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Abstract 18	

 The UL133-138 locus present in clinical strains of human cytomegalovirus 19	

(HCMV) encodes genes required for latency and reactivation in CD34+ 20	

hematopoietic progenitor cells and virion maturation in endothelial cells.  The 21	

encoded proteins form multiple homo- and hetero-interactions and localize within 22	

secretory membranes.  One of these genes, UL136, is expressed as at least five 23	

different protein isoforms with overlapping and unique functions.  Here we show 24	

that another gene from this locus, UL138, also generates more than one protein 25	

isoform.  A long form of UL138 (pUL138-L) initiates translation from codon 1, 26	

possesses an amino terminal signal sequence, and is a type one integral 27	

membrane protein.  Here we identify a short protein isoform (pUL138-S) initiating 28	

from codon 16 that displays a similar subcellular localization as pUL138-L.  29	

Reporter, short-term transcription, and long-term virus production assays 30	

revealed that both pUL138-L and –S are able to suppress major immediate early 31	

(IE) gene transcription and the generation of infectious virions in cells where 32	

HCMV latency is studied.  The long form appears more potent at silencing IE1 33	

transcription shortly after infection, while the short form seems more potent at 34	

restricting progeny virion production at later times, indicating that both isoforms of 35	

UL138 likely cooperate to promote HCMV latency.   36	
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Importance 37	

 Latency allows herpesviruses to persist for the lives of their hosts in the 38	

face of effective immune control measures for productively infected cells.  39	

Controlling latent reservoirs is an attractive antiviral approach complicated by 40	

knowledge deficits for how latently infected cells are established, maintained, and 41	

reactivated.  This is especially true for betaherpesviruses.  Functional 42	

consequences of HCMV UL138 protein expression during latency include 43	

repression of viral IE1 transcription and suppression of virus replication.  Here we 44	

show that short and long isoforms of UL138 exist and can themselves support 45	

latency, but may do so in a temporally distinct manner. Understanding the 46	

complexity of gene expression and its impact on latency is important for 47	

considering potential antivirals targeting latent reservoirs.    48	
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Introduction 49	

 Human cytomegalovirus (HCMV) is a betaherpesvirus that causes birth 50	

defects, disease in immunocompromised and immunosuppressed patients, and 51	

has been associated with cancers, cardiovascular disease, and immune 52	

dysfunction (1-3).  HCMV productively (lytically) infects differentiated cells such 53	

as fibroblasts, endothelial cells, and epithelial cells, and latently infects 54	

incompletely differentiated cells of the myeloid lineage, such as monocytes and 55	

CD34+ hematopoietic progenitor cells (HPC) (4, 5).  Productive infection in 56	

multiple cell types within the human host facilitates viral dissemination, while 57	

latency ensures life-long persistence despite an effective immune response 58	

against lytic phase antigens.  Periodic reactivations of latent infections into the 59	

productive phase perpetuate both life-long infection and virus spread to new 60	

hosts.  No drugs exist that target latent reservoirs.  Antiviral drugs targeting 61	

active replication are effective, but have deleterious side effects and select for 62	

drug-resistant viruses (6).  63	

 Development of facile viral genetics (7) permitted the evaluation of viral 64	

sequences that are required for, augment, or are dispensable for productive 65	

infection of fibroblasts (8). While many of the mechanisms important to 66	

productive infection are well understood in fibroblasts (3), the mechanisms critical 67	

to latency remain poorly defined.  However, in the last decade, an in vitro system 68	

to model experimental HCMV latency emerged, permitting genetic (9-15) and 69	

molecular (16-18) analyses of latently infected cells. During latency, the 70	

expression of productive phase genes is suppressed.  For this suppression to 71	
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occur, the accumulation of the viral Immediate Early (IE) proteins that stimulate 72	

lytic infection must be controlled.  IE protein accumulation is limited during 73	

latency by both transcriptional (19-21) and post-transcriptional (22) suppression.  74	

Transcriptional suppression of viral IE genes during latency is instituted, in part, 75	

by the viral UL138 protein (16). 76	

HCMV UL138 resides within a clustered set of ULb’ genes (UL133, UL135, 77	

and UL136) encoding proteins that all localize within secretory membranes 78	

including the Golgi apparatus (12).  Genetic analyses indicate that UL135 and 79	

some UL136 isoforms are required for efficient productive infection in endothelial 80	

cells (23-25), and that UL138, when expressed in the presence of UL133 and 81	

UL136 but in the absence of UL135, impairs efficient productive infection of 82	

fibroblasts (13).  Notably, viruses deficient in UL133, UL138, or the soluble 23-83	

/19-kDa isoforms of UL136 generate many infectious virus progeny in CD34+ 84	

hematopoietic cells whereas wild type viruses generate few (11, 12, 15).  85	

Molecular studies have revealed that UL135 and UL136 promote cytoplasmic 86	

maturation of viral particles in endothelial cells (23, 24), UL135 impairs immune 87	

synapse formation (26), and UL138 promotes cell surface expression of the TNF-88	

alpha receptor (TNFR) (27, 28) as well as impairs cell surface expression of the 89	

multidrug resistance-associated protein-1 (MRP1) (18). 90	

During latency, UL138 also promotes the suppression of IE1 gene 91	

transcription that is driven by the Major Immediate Early Promoter (MIEP).  92	

MIEP-directed transcription initiates productive replication in fibroblasts when the 93	

viral pp71 protein, a component of the virion tegument delivered upon infection, 94	
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migrates to the nucleus and degrades Daxx, thereby counteracting histone 95	

deacetylase (HDAC) mediated repression (29).  When HCMV infects 96	

incompletely differentiated myeloid cells where it enters latency, tegument-97	

delivered pp71 remains in the cytoplasm and IE1 transcription is suppressed (20, 98	

21, 30, 31).  For high-passage laboratory strains, the intrinsic defense instituted 99	

by Daxx may be the only significant restriction to IE1 transcription during latency 100	

because IE1 transcription from AD169 can be rescued in THP-1 and CD34+ cells 101	

(20, 21) by either Daxx knockdown or the HDAC inhibitors Trichostatin A (TSA) 102	

or Valproic acid (VPA).  Unlike AD169, low-passage strains impose additional 103	

restrictions (21), one of which is enacted by UL138.  UL138 impairs the 104	

recruitment of cellular lysine demethylases (KDMs) to the MIEP, thereby 105	

stabilizing repressive epigenetic histone modifications and silencing IE1 106	

transcription (16).  107	

Estimates of the protein coding capacity of HCMV have substantially 108	

increased with recent studies (32, 33) and suggest a complexity in viral protein 109	

expression and likely function not previously appreciated. Genomic approaches 110	

have also cataloged previously undetected transcribed and translated sequences 111	

during both lytic and latent infections (34-37). The UL136 gene described above 112	

generates a series of co-terminal protein isoforms with both overlapping and 113	

distinct functions (9, 15), illustrating the functional impact of previously 114	

unrecognized viral coding capacity. Here we show that UL138 also produces two 115	

co-terminal proteins originating from separate in-frame methionine codons that 116	

support HCMV latency with different temporal phenotypes.  117	
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Materials and Methods 118	

Cells, infections, and transfections. Normal human dermal fibroblasts 119	

(NHDFs) (Clonetics), Human fetal lung fibroblasts (MRC-5) (CCL-171; ATCC), 120	

THP-1 monocytes (TIB-202; ATCC), and human embryonic stem cells (ESCs) 121	

(WA01; WiCell) were maintained as previously described (9, 20, 31).  Primary 122	

human CD34+ cells derived from cord blood were either purchased from Lonza 123	

(2C-101) and cultured as previously described (21), or isolated from de-identified 124	

donors at the University of Arizona Medical Center and cultured as previously 125	

described (38).  For infection, cells were incubated with virus in minimal volume 126	

for one hour at 37°C followed by addition of medium to normal culture volumes. 127	

Fibroblasts were transfected with 2 ug plasmid DNA per 1 x 106 cells using the 128	

Amaxa nucleofection system for primary human fibroblasts (VPI-1002; Lonza), 129	

according to the manufacturer’s instructions. THP-1 monocytes were transfected 130	

with 2.5 ug plasmid DNA per 1 x 106 cells using TransIT-2020 (MIR 5400; Mirus), 131	

according to the manufacturer’s instructions.  132	

BAC Mutagenesis. A derivative of AD169 expressing HA-tagged UL138 has 133	

been previously described (16) and was used to generate additional mutants 134	

using a two-step red recombination procedure (39). To create AD169-UL138HA-135	

Δ1-15, amino acids 1-15 of UL138 were deleted using the following primers:  5’-136	

GGA TAA ATA GTG CGA TGG CGT TTG TGG GAG AAC GCA GTA GCG ATG 137	

CTC GTG CTG ATC GTG GCC TAG GGA TAA CAG GGT AAT CGA TTT-3’ and 138	

5’-GTA AGC TAG ATA GCA GAG AAT GGC CAC GAT CAG CAC GAG CAT 139	

CGC TAC TGC GTT CTC CCA CAA GCC AGT GTT ACA ACC AAT TAA CC -3’. 140	
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To create AD169-UL138HA-M16I, methionine 16 was mutated to an isoleucine 141	

using the following primers: 5’-ACG ATC TGC CGC TGA ACG TCG GGT TAC 142	

CCA TCA TCG GCG TGA TCC TCG TGC TGA TCG TGG CCA TTC TAG GGA 143	

TAA CAG GGT AAT CGA TTT-3’ and 5’- CAA TGG TAA GCT AGA TAG CAG 144	

AGA ATG GCC ACG ATC AGC ACG AGG ATC ACG CCG ATG ATG GGT AA 145	

GCC AGT GTT ACA ACC AAT TAA CC-3’.  A derivative of TB40/E expressing 146	

GFP has been previously described (40) and was used to generate additional 147	

mutants using a two-step galK-based approach (9).  Primers utilized are listed in 148	

Table 1. Viruses were recovered by co-transfection of the recombinant BAC and 149	

a pp71 expression plasmid into fibroblasts.   150	

Inhibitors and antibodies. Where indicated, valproic acid (VPA) (1mM; Sigma) 151	

was added 3 h prior to infection of THP-1 cells or at the time of infection of 152	

primary CD34+ cells. The following antibodies were from commercial sources: 153	

anti-hemagglutinin (HA) (HA.11; Covance), anti-glyceraldehyde-3-phosphate 154	

dehydrogenase (GAPDH) (AM4300; Applied Biosystems), anti-tubulin (DM 1A; 155	

Sigma), anti-beta actin (ab8226; Abcam), anti-GM130 (610822; BD Transduction 156	

Laboratories), and anti-Flag (M2; Sigma).  157	

Western blots and indirect immunofluorescence. Cells were lysed in either 158	

RIPA (Thermo), 1% SDS or 1X passive lysis (Promega) buffer and equal 159	

amounts of lysates were separated by SDS-PAGE, transferred to Optitran (GE 160	

Healthcare) or PVDF (Millipore) membranes, and analyzed by western blot as 161	

previously described (9, 30). For indirect immunofluorescence, adherent NHDFs 162	

and suspension THP-1 or CD34+ cells were washed with PBS, fixed in 1% 163	
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paraformaldehyde, and processed as previously described (20, 21, 29).  Images 164	

were recorded with a Nikon Confocal Laser Scanning microscope using Prairie 165	

View software.   166	

Luciferase Assays. One million THP-1 cells cultured in medium without 167	

antibiotics were co-transfected with 20 ng pGL3-MIEP firefly reporter plasmid, 40 168	

ng pRL-TK Renilla reporter plasmid, and 3 ug pSG5-EV (empty vector) or 169	

decreasing amounts of pSG5-UL138HA, pSG5-UL138HA-Δ1-15, or pSG5-170	

UL138HA-M16I (3.0 µg, 2.0 µg, 1.0 µg and 0.25 µg) using Lipofectamine 2000 171	

(Invitrogen), according to the manufacturer’s instructions.  Total pSG5 was 172	

normalized to 3 µg for each transfection with a pSG5-EV. Medium was changed 173	

24 h post transfection. Luciferase activity was assayed at 48 h post-transfection 174	

using a Dual-Luciferase Reporter system (E1960; Promega) according to the 175	

manufacturer’s instructions and as previously described (16). 176	

Quantitative RT-PCR. For transcript analysis, total RNA was isolated using a 177	

Total RNA Mini Kit (IB47232; IBI) according to manufacturer’s instructions. Equal 178	

amounts of total RNA were treated with DNase I (M6101; Promega) and 179	

converted to cDNA using Superscript III First-Strand Synthesis Supermix for 180	

qPCR (11751; Invitrogen) according to manufacturer’s instructions. Quantitative 181	

PCR (qPCR) was performed using an ABI7900HT real-time PCR system 182	

(Applied Biosystems) and iTaq SYBR Green Supermix (172-5124; Biorad) with 183	

primer sets specific for IE1 (41) and GAPDH (42). Melting curve analysis 184	

confirmed the presence of a single PCR product for each primer set. Data was 185	

analyzed with SDS 2.4 software (Applied Biosystems) and viral gene expression 186	
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was normalized to cellular GAPDH and expressed relative to untreated AD169-187	

infected controls using the ΔΔCt method (43).  Conventional RT-PCR was 188	

performed as previously described (16). 189	

Latency Maintenance Assays. Latency maintenance assays in ESCs (16) and 190	

CD34+ cells (15) were performed as previously described. 191	

Results 192	

 Upon transfection of an expression plasmid encoding a UL138 allele with 193	

an added C-terminal hemagglutinin (HA) epitope tag, NHDF lysates contained a 194	

single HA-reactive band on Western blots (Fig. 1A) consistent with expression of 195	

full-length UL138 (hereafter called pUL138-L for “long”).  However, THP-1 lysates 196	

(Fig. 1A) contained approximately equimolar levels of this seemingly full-length 197	

protein and one of smaller size (hereafter called pUL138-S for “short”).  Both 198	

pUL138-L and pUL138-S were detected in NHDFs (Fig. 1B) infected with AD-199	

138HA, a laboratory strain AD169-based recombinant (16) expressing C-200	

terminally HA tagged UL138.  The steady state levels of pUL138-S were much 201	

lower than pUL138-L.  We also detected both pUL138-L and pUL138-S in AD-202	

138HA-infected THP-1 cells (Fig. 1C).  Once again, pUL138-S accumulated to 203	

much lower levels than did pUL138-L. Furthermore, pUL138-S is also detected 204	

during infection of MRC5s or THP-1s with a TB40/E clinical strain in which the 205	

3xFlag epitope tag was added to the C-terminus of the endogenous UL138 gene 206	

(See Figure 8 below).  Our ability to visualize pUL13-S expression is frustratingly 207	

inconsistent (Fig. 1 and see below) due to low-level expression of the isoform 208	
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(expected for a latency protein) that hovers near our limits of detection.  Various 209	

and sundry attempts to increase sensitivity (higher MOIs, new virus preps, 210	

different time points, different lysis buffers and protocols, IP-Western, VPA 211	

treatment, stabilization with proteasome inhibitors) have failed to increase the 212	

frequency with which pUL138-S is detected (please see the Discussion for more 213	

on pUL138-S low level expression).    Nevertheless, because both the long and 214	

short forms of pUL138 can be visualized with antibodies to C-terminal epitope 215	

tags, and because disruption of the first translation initiation site results in 216	

increased accumulation of pUL138-S, we conclude that the UL138 gene is 217	

capable of producing two protein isoforms with identical carboxy termini.   218	

 The UL136 gene generates multiple protein isoforms through alternative 219	

transcription initiation and, likely, translation initiation from sequential in-frame 220	

methionine codons (9, 44). To evaluate the potential transcriptional mechanisms 221	

responsible for the expression of two pUL138 isoforms, we used 5’ rapid 222	

amplification of cDNA ends (RACE) over a time course of infection to detect any 223	

transcripts with transcriptional start sites (TSS) within the UL138 coding 224	

sequence (cds). Our analyses detected transcripts just upstream of the first 225	

methionine codon (M1) of UL138, but did not detect transcripts initiating within 226	

the UL138 cds (data not shown), consistent with previous data (11, 45) and 227	

suggesting the two pUL138 isoforms may be encoded on every pUL138 specific 228	

transcript. The UL138 cds contains four in frame methionine (M) codons (M1, 229	

M16, M40, and M134), the last three of which represent potential start sites for a 230	

smaller, co-terminal protein (Fig. 2A).  As proteins initiating at the final 231	
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methionine (M134) would seem to be significantly smaller than the observed size 232	

of pUL138-S (Fig. 1), we focused a mutagenesis approach (Fig. 2B) on M16 and 233	

M40.   234	

Converting codon 10 that normally encodes leucine (L) into a stop codon 235	

(L10stop), deleting the first 15 codons (Δ1-15), or deleting codon 1 normally 236	

encoding methionine (ΔM1) had no effect on the expression of pUL138-S in 237	

transfected THP-1 cells (Fig. 2C).  However, converting codon 43 that normally 238	

encodes a tyrosine (Y) into a stop codon (Y43stop) abrogated the ability to detect 239	

pUL138-S (Fig. 2C), indicating that either M16 or M40 were potential start sites 240	

for pUL138-S translation.  Because deleting the first 39 codons (Δ1-39) but 241	

retaining the M40 codon also abrogated the ability to detect pUL138-S (Fig. 2C), 242	

we suspected that translational initiation at M16 was responsible for generating 243	

pUL138-S.  To directly test this prediction, we generated an allele (M16I) in which 244	

codon 16 normally encoding methionine was changed to one encoding isoleucine 245	

(I).  The M16I allele generated pUL138-L but not pUL138-S (Fig. 2D). We 246	

conclude that pUL138-L initiates from translation at codon M1 and that pUL138-S 247	

initiates from translation at codon M16.  It remains possible that translational 248	

initiation at M40 or even M134 also generates protein.  In fact, we have on 249	

occasion observed smaller HA-reactive bands on Western blots of lysates from 250	

UL138-HA transfected cells, but those species have not been consistently 251	

observed or mapped. 252	

 The long form of the UL138 protein contains an amino-terminal signal 253	

sequence, a putative transmembrane domain (Fig. 2A), and is a membrane-254	
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localized resident of the Golgi apparatus (11).  Methionine 16, where translation 255	

of the short form begins, is distal to the signal sequence and within the putative 256	

transmembrane domain.  Therefore, pUL138-S is unlikely to be a 257	

transmembrane protein.  During transient expression, both pUL138-L and 258	

pUL138-S localize to the Golgi apparatus in NHDFs (Fig. 3A) and in THP-1 cells 259	

(Fig. 3B), identified by co-staining for the Golgi resident protein (46) Golgin A2 / 260	

Golgi Matrix Protein (GM) 130 (additional images are provided in Supplementary 261	

Figures 1 and 2).  In a portion of cells, pUL138-S also showed a more diffuse 262	

cytoplasmic localization.  We conclude that both pUL138-L and pUL138-S 263	

localize to the Golgi apparatus during transient transfection.   264	

 Despite its localization in the Golgi, UL138 has profound impacts on viral 265	

gene expression in the nuclei of latently infected myeloid cells (16), where it 266	

silences IE1 transcription by preventing the recruitment of cellular KDMs to the 267	

viral MIEP.  As an initial test of the individual abilities of pUL138-L and pUL138-S 268	

to modulate MIEP function, we used a transient transfection reporter assay in 269	

THP-1 cells.  Transfection of different amounts of expression constructs 270	

encoding either wild type UL138 (that makes both pUL138-L and pUL138-S), one 271	

encoding only pUL138-S (Δ1-15), or one encoding only pUL138-L (M16I) 272	

generated the predicted protein products to differing levels and allowed us to 273	

compare how well equivalent levels of protein isoforms could suppress a co-274	

transfected MIEP reporter (Fig. 4).  When roughly equivalent levels of proteins 275	

were compared, we found no statistical differences in the ability of wild type 276	
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UL138, pUL138-S or pUL138-L to silence the MIEP.  We conclude that both 277	

pUL138-L and pUL138-S repress an MIEP reporter in THP-1 cells. 278	

 A more physiologic test for viral transcriptional regulation requires targeted 279	

promoters to be in their native context (the viral genome) and modulating genes 280	

to be expressed at endogenous levels.  We previously accomplished this by 281	

making a recombinant virus (AD-UL138HA) expressing the wild type UL138 gene 282	

(with an additional C-terminal HA tag) from its native promoter within the context 283	

of the laboratory adapted AD169 strain genome (16). Here we made two 284	

additional AD169-based recombinant viruses, one (AD-UL138HA-M16I) 285	

encoding only pUL138-L, and another (AD-UL138HA-Δ1-15) encoding only 286	

pUL138-S (Fig. 5A). 287	

 AD-UL138HA-M16I and AD-UL138HA-Δ1-15 replicate with kinetics similar 288	

to wild type virus in NHDFs (Fig. 5B).  As shown earlier (Fig.1B), wild type virus 289	

expresses both long and short forms of UL138 upon infection of NHDFs (Fig. 5C) 290	

or MRC5s (Fig. 5D).  AD-UL138HA-M16I expresses only pUL138-L while AD-291	

UL138HA-Δ1-15 expresses only pUL138-S in NHDFs (Fig. 5C) or MRC5s (Fig. 292	

5D).  As shown earlier, pUL138-L accumulates to greater levels during infection 293	

than does pUL138-S.  In THP-1 cells we detected pUL138-L made by both wild 294	

type virus and AD-UL138HA-M16I, but were unable to detect pUL138-S made by 295	

either wild type or AD-UL138HA-Δ1-15 (Fig. 5E).  That we could detect it under 296	

similar conditions in other experiments (Fig. 1C and 8D) underscores that the 297	

steady state level achieved by pUL138-S is at or below our limit of detection.  298	
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Nevertheless, we conclude that AD-UL138HA-M16I generates only pUL138-L 299	

and AD-UL138HA-Δ1-15 generates only pUL138-S.  pUL138-L expressed by 300	

these AD169-based viruses localized to the Golgi in THP-1 (Fig. 6A) and primary 301	

CD34+ cells (Fig. 6B).  We were unable to detect pUL138-S in THP-1 or CD34+ 302	

cells by indirect immunofluorescence after AD-UL138HA-Δ1-15 infection (Fig. 6A 303	

and 6B).  However, when we infected VPA-treated THP-1 cells with AD-304	

UL138HA-Δ1-15, we were able to visualize pUL138-S in a small number of cells 305	

where it localized to the Golgi (Fig. 6C).   306	

Consistent with previous work, IE1 transcription in THP-1 (Fig. 7A) and 307	

CD34+ cells (Fig. 7B) was rescued by VPA addition upon infection with AD169 308	

but not the AD-UL138HA that expresses both protein isoforms of UL138.  VPA 309	

was unable to rescue IE1 transcription from AD-UL138HA-M16I genomes in 310	

either THP-1 (Fig. 7A) or CD34+ cells (Fig. 7B), indicating that pUL138-L 311	

suppresses IE1 transcription in these assays.  AD-UL138HA-Δ1-15 showed 312	

lower IE1 mRNA levels in the presence of VPA than wild type AD169 in THP-1 313	

cells, indicating pUL138-S also suppressed IE1 transcription (Fig. 7A).  pUL138-314	

S was not as strong of a repressor as pUL138-L or wild type UL138 when 315	

expressed from the AD169 genome in THP-1 cells.  Interestingly, the 316	

transcriptional repression associated with the presence of the UL138 Δ1-15 317	

allele (Fig. 7A) indicates pUL138-S has significant biological consequences at 318	

levels below the limit of detection on our Western blots.   319	
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In CD34+ cells, IE1 transcription from AD-UL138HA-Δ1-15 genomes was 320	

fully activated by VPA (Fig. 7B).  At present, it is unclear if the difference 321	

between the ability of AD-UL138HA-Δ1-15 to repress VPA-induced IE1 322	

transcription in THP-1 and CD34+ cells represents a cell type specificity for 323	

function or expression of pUL138-S (see Discussion).  We conclude that 324	

pUL138-L silences IE1 transcription during the early stages of experimental 325	

latent infections (e.g. the first 18-24 hours).  While pUL138-S shares this ability, 326	

the magnitude of the effect is reduced and may show a dependence on cell type 327	

or whether latency was achieved naturally (in vivo) or experimentally (in vitro) 328	

(see Discussion).   329	

 UL138-null viruses made by either deletion of the entire open reading 330	

frame (14) or insertion of an in-frame stop codon (11) generate more infectious 331	

progeny than wild type virus does after infection of CD34+ cells.  Because the 332	

stop codon replaced methionine 16, this mutant (as well as the deletion virus) 333	

expresses neither pUL138-L nor pUL138-S.  We therefore asked whether the 334	

long or short form of UL138 (or both) suppress infectious virion formation during 335	

latency.  Such experiments require the use of low-passage virus strains.  Thus, 336	

we created TB40/E-UL138-3xFlag-based recombinant viruses encoding either an 337	

allele that expresses only pUL138-L (TB-UL138F-M16A), or encoding an allele 338	

that expresses only pUL138-S (TB-UL138F-M1A) (Fig. 8A).  TB-UL138F-M16A 339	

and TB-UL138F-M1A replicate with kinetics similar to wild type virus in MRC5s 340	

(Fig. 8B) and synthesize UL138 proteins of the expected sizes in MRC5 (Fig. 8C) 341	

and THP-1 cells (Fig. 8D).   342	
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As previous reports have demonstrated differences in localization between 343	

proteins expressed exogenously to those expressed in the natural context of low-344	

passage virus strains (9), we addressed the localization of the two pUL138 345	

protein isoforms during infection of MRC5s and THP-1 cells with TB-UL138F 346	

mutants. pUL138 co-localized with the Golgi in addition to being distributed in 347	

puncta throughout the cytoplasm in both MRC5s (Fig. 9A) and THP-1 cells (Fig. 348	

9B) infected with the parental TB-UL138F virus expressing both pUL138 isoforms. 349	

Colocalizaton of pUL138-S with the Golgi was not observed during infection with 350	

TB-UL138F-M1A in either cell type. Rather, pUL138-S exhibited a cytosolic 351	

distribution (Fig. 9A and 9B). In contrast, pUL138-L exhibited Golgi and punctate 352	

cytosolic staining during infection with TB-UL138F-M16A similar to wild type in 353	

both cell types (Fig. 9A and 9B). As expected, no pUL138 staining was observed 354	

in either TB-UL138stop or mock infection (Fig. 9A and 9B). Together, these data 355	

suggest that during TB40/E infection of MRC5s, pUL138-L is Golgi localized, 356	

while both isoforms are also distributed in the cytosol. As localization of pUL138-357	

S during TB40/E infection differed from its localization in the context of transient 358	

expression (Fig. 3) or during recombinant AD-UL138HA infection (Fig. 6), it is 359	

possible that viral factors specific to clinical strains modulate the localization of 360	

pUL138-S. Given their demonstrated interactions with pUL138 (47), other 361	

proteins from the UL133-UL138 locus are candidates for this putative function.   362	

Because TB40/E maintains an additional, unidentified restriction to viral 363	

IE1 transcription in undifferentiated myeloid cells treated with VPA (16), we 364	

cannot use IE1 mRNA levels as a measure of function for the short or long form 365	
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proteins in this context.  However, viruses lacking the UL138 gene make 366	

significantly more infectious particles during experimental latent infections than 367	

do UL138-expressing viruses (11, 12, 14).  Therefore, we asked if pUL138-S, 368	

pUL138-L or both proteins could suppress productive replication during latency.  369	

We performed assays in ESCs because they provide a robust readout (16, 31) 370	

and in CD34+ cells because of their physiologic relevance (11, 12, 14).  In ESCs 371	

infected with wild type virus for ten days, very few infectious progeny virions were 372	

produced, whereas infections with a UL138-null virus (M16stop) produced ~15-373	

fold more infectious virus (Fig. 10A).  TB-UL138F-M1A showed an ability to 374	

suppress progeny virion formation during ten days of experimental latency that 375	

was statistically indistinguishable from wild type virus.  In contrast, TB-UL138F-376	

M16A produced more infectious virus than wild type, but less than the UL138-null 377	

virus.  From this data we conclude that pUL138-S prevents infectious virion 378	

formation during experimental latency in ESCs as efficiently as wild type UL138, 379	

and that pUL138-L also suppresses infectious virion formation during 380	

experimental latency in ESCs, but not as effectively as wild type UL138.   381	

In CD34+ cells (Fig. 10B) wild type virus produced very few infectious 382	

centers while the UL138-null virus produced ~8-fold more.  TB-UL138F-M1A and 383	

TB-UL138F-M16A both produced quantities of infectious virus more similar to a 384	

UL138-null virus than to wild type.  Thus while pUL138-L appears more potent 385	

than pUL138-S at silencing IE1 transcription at the beginning of latency (Fig. 7B), 386	

pUL138-S is more efficient than pUL138-L at suppressing replication, at least in 387	
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the context of ESC infection (Fig. 10A).  In total, we conclude that both the long 388	

and short forms of UL138 promote HCMV latency. 389	

 390	

 391	

Discussion 392	

The work presented here maps and analyzes a novel isoform of the 393	

HCMV latency determinant UL138. No transcriptional start sites within the UL138 394	

cds have been mapped (11, 33, 37), and inhibiting translation initiation at codon 395	

1 by mutation does not preclude the production of pUL138-S (Fig. 2C).  These 396	

data indicate that pUL138-S is likely to be expressed from the same transcript 397	

encoding pUL138-L. We mapped the translational start site of pUL138-S to the 398	

codon for M16 (Fig. 2), indicating that this isoform does not represent a cleavage 399	

or degradation product of the full-length (long) protein. Taken together, these 400	

data suggest that pUL138-S most likely arises via alternative translation 401	

mechanisms. Recently, lactimidomycin-stalled (initiating) ribosomes were 402	

detected within the UL138 gene at both codon 1 (~93%) and codon 16 (~7%) 403	

providing independent evidence for translation of a short form of pUL138 (33).  404	

An internal ribosome entry site (IRES) like element has been previously shown to 405	

support translation of pUL138-L from transcripts with open reading frames 406	

upstream of the UL138 cds (45). Although this study did not examine the 407	

expression of pUL138-S, it is possible that the IRES like element could also 408	

support expression of pUL138-S. When the methionine at codon 1 of UL138 is 409	
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mutated (ΔM1 or M1A), the accumulation of pUL138-S increases (Fig 2C, 8C), 410	

which is a result consistent with a leaky scanning mechanism of translation (48).  411	

The differences in pUL138-S localization in AD169 and TB40E infections 412	

could be due to the differences in the context of expression. In AD169 infection, 413	

expression of pUL138-S was achieved by deletion of the first 15 amino acids, 414	

whereas in TB40/E infection the first methionine codon was disrupted. These 415	

differences in mutagenesis approaches may contribute to changes in expression 416	

levels and may contribute to differences in the results obtained with the different 417	

strains. However, it should also be noted that pUL138 is expressed in the context 418	

of the UL133-UL138 locus in TB40E infection. It is possible that expression of 419	

other UL133-UL138 proteins influences the function of pUL138 isoforms, as 420	

pUL133, pUL135 and pUL136 are known to interact with pUL138 (47). We also 421	

cannot exclude the possibility that other less well-defined differences between 422	

AD169 and TB40E influence pUL138 isoform localization and function.  423	

Golgi localization or retention signals within UL138 have not been 424	

demonstrated.  The N-terminal signal sequence and putative transmembrane 425	

domain should be absent or disrupted, respectively, in pUL138-S, yet this protein 426	

can be found at the Golgi apparatus, as well as the cytoplasm.  There is some 427	

heterogeneity of pUL138-S localization when expressed in different contexts.  428	

Why this occurs is unclear, but could result from, among other things, differences 429	

in expression levels, cis-acting mRNA sequences (57) or other viral proteins 430	

present during infection.  pUL138-L interacts with a number of the other proteins 431	

encoded within the UL133-UL138 locus (47). While it is small enough to diffuse 432	
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freely through nuclear pores, pUL138-S is not detected in the nucleus.  This may 433	

be due in part to the low levels of the protein achieved in cells during infection.  434	

However, transient transfection results in the relatively abundant accumulation of 435	

pUL138-S, but not its nuclear localization.  It remains to be determined how 436	

UL138 exerts transcriptional effects in the nucleus from its position at the Golgi 437	

apparatus and in the cytoplasm.  438	

pUL138-S is expressed at low levels during infection and accumulates to 439	

much lower levels than pUL138-L making it difficult to detect.  In our reporter 440	

assays (Fig. 4) we needed to transfect three times the amount of Δ1-15 encoding 441	

plasmid to achieve similar protein levels to those generated by wild type or M16A 442	

alleles.    Viral proteins in persistent infections, for example the HCMV UL136 443	

protein and the human papillomavirus E7 protein, are often found at low levels, 444	

presumably to limit immune detection (9, 49, 50).  Low-level protein accumulation 445	

may result from weak transcription, inefficient translation, codon usage, poor 446	

protein stability, or a combination of these factors.  For example, the UL138 gene 447	

in TB40/E has a codon adaption index (CAI) (51) of 0.7 (www.GeneScript.com), 448	

which is considered sub-optimal for expression. Intriguingly, it may also result 449	

from miRNA-mediated translational repression, as a viral microRNA, miR-UL36, 450	

has been reported to down regulate UL138 (52) and is expressed during both 451	

experimental and natural latent infections (53).  Regulation by cellular miRNAs is 452	

also possible, as has been detected for viral IE1 transcripts in latently infected 453	

cells (22, 54). The very low levels of UL138 proteins detected are consistent with 454	

viral attempts at immune evasion during latency, as UL138 possesses known 455	
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cytotoxic T cell-specific epitopes (55).  Interestingly, the identified CD8+ T cell 456	

epitope is from the amino terminus of the protein found in pUL138-L but not 457	

pUL138-S (55).   458	

Reporter assays (Fig. 4) and quantitation of IE1 transcripts in the 459	

presence of VPA (Fig. 7) indicate that the long form of UL138 may play a more 460	

prominent role than the short form at suppressing IE gene expression during 461	

latency.  In contrast, assays in ESCs (Fig. 10A) indicate that the short isoform 462	

better suppresses infectious virion production during latency compared to the 463	

long form.  These subtle differences in function may reflect a time-dependence in 464	

activity.  One possible model is that early and prominent accumulation of 465	

pUL138-L silences IE1 transcription at the beginning of latency prior to the 466	

protein being down regulated.  At later times, weaker expression of pUL138-S 467	

might suppress progeny virion production without resulting in the presentation of 468	

UL138 epitopes unique to the long form and recognized by CD8+ T cells (55).  469	

Interestingly, C-terminal peptides found in pUL138-S elicit a CD4+ T cell 470	

response that includes secretion of the immunosuppressive cytokine cIL10 (56). 471	

Thus, pUL138-S might promote latency by a combination of transcriptional 472	

repression of lytic phase genes and by protecting latently infected cells from 473	

immune detection and clearance.  474	

We were unable to detect the suppressive functions of pUL138-S 475	

observed in THP-1s or ESCs in the context of CD34+ HPCs. The cell type-476	

dependent differences may reflect different kinetics of isoform synthesis or 477	

accumulation, cell type specificity for function, or a combination of these features.  478	
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Interestingly, an unbiased examination of HCMV latent transcripts (36) 479	

demonstrated that the fraction of all mapped HCMV latent messages represented 480	

by UL138 was ~5-fold higher during experimental infection of monocytes 481	

compared to natural infection of these cells, but ~15-fold lower in experimental 482	

latent infection of CD34+ cells compared to natural infections.  Thus, it appears 483	

that UL138 is expressed better in monocytes in vitro and better in CD34+ cells in 484	

vivo, at least at the transcript level.  The low levels of UL138 expression in in vitro 485	

systems may contribute to the difficulty in discerning functional outcomes of 486	

pUL138-S in CD34+ cells.  487	

We describe pUL138 as silencing transcription because it clearly 488	

represses an HCMV promoter, the MIEP.  pUL138 decreases luciferase 489	

enzymatic activity when the gene encoding the protein is driven by the MIEP, but 490	

not when it is expressed from the SV40 promoter (16), making post-491	

transcriptional regulation of this reporter mRNA unlikely.  Furthermore, pUL138 492	

expression has been shown to modify the chromatin structure of the MIEP in a 493	

manner correlated with transcriptional repression (16).  Thus, despite its 494	

cytoplasmic localization, pUL138 modulates viral transcription.  However, 495	

because of its cytoplasmic localization, supplementary effects on mRNA stability 496	

or translation are not excluded by any of our data.  More work is required to 497	

determine if pUL138 regulates latent viral gene expression post-transcriptionally 498	

in addition to its transcriptional effects. 499	

While UL138 has been associated with multiple effects during HCMV 500	

infection (13, 16, 18), previous studies did not take into account the individual 501	
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roles of the pUL138 protein isoforms. Our current study demonstrates that the 502	

two protein isoforms of pUL138 may have both overlapping and distinct functions 503	

during HCMV infection. In recent years, many studies have contributed to a body 504	

of work that begins to effectively demonstrate the power and function of 505	

increased coding capacity in HCMV through transcriptional, translational, and 506	

post-translational mechanisms (9, 15, 32, 33, 37, 58, 59). Further, many 507	

examples of viral protein isoforms that have similar or unique functions exist (60-508	

67), but theses examples likely only begin to scratch the surface of the important 509	

roles protein isoforms play in viral infection and virus host interactions. More work 510	

is needed to fully understand the function of the two pUL138 isoforms and how 511	

their functions, in cooperation with the UL133-138 locus, contribute to the 512	

persistence of HCMV within the human host.  513	
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Figure Legends 738	

Figure 1.  The UL138 gene is expressed as long and short isoforms. (A), 739	

Lysates from normal human dermal fibroblasts (NHDF) or THP-1 cells 740	

transfected with an empty vector (-) or with a plasmid expressing C-terminally 741	

HA-tagged UL138 (+) were harvested at 48 h post-transfection and analyzed by 742	

western blotting with an HA antibody. GAPDH serves as a loading control. (B), 743	

Lysates from NHDFs mock infected (M) or infected with AD169-UL138HA at an 744	

MOI of 1 were collected at the indicated hour post infection (hpi) and analyzed by 745	

western blot with an HA antibody.  A long exposure is also shown.  Tubulin 746	

serves as a loading control. (C), VPA-treated THP-1 cells were mock-infected 747	

(M) or infected with AD169-UL138HA at an MOI of 3. At 24 hours post infection, 748	

lysates were collected and analyzed by western blot with an HA antibody.  A long 749	

exposure is also shown. GAPDH serves as a loading control.  750	

 Figure 2. pUL138-S initiates from methionine 16. (A), Amino acid sequence 751	

of full length UL138. Potential in-frame methionine start sites are underlined. 752	

Putative transmembrane domain is shown in bold. (B), Schematic of UL138HA 753	

mutant alleles in the pSG5 expression vector. (C), Lysates from THP-1 cells 754	

transfected with an empty vector (EV) or the indicated UL138HA allele were 755	

collected at 48h post-transfection and analyzed by western blot with an HA 756	

antibody. Tubulin serves as a loading control. (D), Lysates from THP-1 cells 757	

transfected with an empty vector (EV) or plasmids encoding wild-type, Δ1-15 or 758	

M16I UL138HA were collected at 48h post-transfection and analyzed by western 759	

blot with an HA antibody.  Actin serves as a loading control.  760	
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Figure 3. Ectopically expressed pUL138-L and pUL138-S localize to the 761	

Golgi Apparatus.  NHDFs (A) and THP-1 cells (B) were transfected with 762	

plasmids encoding wild-type (WT), Δ1-15 or M16I UL138HA. 24h post-763	

transfection, cells were stained with antibodies against HA and the Golgi marker 764	

GM130 and imaged by indirect immunofluorescence. Nuclei were counterstained 765	

with Hoechst.  766	

Figure 4. Both pUL138-L and pUL138-S repress an MIEP reporter in THP-1 767	

cells.  A luciferase reporter driven by the HCMV MIEP was co-transfected with a 768	

control TK-driven Renilla luciferase reporter and either an empty vector (EV) or 769	

an expression plasmid for wild type, Δ1-15 or M16I UL138HA alleles in 770	

decreasing amounts from 3 µg to 0.25 µg. Total pSG5 transfected was brought 771	

up to 3 µg with pSG5 empty vector. The ratio of Firefly to Renilla luciferase 772	

activity was determined 48 h post transfection. Data represent means +/- SEM 773	

from three experiments. Lysates were analyzed by western blot with the 774	

indicated antibodies. Numbers under the 138HA western blot represent 138HA 775	

band intensity when detectable relative to GAPDH intensity as quantified on 776	

LiCor Odyssey. Statistical comparisons were done between EV and UL138 777	

isoforms with similar expression levels, ***p<0.001, **p<0.01 *p<0.05, n.s. not 778	

significant (p>0.05) by Student’s t test. 779	

Figure 5.  AD169-UL138HA mutant viruses express pUL138-L or pUL138-S.  780	

(A), Schematic of AD169-UL138HA wild type, Δ1-15 and M16I viruses. (B), 781	

NHDFs were infected with the indicated virus at an MOI of 0.2 and cell-free virus 782	

was collected and analyzed by plaque assay at the indicated times. Data are the 783	
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mean ± SEM from 4 biological replicates. (C), Lysates from NHDFs mock 784	

infected or infected with the indicated virus at an MOI of 1 for 24 h were analyzed 785	

by western blot with an HA antibody.  (D), Lysates from MRC5s mock infected or 786	

infected with the indicated virus at an MOI of 1 for 24 h were analyzed by 787	

western blot with an HA antibody. (E), Lysates from VPA-treated THP-1 cells 788	

mock infected or infected with the indicated virus at an MOI of 3 for 24 h were 789	

analyzed by western blot with an HA antibody.  Long exposures are also shown. 790	

GAPDH serves as a loading control.  791	

Figure 6. UL138 proteins produced from AD169-based viruses localize to 792	

the Golgi Apparatus. THP-1 (A) or VPA-treated primary CD34+ cells (B) were 793	

infected for 24 hours with the indicated viruses at an MOI of 3 or 1 respectively 794	

then stained with antibodies for UL138 (HA) and the Golgi marker GM130, and 795	

imaged by indirect immunofluorescence. Nuclei were counterstained with 796	

Hoechst.  (C)  THP-1 cells treated with VPA were infected with AD-UL138HA-Δ1-797	

15 at an MOI of 1 for 18 hours and processed as above. 798	

Figure 7. UL138 isoforms suppress VPA-responsive IE1 transcription 799	

during experimental latency. (A), RNA from THP-1 cells infected with the 800	

indicated virus at an MOI of 1 in the absence (-) or presence (+) of 1mM VPA for 801	

18 h was analyzed by qRT-PCR for expression of IE1. Viral gene expression was 802	

normalized to cellular GAPDH and expressed relative to untreated AD169-803	

infected cells. Data are the mean ± SEM from 4 biological replicates.  804	

Conventional RT-PCR analysis for the indicated genes is presented under the 805	

graph.  (B), RNA from primary CD34+ cells infected with the indicated virus at an 806	
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MOI of 1 in the absence (-) or presence (+) of 1mM VPA for 24 h was analyzed 807	

by qRT-PCR for expression of IE1 as described in panel A. Data are the mean ± 808	

SEM from at least 4 biological replicates.  Conventional RT-PCR analysis for the 809	

indicated genes is presented under the graph. *p < 0.05, **p < 0.01, n.s. not 810	

significant (p > 0.1) by two-sided Wilcoxon rank sum test.  811	

Figure 8. TB40/E-UL138F mutant viruses express pUL138-L or pUL138-S.  812	

(A), Schematic of TB-UL138F wild type, M1A and M16A viruses. (B), MRC-5 813	

fibroblasts were infected with the indicated virus at an MOI of 0.02 and virus 814	

accumulated in the cells and media was quantitated by TCID50 at the indicated 815	

times. Data are the mean ± SEM from 3 biological replicates. (C), Lysates from 816	

MRC-5 fibroblasts mock infected or infected with the indicated virus at an MOI of 817	

2 for 72 h were analyzed by western blot with the Flag antibody.  Tubulin serves 818	

as a loading control.  (D), Lysates from THP-1 cells mock infected or infected 819	

with the indicated virus at an MOI of 4 for 72 h were analyzed by western blot 820	

with the Flag antibody.  Tubulin serves as a loading control.  821	

Figure 9. UL138 proteins produced from TB40/E-based viruses localize to 822	

the Golgi Apparatus and cytoplasm. (A) MRC5 fibroblasts were infected for 48 823	

hours with the indicated viruses at an MOI of 2 and stained with antibodies for 824	

UL138 (FLAG) and the Golgi marker GM130, and imaged by indirect 825	

immunofluorescence. Nuclei were counterstained with Dapi.  (B) THP-1 cells 826	

were infected for 48 hours with the indicated viruses at an MOI of 2 and analyzed 827	

as above. 828	
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Figure 10. pUL138-S suppresses progeny virion formation during HCMV 829	

latency in ESCs.  (A) Infectious virions produced by ESCs infected with the 830	

indicated TB40/E-based viruses an MOI of 2 for 10 days were quantified by 831	

plaque assay. Data from 5 biological replicates are graphed and shown in table 832	

format. *p < 0.05, n.s. not significant (p > 0.1) by two-sided Wilcoxon rank sum 833	

test.  (B) Infectious virions produced by CD34+ cells infected with the indicated 834	

TB40/E-based viruses an MOI of 2 for 10 days were quantified by TCID50 assay. 835	

Data from 2 biological replicates are graphed and shown in table format. 836	

Brackets represent the range of the data. 837	

Supplementary Figure 1. Ectopically expressed pUL138-L and pUL138-S 838	

localize to the Golgi Apparatus in NHDFs.  NHDFs were transfected with 839	

plasmids encoding wild type (WT), Δ1-15 or M16I UL138HA. 24h post-840	

transfection, cells were stained with antibodies against HA and the Golgi marker 841	

GM130 and imaged by indirect immunofluorescence. Nuclei were counterstained 842	

with Hoechst. 843	

Supplementary Figure 2. Ectopically expressed pUL138-L and pUL138-S 844	

localize to the Golgi Apparatus in THP-1s.  THP-1 cells were transfected with 845	

plasmids encoding wild type (WT), Δ1-15 or M16I UL138HA. 24h post-846	

transfection, cells were stained with antibodies against HA and the Golgi marker 847	

GM130 and imaged by indirect immunofluorescence. Nuclei were counterstained 848	

with Hoechst. 849	
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Table 1.  Primers used to construct TB40/E viruses
Primer Name Orientation Sequence (5' to 3')

Forward GTTCCCGCGCGAGTGCTGTACAAAAGAGAGAGACTGGGACGTAGA
TCCGGACAGAGGACGGTCACCCCTGTTGACAATTAATCATCGGCA

Reverse GAGTAGATCGAGCAGAGAATGTCAAAACGACATTACCGCGATCCGC
TCCCCTCTTTTTTCTTTTTCTCATTCAGCACTGTCCTGCTCCTT

UL136(bp640) Forward GGTACATGTGGCGGTCCAAGC
UL139(-367bp) Reverse CCTCACCGTCCATCGTCCG

Forward [Phos]CGATTACAAGGATGACGATGACAAGTGAATGAGAAAAAGAAAA
AAGAGGGGAGCGGATCGCGG

Reverse [Phos]ATGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCACC
GCCACCGCCCGTGTATTCTTG

Forward [Phos]GACGGTCACCGCGGACGATCTG
Reverse [Phos]CTCTGTCCGGATCTACGTCCCAGTCTCT
Forward [Phos]CATCGGCGTGGCGCTCGTGCTG
Reverse [Phos]ATGGGTAACCCGACGTTCAGCGGCAGAT
Forward [Phos]ACTGGTGCGCGCGTTTTTGAGC
Reverse [Phos]TTGAAGGTGTCGTGCCAATGGTAAGC

P
hu

si
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ut
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en

si
s

B
A

C
 R

ec
om
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g

[Phos] indicates a 5' phosphate group.

UL138<galK>

UL138-M1A

UL138-M16A

UL138-M40A

UL1383XFlag

Table 1
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