty acid elongase 7 enzyme 

(ELOVL7), to meet the lipid requirements of infection [15]. ELOVL7 produces saturated very long chain 

fatty acids that are found in the viral envelope [15] and are required for infection [16]. HCMV infection 

of human fibroblasts also results in upregulation of key metabolites in the citric acid cycle as well as de 

novo pyrimidine biosynthesis [17]. HMCV utilizes multiple mechanisms to remodel host cell metabolism. 

For example, HCMV upregulates estrogen-related receptor α to increase glucose metabolism [18]. When 

the receptor was knocked down in HCMV infected cells, levels of glycolysis enzymes including enolase, 

triosephosphate isomerase, and hexokinase were reduced [18], indicating that HCMV may utilize the 

receptor to modify cellular metabolism via transcriptional control. To upregulate the flux of the citric 

acid cycle (TCA), HCMV enhances glutamine uptake and its metabolism to the TCA intermediate alpha-

ketoglutarate [19]. HCMV also upregulates a diverse set of kinases to modulate metabolism [15, 20-23]. 

Activation of AMPK induces increased flux through glycolysis with its inhibition attenuating HCMV 

infection [22, 23]. HCMV also utilizes calmodulin dependent kinase kinase to increase glycolytic flux [21]. 

Regarding lipid metabolism, HCMV has been shown to upregulate PKR-like endoplasmic reticulum kinase 

(PERK) to induce lipogenesis [20], and recent work has shown that PERK may be necessary for the 

synthesis of  phospholipids with very long chain fatty acid tails (Purdy Lab, unpublished).  

HCMV envelopes are composed of several types of phospholipids, with phosphatidylcholine (PC) 

lipids composing about 39% of the lipids. Phosphatidylethanolamines compose 48.6% of the envelope, 

phosphatidylserines, 8.1%, phosphatidylglycerols, 5.1%, phosphatidylinositols, 2.9%, and phosphatidic 

acid, 1.7%. [24]. Importantly, this previous analysis of the virion envelope only examined phospholipids 
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with chains shorter than those made by ELOVL7. The Purdy lab recently developed lipidomic methods 

that led to the finding that HCMV infection increases the intracellular concentration of PCs (Figure 2a) 

and phosphatidylethanolamines that may possibly contain tails made by ELOVL7 (unpublished). PCs are 

a type of glycerophospholipid which consists of two fatty acids covalently linked to a glycerol molecule. 

The third carbon on the glycerol is covalently linked to a phosphorylcholine moiety [25]. Like other 

glycerophospholipids, the tails of PCs can have variable chain lengths (i.e. the total number of carbons in 

the fatty acid hydrocarbon tails) and degree of saturation (i.e. the number of double bonds in the 

hydrocarbon tails). PCs are more abundant than phosphatidylethanolamines in uninfected and HCMV-

infected fibroblast cells [24, 26]. However, phosphatidylethanolamines are more abundant than PCs in 

the viral envelope, suggesting that specific lipids are selected during final envelopment [24]. In 

mammalian cells, PCs are essential for the formation of lipoproteins, lipid droplets, and the 

mitochondrial membrane [26]. PC is synthesized by three pathways: CDP-choline (also called the 

Kennedy Pathway [27]), lyso-phosphatidylcholine to PC (also called the Lands cycle) [28], and 

phosphatidylethanolamine to PC [29]. In the Kennedy pathway, choline is phosphorylated by choline 

kinase to become phosphocholine. Phosphocholine cytidylyltransferase then catalyzes the formation of 

cytidine-disphosphocholine (CDP-choline). Finally, choline phosphotransferase transfers a 

phosphocholine group from CDP-choline to diacylglycerol lipids forming PC lipids [27]. The Lands cycle 

involves the addition of a fatty acid chain to lysophosphatidylcholine—a PC lipid that has only a single 

tail—by lysophosphatidylcholine acyltransferases to form the two-tailed PC lipid [28]. The third pathway 

involves converting phosphatidylethanolamine lipids to PCs via three successive methyl transfer 

reactions [29, 30]. This third pathway is oftentimes discussed as occurring only in the liver [29], however 

it can also take place in the fat [31] and a few other tissues including heart, brain, thymus, and lungs [32, 

33]. Since HCMV increases the intracellular levels PC lipids (Figure 2a), the activity of one or more of 

these pathways is likely enhanced. 
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Like all other phospholipids, PCs do not spontaneously diffuse across membranes, therefore 

they are transported by membrane imbedded transport proteins [34]. PC can be transferred by several 

proteins, including phosphatidylinositol transfer protein (PI-TP) alpha and beta  [35], phospholipid 

transfer protein (PL-TP) [36], and phosphatidylcholine transfer protein (PC-TP) [34]. PC-TP is the only 

one of these proteins that exclusively transfers PCs [34]. For PC to reach the site of final viral 

envelopment from its final synthesis location, it is likely that intermembrane transfer occurs, which may 

be facilitated by PC-TP [34]. Therefore PC-TP activity may be required for viral replication.  

PC-TP is a 25 kDa member of the START super family domain (STARD family) of proteins (Table 

1) [9], all of which are related by their lipid binding motifs.  Mammalian genomes encode 15 members of 

the STARD family. The START domain is composed of approximately 210 amino acids which forms an α/β 

helix-grip structure. This structure results in a hydrophobic lipid binding pocket that is common across 

many lipid binding domains [37]. Despite this similarity among STARD family proteins, the only proteins 

within this family that can transfer PC are PC-TP, StarD7, and StarD10. PC-TP is classified as a STARD 

family minimal protein as it consists only of the lipid binding motif. PC-TP interacts with PCs via Agr74 

(which binds the negatively charged phosphate) and Trp 101, Tyr 114, and Tyr 155, all of which interact 

with the positively charged choline group. PC-TP transfers PC one molecule at a time [34].  PC-TP is 

found mostly in the nucleus and cytoplasm but is also found in the mitochondria. The PC-TP gene 

consists of six exons and resides on chromosome 17 with one documented transcriptional start site [38].   

My undergraduate honors research project tested the hypothesis that HCMV infection requires 

PC-TP to transfer PC lipids from their site of synthesis to the site of virus envelopment. I propose a 

model wherein HCMV increases PC-TP activity to ensure that PC lipids are transported to the site of final 

virion envelopment (Figure 1). Since HCMV infection increases PC synthesis, I further propose that 

infection will also increase PC-TP protein levels to stimulate its activity to meet the larger lipid transport 

demands due the increased PC synthesis.  To determine the role of PC-TP, I will block PC-TP activity 
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using a known small molecule inhibitor and a CRISPR/Cas9 knockout. I will determine the role of PC-TP in 

viral lipid metabolism by mass spectrometry lipid analysis. The goal of my research project will be to 

determine if PC-TP is required for viral replication and to examine its contribution to lipid metabolism 

and mechanism of action during infection. 
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Table 1: STARD family proteins and their functions. Notably, in addition to PC-TP, STARD10 can also 
transfer PCs across membranes.  
 
Name Function 
STAR Metabolism of cholesterol into pregnenolone; 

transfer of pregnenolone from inner 
mitochondrial membrane to outer mitochondrial 
membrane 

PC-TP Transfer of PC between membranes 
STARD3 Various, but mainly involved in cholesterol 

transport 
STARD4 Intracellular transport of sterols and lipids 
STARD5 Intracellular transport of sterols and lipids 
STARD6 Intracellular transport of sterols and lipids 
STARD7 Prevents allergic reactions in the mucosal tissue 
STARD8 Promotes GTPase activity of RHOA and CDC44’ 

stimulates PLCD1 
STARD9 Stabilizes the pericentriolar material during 

spindle pole assembly 
STARD10 Phospholipid transport protein able to transport 

PC and phosphatidylethanolamine 
COL4A3BP Intracellular trafficking of ceramides and 

diacylglycerol lipids   
DLC1 GTPase activating protein (GAP) of various 

proteins 
STARD13 GTPase activating protein (GAP) of various 

proteins 
ACOT11 Metabolism of medium and long chain fatty acids 
ACOT12 Hydrolyzes acetyl-CoA to acetate and CoA 
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Figure 1: Potential mechanism by which HCMV uses PC lipids and PC-TP during replication. This 

mechanism proposes that HCMV upregulates both PC synthesis and PC-TP protein expression. HCMV 

then uses PC-TP to transport the PC lipids into the HCMV envelope. 
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Methods  

CRISPR/Cas9 

I used CRISPR/Cas9 [39] to functionally knockout the PC-TP gene. Three different guide RNAs 

(gRNAs) were used to target PC-TP.  The gRNA oligos were phosphorylated and annealed using PCR [40], 

and then cloned into a LentiCRISPR plasmid [41]. These plasmids were then used to transform Stbl3 cells 

to amplify the plasmid. The plasmids were confirmed by sequencing.  

Sequenced plasmids were transfected into 293 T cells using the XtremeGene 9. The media that 

contained gRNA/Cas9 lentiviral pseudo-particles was removed and filtered prior to treating the target 

human foreskin fibroblast (HFF) cells. Since the gRNA/Cas9 plasmid also contained the puromycin 

resistance gene, I selected transfected cells using two rounds of puromycin treatment at 2 µg/ml. Next, I 

performed single cell cloning to isolate clones that contain homozygous knockouts of PC-TP. This was 

done by diluting the cells and transferring them to 96 well plates so that one well will contain one cell. 

To support their growth, 100 wildtype HFF cells were added to each well. Over the next six weeks, the 

wells were grown and treated with puromycin to remove the wildtype HFF feeder cells. Once the wells 

reached sufficient confluency (>90%), the potential PC-TP knockout cells were screened for loss of PC-

TP. 

I verified clones using DNA sequencing via the Guide-it Indel Kit that sequences each allele. Four 

clones were chosen for sequencing based on their ease of growth. I used alkaline lysis to isolate DNA, 

amplified the DNA via PCR and verified PCR efficiency via a DNA gel. I then purified the PCR product 

using the NuceloSpin PCR clean-up kit, cloned the DNA into the pUC19 plasmid, and transformed the 

plasmid into stellar competent cells on ampicillin agar plates for colony screening. The colony screening 

allowed me to sub-clone the DNA population to verify homogenous knockouts. Some colony plasmids 

appeared to have re-ligated without DNA, so no DNA was sequenced. To prevent this, the plasmids were 
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re-transformed into stellar competent cells and plated onto ampicillin/X-Gal plates, allowing me to 

visualize if the DNA was successfully cloned in each colony. I selected one PC-TP knockout clone, C10B, 

for subsequent studies. 

HCMV AD169-GFP 

As my experiments are performed in HFF cells, I used the lab-adapted HCMV strain AD169-GFP 

throughout all my experiments. As a lab-adapted strain, AD169-GFP strongly replicates in fibroblast 

cells. It lacks the ULb’ genomic region [42],  blocking its ability to replicate in epithelial cells and latently 

infect cells [43]. The virus strain used expresses GFP from an exogenous SV40 promoter, providing a tool 

to track infection.  

HFF cells were grown in 15 cm plates. At 85 % confluency the plates were passaged into roller 

bottles. Cells were grown to 90% confluency and then infected with AD169-GFP HCMV at an MOI of 0.1 

in 10% fetal bovine serum (FBS) treated Dulbecco’s Modified Eagle’s Medium (DMEM). The virus used 

for this infection was generated by electroporating a BAC (bacteria artificial chromosome) containing a 

sequenced AD169-GFP genome into fibroblasts, ensuring that little to no genetic changes have occurred 

[44]. Each roller bottle was incubated at 37 Co
 at 5% CO2. After 14 days, or when the cells showed 100 % 

cytopathic effect (CPE), the media was removed and centrifuged at 1,000 x g for 10 minutes at room 

temperature (RT) to remove cells and dense cellular debris. Viruses were concentrated by 

ultracentrifugation through a 20% sorbitol solution to remove less dense cell debris. Concentrated viral 

stocks were stored at -80o C in serum free (SF) DMEM. A sample of the virus was tittered as described to 

determine the lot’s infectious viral titer. 

Infection Conditions 

Most experiments were performed on HFF cells in SF DMEM. Cells were initially grown to 

confluency in DMEM containing 10% FBS. Once the cells had been held for four days at confluency, the 
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media was switched from 10% FBS treated DMEM to SF DMEM [15, 17, 23]. SF treatment synchronizes 

cells in G0, reducing cell to cell variation in response to infection. Furthermore, SF media removes 

exogenous metabolites and lipids that may confound experiments [17]. In some treatments, SF media is 

cytotoxic, in which cases cells are infected at 80% confluency in 10% FBS DMEM.  

Infection and infectious viral titers 

Infection 

HFF cells were plated in a 12 well plate at a density of 0.8 x 105 cells/ml. Cells were infected at 

either 80% confluency in FBS DMEM or 100 % confluency in SF DMEM as described above. The 

infectious dose was calculated by multiplying the number of cells by the experiment’s multiplicity of 

infection (MOI). AD169-GFP was used for all viral infections unless otherwise noted. Cells were infected 

with appropriate amount of virus at a volume of 300 µl in either FBS or SF DMEM, incubated at 37o C in 

5% CO2 for 1 hour, and agitated every 5-10 minutes. Cells were then removed from the incubator and 

the infectious inoculum was removed. The cells were washed with phosphate buffered saline (PBS) two 

times to remove any unbound virus and 1 ml of the appropriate media was added to the cells. The cells 

were incubated at 37 oC in 5% CO2.  The media was changed at 48 hours post infection (hpi). At 96 hpi 

and 120 hpi, 400 µl of media was removed and stored for future analysis to determine the quantity of 

infectious virus produced by the cells using the tissue culture infectious dose 50 (TCID50). 

Infectious viral titer 

I used TCID50 to quantitatively measure infectious virus particles. Each sample of infectious 

media was diluted from 10-1 to 10-8. Each dilution was plated into two 96 well plates containing HFF 

cells. After 14 days, each well was examined for infectious plaques using the GFP reporter cloned into 

my HCMV strain. The resulting score was used to determine the infectious titer of each sample. 
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LDN193188 

 LDN193188 [45] was ordered from Cayman Chemicals. Stocks were made in DMSO at 50 mM 

and stored at -20o C in one-time use aliquots. At the time of use, LDN193188 was diluted to desired 

concentration in cell growth medium prior to treating cells. If the cells were infected, LDN193188 was 

added at 1 hpi immediately following virus removal.  

Cytotoxicity Assay 

 The Promega CellTiter96 AQueous One Solution Cell Proliferation Assay was used to determine 

the cytotoxicity of LDN193188. Cells were grown in 96 well plates to either 80% confluency or 100% 

confluency. The 80% confluent cells remained in FBS growth media while the 100% confluent cells were 

switched to SF media at day 4 of confluency. At day 1 of 80% confluency or day 5 of 100% confluency, 

three wells for each condition were treated with one of five concentrations of LDN193188: 100 µM, 50 

µM, 25 µM, 10 µM, and 1µM. Since the final DMSO concentration in each of the tested LDN193188 

dilutions was 0.2 % DMSO, I used this level of DMSO as my control. Cytotoxicity was measured at 48 and 

72 hours post treatment (hpt). At the respective time point, 20 µl of the Promega reagent was added to 

each well, and the cytotoxicity was analyzed using a fluorescent plate reader following the assay’s 

manual. 

Lipidomics 

             HFF cells were plated in 6 well plates at a density of 2 x 105 cells per well. Cells were infected at a 

MOI of 3 infectious units (IU)/cell in a volume of 500 µl using the protocol described above. Lipids were 

extracted at 72 hpi. For lipid extraction, cells were washed three times with PBS prior to the addition of 

cold 50% methanol containing 0.05 M HCL. The 50% methanol rapidly quenches the metabolic activity of 

the cells. The cells were transferred to a glass vials and lipids were extracted twice using chloroform. The 

chloroform was removed via nitrogen evaporation. The lipids were resuspended in a 1:1:1 solution of 
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chloroform, methanol, and isopropanol. All samples were normalized by total cell number. Lipids were 

identified and quantified via liquid-chromatography high-resolution tandem mass spectrometry (LC-

MS/MS) [16, 46].   

Lipids were separated based on their hydrophobicity during the LC step and were identified and 

quantified by mass spectrometry. Lipid samples were injected into the HPLC columns by the Thermo 

Fisher Vanquish Autoinjector. The lipid samples were fed directly into the Thermo Fisher Q Exactive Plus 

Orbitrap Mass Spectrometer in a gradient from buffer A (60 % acetonitrile, 1% methanol, 39% water, 

and 0.1% formic acid) to Buffer B (90% isopropyl alcohol, 9% acetonitrile, 1% methanol, 0.1% formic 

acid, 10 µM ammonium formate). Compounds were identified based on their mass and retention time 

using the MAVEN: Metabolomic Analysis and Visualization Engine software [47, 48]. 

Western Blot 

PC-TP time course and CRISPR 

             Cells were lysed in a SDS lysis buffer and immediately kept cold until used for Western Blot. The 

lysate was boiled at 95o C for ten minutes and then vortexed and centrifuged for 2 minutes at 21.2 g. 

Proteins were separated on a Bio-Rad Any KD SDS-PAGE gel for 20 minutes at 80V and 45 minutes at 

100V. The proteins were transferred in Tris-Glycine-Methanol Buffer for 90 minutes at 80V at 4 oC. The 

membrane was briefly washed with tris-buffered saline with Tween-20 (TBS-T) and then blocked 

overnight in 5% bovine serum albumin (BSA) diluted in TBS-T at 4 oC with gentle agitation. The 

membrane was incubated with Santa Cruz Biotechnology anti-PC-TP mouse monoclonal antibody at a 

1:200 dilution in 5% BSA overnight at 4 oC with gentle agitation. The membrane was washed five times 

for five minutes with TBS-T at RT with gentle agitation. The membrane was incubated with an anti-

mouse secondary antibody at a 1:10,000 dilution in 5% BSA in TBS-T for 1 hour at RT with gentle 

agitation. The membrane was washed 5 times with TBS-T at RT with gentle agitation for five minutes 
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and imaged using Li-COR and analyzed using Image Studio. Actin was blotted using a LI-COR primary 

antibody at a 1:2000 dilution in 3% BSA in TBS-T for 1 hour at RT with gentle agitation. The membrane 

was incubated with an anti-rabbit secondary antibody at a 1:10,000 dilution in 3% BSA for 1 hour at RT 

with gentle agitation. The membrane was washed 5 times with TBS-T for five minutes at RT with gentle 

agitation and imaged using LI-COR and analyzed using Image Studio. 

Viral proteins 

            Cell lysate was prepared as described, and the protein was transferred to a nitrocellulose 

membrane as described. The membrane was briefly washed with TBS-T and then blocked for 1 hour at 

RT in 5 % BSA in TBS-T with gentle agitation. Each primary antibody was added in various concentrations 

of BSA at various dilutions (listed below) and incubated for 1 hour at RT with gentle agitation. The 

membrane was washed, stained, and imaged as described above. The following primary antibodies were 

used:  

• IE1 1B12 at 1:100 in 5% BSA 

• pUL44 at 1:2000 in 3% BSA 

• pUL99 at 1:100 in 1% BSA  
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Results 

               Lytic replication of HCMV requires remodeling of host metabolism, including lipid metabolism 

[15-20, 49, 50]. Recent lipidomic studies in the Purdy lab revealed that phospholipids (unpublished 

data), including PC lipids, are dramatically increased by HCMV at 72 hpi in primary human fibroblasts 

(Figure 2a). PC lipids are an important constituent in the viral envelope, suggesting that they must be 

properly localized from their site of synthesis to the location where final envelopment occurs. Thus, I 

sought to determine if the enzyme response for the most PC lipid transfer, PC-TP, is required for HCMV 

infection.                

First, I determined if PC-TP was altered by HCMV, specifically if infection altered the intracellular 

protein concentration of PC-TP, I used immunoblotting to determine if HCMV upregulates PC-TP. I found 

that the PC-TP protein level is increased in HCMV infected HFF cells starting at 24 hpi and peaking at 72 

hpi and 96 hpi (Figure 2b). Importantly, PC-TP levels are highest late in infection at times when final 

envelopment is occurring.  

Next, I sought to determine if PC-TP is required for viral replication by blocking its activity using 

a pharmacological inhibitor [45]. Infected cells were treated with the small molecule inhibitor 

LDN193188. I infected HFF cells with HCMV strain AD169-GFP at 100% confluency in SF DMEM media at 

an MOI of three. Immediately following the infection, I treated the cells with LDN193188 at six 

concentrations: 100 µM, 50 µM, 25 µM, 10 µM, 1 µM and performed an infectious viral titer at 96 hpi 

and 120 hpi. Virus produced by LDN193188 and DMSO-control treated cells was measured by TCID50. 

LDN193188 reduced HCMV replication at concentrations of 100 µM, 50 µM, 25 µM, 10 µM compared to 

DMSO-treated control cells (Figure 3a). We tested LDN193188 effects on cytotoxicity using a cell viability 

assay as described above. LDN193188 was non-cytotoxic under all the conditions tested, expect when at 

100µM (Figure 3b). The cytotoxicity of LDN193188 at 100µM was rescued when the cells were provided 



16 
 

 
 

FBS, suggesting that lipids or some other component of serum provides a product of PC-TP activity that 

is necessary for cell survival. Since replication is blocked at non-cytotoxic levels of LDN193188 

treatment, I conclude that PC-TP activity is required for HCMV replication. These results show that PC-TP 

may have a role in HCMV infection, however, they may be confounded by off-target effects of 

LDN193188. 

To further understand the role of PC-TP, we performed a lipidomic analysis on HFF cells infected 

at an MOI of three treated either with 100 µM LDN193188 or 0.2% DMSO. We found there was a 

decrease in several classes of lipids, most notably PCs (Figure 3c). 
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Figure 2:  HCMV increases PC-TP protein and PC lipid levels. (A) Relative quantities of PC lipids in 

infected cells as compared to mock infected cells. HFF cells were infected with HCMV AD169 at an MOI 

of three. Lipids were identified and quantified using high resolution LC-MS/MS as described. (B) Western 

blot showing relative quantity of PC-TP protein over 96 hours post infection. HFF cells were infected 

with AD169-GFP at an MOI of 3. Protein was prepared and analyzed as described. Actin is shown as a 

control.   
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Figure 3: LDN193188 reduces viral replication and PC synthesis. (A) Median infectivity of HFF cells 

infected with AD169-GFP at an MOI of three and treated with various concentrations of LDN19388 and a 

DMSO control. (B) Cytotoxicity of HFF cells at various concentrations of LDN19388 and DMEM and 

DMSO controls as measured by cell viability. (C) Relative change of PC and LPC lipids in HFF cells infected 

with AD169-GFP at an MOI of three treated with 100 µM of LDN19388 compared to infected cells 

treated with a DMSO control. 
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To confirm our initial conclusion that PC-TP supports HCMV replication, we performed a 

CRISPR/Cas9 knockout of PC-TP. I decided to use a genetic approach to test PC-TP to limit possible off-

target and cytotoxic effects that may be caused by LDN19388. Briefly, gRNAs targeting PC-TP were used 

to generate multiple PC-TP knockout clones. I selected clone C10B for further study. C10B had a 31-

nucleotide deletion in exon 1 of PC-TP (Figure 4a), causing a frameshift mutation in exon 1 and a 

premature stop codon in exon 2 (Figure 4b). Loss of PC-TP protein was confirmed by western blot 

(Figure 4c). I tested the ability of HCMV to replicate in the knockout cells.  Both C10B knockout cells and 

CRISPR non-targeting (NT) control cells were infected in the presence of FBS. I found that that loss of PC-

TP resulted in a lower level of viral replication at 120 hpi, but not 96 hpi, compared to control NT cells. 

(Figure 4d).  

HCMV lytic replication can be divided into three stages: immediate-early (viral gene expression 

that occurs following viral entry), early (genes expressed by immediate-early proteins and prior to viral 

DNA replication), and late (steps that require viral DNA replication) [1]. To determine if the loss of PC-TP 

caused a shift in the kinetics of virus replication, I infected C10B and NT cells with HCMV at an MOI of 

three at 80% confluency in FBS media. At various timepoints, I lysed the cells to isolate viral proteins to 

examine proteins that mark each of the three stages: immediate early (IE1 protein, also known as 

pUL122), early (pUL44) and late (pUL99). I found no significant difference between the control CRISPR 

non-target cells and PC-TP knockout cells in the expression of any viral proteins (Figure 5a). These 

observations suggest that PC-TP functions during the very late stages of HCMV replication. 

PC-TP has also been noted to have a possible role in lipid metabolism [51], specifically the 

production of highly unsaturated PC species. I performed a lipidomic analysis of the CRISPR cells to 

determine if the late block in HCMV replication was due to a change in the lipidome. PC-TP knockout 

cells were compared to the NT control cells under the same HCMV infection conditions as in Figure 4d. I 
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found no significant effect on lipid levels when PC-TP is knocked out (Figure 5b), demonstrating that PC 

lipid synthesis is not disrupted.  
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Figure 4: CRISPR/Cas9 knockout of PC-TP reduces viral replication (A) DNA sequencing data of PC-TP 

exon 1 in C10B cell line as compared to WT PC-TP exon 1. (B) Protein sequence in exon 1 and exon 2 of 

PC-TP in C10B as compared to WT PC-TP exon 1 and exon 2. (C) Western blot showing the absence of 

PC-TP in C10B cells as compared to NT cells. Cells are infected with HCMV AD169-GFP at an MOI of 

three. Actin is present as a control. (D) Median infectivity of viral progeny generated in C10B cells as 

compared to NT cells at both 96 hpi and 120 hpi. Cells are infected with HCMV AD169-GFP at an MOI of 

three. 
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Figure 5: CRISPR/Cas9 Knockout of PC-TP does not affect viral protein synthesis or PC synthesis. 

Western Blot showing the abundance of IE1, pUL44, and pUL99 in C10B cells infected with HCMV 

AD169-GFP at an MOI of three as compared to NT cells infected under the same conditions. Actin is 

present as a control. (F)  Relative PC lipid abundances in C10B cells infected with HCMV AD169-GFP at an 

MOI of three as compared to NT cells infected under the same conditions. 
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Discussion 

 The viral envelope is a major determinant of infectivity in all herpesviruses and is derived from 

host cell membranes [52]. HCMV has been shown utilize host cell proteins, such as the ESCRT machinery 

[53] and the SNARE protein syntaxin 3 [54] in final envelopment, showing that HMCV requires host cell 

proteins during envelopment. My data shows that PC-TP activity is required for HCMV replication. 

Although I have yet to fully define the role of PC-TP in HCMV replication, my findings suggest that PC-TP 

is required for replication during a late step in virus replication cycle such as final envelopment, 

consistent with my hypothesis. This proposed mechanism fits with  my data showing that PC-TP is highly 

expressed at 72 and 96 hpi  (Figure 2b), the role of the HCMV envelope in virion infectivity [52], and PC-

TP’s mechanism in normal human biology [34]. 

The CRISPR/Cas9 knockout of PC-TP showed that viral replication was reduced at 120 hpi but not 

96 hpi, suggesting that another STARD family protein may support viral replication in the absence of PC-

TP activity, although less efficiently than PC-TP. This observation further suggests that at 120 hpi, when 

viral replication is occurring at a faster rate, the STARD proteins are no longer able to compensate for 

PC-TP, and the effect of the loss of PC-TP results in an inhibition of replication (Figure 4d). This explains 

why the change in titer in the PC-TP knockout cells from 96 hpi to 120 hpi is much smaller than the NT 

control change over the same period. Treatment with LDN193188 showed a decrease in replication at 

both 96 hpi and 120 hpi, even at non-cytotoxic concentrations (Figure 3a). LDN193188 outcompetes PC 

in the PC-TP lipid biding pocket, therefore, LDN193188 may be inhibiting other STARD proteins that also 

transfer PC by outcompeting PC in their binding pocket [45].  Based on the non-specific effects of 

LDN193188 and HCMV’s possible upregulation of STARD family proteins, it is necessary to continue my 

study to fully determine their role in supporting HCMV replication. In future studies, I would like to 

perform an siRNA screen of all STARD family proteins to determine which ones are required for HCMV 

replication. Since high MOI infections, such as the MOI of 3 infectious units per cell that I used in my 
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studies, can mask phenotypes that are observed at lower MOI, I plan to conduct experiments at lower 

MOIs, starting at one infectious unit per cell. This method has previously shown to be effective in TCID50 

experiments performed in EVOLV7 depleted cells [15]. 

HCMV infection was shown to upregulate PC-TP protein (Figure 2b). HCMV may be upregulating 

the transcription of PC-TP, ultimately increasing the level of PC-TP protein. Alternatively, HCMV could be 

preventing the degradation of PC-TP. A qPCR experiment measuring the amount of PC-TP mRNA in 

infected and mock infected cells will be able to determine if HCMV is upregulating transcription of PC-

TP. PC-TP is upregulated by peroxisome proliferated activator receptor alpha (PPAR-α) at the 

transcriptional level in response to increased glucose and lipid concentration in the cell. [34]. If HCMV 

were to upregulate PC-TP transcription, I would also measure the level of PPAR-α during infection.  

PC-TP likely transfers PC lipids into the HCMV envelope. To delve further into the mechanism of 

PC-TP in HCMV replication, I want to test if the composition of the HCMV envelope has reduced PCs 

upon PC-TP knockout. If it does, then I can infer that PC-TP transfers PCs into the HCMV envelope.  To 

determine this, I will isolate and purify HCMV virions generated in both NT and PC-TP knockout cells and 

analyze them via LC-MS/MS, identifying and quantifying their lipid composition.  

HCMV envelopment occurs in the assembly complex, a novel organelle induced by HCMV which 

consists of the host cell’s nucleus, endoplasmic reticulum, and Golgi apparatus [1]. Therefore, if my 

hypothesis that PC-TP is involved envelopment is correct, I would expect that PC-TP localizes to the 

assembly compartment. While there are several ways to determine this, a GFP tag is likely the best 

method. The alternative method would be to perform immunofluorescent studies using an anti PC-TP 

antibody if one can be found to be effective for microscopy studies.  

PC-TP may also be involved in HCMV remodeling of host cell metabolism, specifically glucose 

and fatty acids.  PC-TP has a documented regulatory role in which its loss results in the upregulation of 
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PPAR-α and hepatocyte nuclear factor 4 alpha (HNF4α) [55], a transcription factor involved in hepatic 

liver metabolism [56]. PC-TP knockout mice show large decreases in plasma glucose and free fatty acids 

[57], consistent with the role of PC-TP in glucose and fatty acid metabolism in the liver. To explore this, a 

broad metabolomics [50] experiment measuring the change in metabolite concentration from infected 

NT CRIPSR cells to infected PC-TP knockout cells will be valuable. This approach can also be used to 

understand how HCMV upregulates PC synthesis by analyzing metabolic flux through PC synthesis 

pathways. By incorporating isotope tracers into precursor metabolites and using LC-MS/MS, I can 

determine what metabolic pathway HCMV is inducing to generate PC lipids required for infection [50].  

Overall, my data reveals a requirement for PC-TP in HCMV replication as well as its potential role 

in envelopment. In addition, HCMV upregulates both PC lipids and PC-TP during replication. Although 

further study is needed to elucidate the true mechanism of PC-TP in envelopment and replication, as 

well as the role of other STARD family proteins, this work further demonstrates the importance of host 

proteins in viral replication. Importantly, my work has laid the groundwork for future studies to 

understand the role of STARD family proteins in the replication of a medically important human virus. 

My data and conclusions may lead to new therapeutic options targeting the mechanisms that enveloped 

viruses like HCMV use to generate their lipid membrane envelope. 
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