Brown, J Virol Antivir Res 2015, 4:3
http://dx.doi.org/10.4172/2324-8955.1000140

Journal of Virology &
Antiviral Research

Research Article

Control of Host Gene
Expression by a Herpesvirus
Transcription Factor
Jay C Brown1*

Abstract
Herpes simplex virus and other alpha-herpesviruses encode a
transcription factor, VP16, able to activate expression of genes
containing its binding site (TAATGARAT) in the promoter region.
VP16 protein is present inside the infectious virion and it enters
the host cell with the virus nucleocapsid. Once inside the cell,
VP16 is able to cause the prompt expression of virus genes
adjacent to its binding sites. I have examined the possibility that
host gene expression may have the potential to be affected by the
presence of VP16, a situation that could have important effects on
alpha-herpesvirus replication. Bioinformatic methods were used to
examine five human genome regions (each 16-73Mb in length) for
the presence of genes with upstream TAATGARAT sequences. A
total of fourteen characterized genes were identified indicating VP16
has the potential to activate their expression. The identified genes
varied considerably in function, and did not appear to support a
common theme or goal. The presence of an upstream TAATGARAT
sequence was found to be well conserved in the homologous genes
of chimpanzee where 11 of 14 homologous genes had upstream
TAATGARAT’s. Conservation was poor, however, in three other
species examined, mouse (2 of 14 genes), horse (2) and chicken (1).
The observed pattern of conservation is interpreted to suggest that
alpha-herpesviruses evolved the ability to benefit from expression
of TAATGARAT-containing host genes and that this process was
complete at or before the time chimpanzees and humans diverged
evolutionarily (~7Mya).
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Introduction
Herpes simplex virus 1 (HSV1) encodes a transcription factor,
VP16, able to activate expression of HSV1 immediate early genes. An
unusual mechanism is involved. VP16 protein is present inside the
infectious virion and it enters the host cell along with the virus DNA,
capsid and tegument [1,2]. 600-700 VP16 molecules are involved [3].
After entering the cytoplasm, VP16 traffics to the nucleus where it
binds the virus DNA and acts to initiate expression of immediate
early genes [4]. IE gene products are themselves transcription factors
(ICP4 and ICP8) that cause expression of HSV1 genes also activated
early in virus replication.
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The specificity of VP16 for immediate early genes is conferred
by the presence of the VP16 binding site, TAATGARAT, in the
IE gene promoter [4]. Recognition of TAATGARAT sequences
(TAATGAAAT or TAATGAGAT) occurs by VP16 in a complex with
two host-encoded proteins, HCF-1 and Oct1 [5,6]. Genes lacking
an upstream TAATGARAT sequence are not activated. Activation
of a control gene lacking a TAATGARAT site can be conferred by
introducing one experimentally [4,7]. All alpha-herpesviruses encode
a homolog of HSV1 VP16 and also have TAATGARAT sequences in
the promoter regions of immediate early genes [8]. Beta- and gammaherpesviruses lack homologs of HSV1 VP16.
I have been pursuing the observation that HSV1 VP16
(encoded by UL48, an essential gene for HSV1 replication) is able
to activate expression of host as well as virus genes as long as a
TAATGARAT sequence is present. The study was motivated by the
idea that TAATGARAT-containing host genes could have important
consequences for virus growth or perhaps for the host response to
virus infection.
A bioinformatic approach was employed. Five different regions of
the human genome, each 16Mb or more in length were examined for
the presence of genes containing upstream TAATGARAT sequences.
The functions of such genes were then evaluated individually with the
goal of understanding how they might affect HSV1 replication or the
host response to replication. A total of fourteen characterized human
genes were identified and some of their properties are reported here.

Materials and Methods
DNA sequences were retrieved from the NCBI database and
examined with Genome Workbench (www.ncbi.nlm.nih.gov/tools/
gbench ). Human sequences were derived from build 38 (GRCh38
Primary Assembly HSCHR11_CTG1) Annotation Release 106.
Accession Numbers for individual chromosomes are shown in
Supplementary Table 1. Target regions of the human genome as
shown in Table 1 were downloaded from the NCBI web site (http://
www.ncbi.nlm.nih.gov /) and manipulated with locally written
Python scripts or with Emboss Explorer (http://cys.genomics.purdue.
edu/emboss ).
A Python script based on lines.find was used to determine the
positions of TAATGARAT sequences in human genome segments
[9]. The positions of TAATGAAAT and TAATGAGAT sequences
were determined on both DNA strands of target human DNA. Lists
of TAATGARAT sequences generated in this way were examined
visually to identify sequences in close proximity to annotated gene
start sites. TAATGARAT sequences upstream of the start site were
given minus numbers to indicate the distance to the gene start; plus
numbers refer to TAATGARAT’s between the gene start and the
protein initiating ATG. TAATGARAT sequences were ignored if
they were downstream of the ATG or more than 1600bp upstream
of the gene start. The upstream distance (1600bp) was chosen as a
compromise between an average eukaryotic promoter length and
the length of the longest ones [10]. Human genome regions were
randomized using the shuffleseq program in Emboss Explorer.
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Studies with non-human species began with the list of human
genes having proximal TAATGARAT sequences (Table 2). Functions
of the NCBI web site were used to identify and localize homologs in
the genomes of chimpanzee, horse, mouse and chicken. Relevant
Accession Numbers are shown in Supplementary Table 1. Upstream
TAATGARAT sites were identified by displaying the chromosome
sequence with Genome Workbench and using the find function to
identify TAATGARAT sequences proximal to the gene start. Expected
TAATGARAT frequencies were calculated assuming all human
genome regions studied have a 41% GC content. Expected values
used for TAATGAAAT and TAATGAGAT were (0.205)8*(0.585) or
0.00117% and (0.205)7*(0.585)2 or 0.00081%, respectively.

Results
Human genes with proximal TAATGARAT sequences
Table 1 shows a list of the five human genome regions examined.
Each was derived from a different chromosome and the five varied in
length from 16.5Mb to 73.2Mb. The aggregate length was 188.6Mb
or approximately 6% of the human genome. The five regions were
chosen because each contains gene-rich regions. Together the
five regions contain a total of 2846 genes and 9622 TAATGARAT
sequences. Randomized versions of the five regions contained fewer
TAATGARAT’s than the parent human sequences, but the difference
was modest (7909 randomized vs 9622 human).
As described in Materials and Methods, a Python script was
used to determine the locations of TAATGARAT sequences in
the five target genome regions. Each TAATGARAT sequence was
then examined individually to determine whether it was located
upstream (within 1600bp) of a gene start site. Genes with upstream
TAATGARAT sequences were entered into Table 2 [11-24] for genes

with known functions or Table 3 for uncharacterized genes and LINC
RNA’s.
The above analysis yielded a total of 14 TAATGARAT-containing,
characterized genes among the five genome regions tested (Table 2).
Eight other features were also identified, 6 uncharacterized genes and
2 LINC RNA’s (Table 3). At least one TAATGARAT-containing gene
was found in each of the five chromosome regions examined.
Overall, genes with upstream TAATGARAT sequences were
found to be rare. For instance, among the 2846 genes present in
the human genome regions examined, only 22 (14 characterized
genes plus 8 other features) had TAATGARAT sequences <1600bp
upstream of a gene start site. Similar upstream TAATGARAT’s were
also rare compared to the expected number based on a random DNA
sequence. While 22 TAATGARAT-containing genes were observed in
the human genome sequences examined, 90 such genes are expected
among the 2846 genes if each has 1600 randomized nucleotides of
upstream human DNA. (See Materials and Methods for calculation).
The result suggests TAATGARAT sequences are depleted in genecontaining regions of the human genome.
A variety of functions are observed among the 14 characterized
genes with upstream TAATGARAT sequences (Table 2). For
example, there are genes involved in vesicle transport (COPB1,
DCTN1), amino acid uptake (SLC43A1), receptor phosphorylation
(ADRBK1), gene expression (PHOX2B) and electron transport
(COX7B2). The diversity of genes observed has defied efforts to
identify a common goal or theme they might serve. I therefore favor
the view that TAATGARAT-containing host genes are unlikely to
relate to a single, unified function.

Table 1: Regions of the human genome examined for genes with proximal TAATGARAT sequences.
Chromosome
(Chromosome length in Mb)

Interval
sampled (Mb)

Interval
Length (Mb)

Genes in interval

TAATGARAT
(in interval)

TAATGARAT
(randomized interval)
1384

21 (46.7)

13.0-46.7

33.7

514

1624

11 (135.1)

54.5-89.0

33.5

918

1251

1014

8 (145.1)

12.3-44.0

31.7

376

1538

1218

4 (190.2)

32.8-49.3

16.5

135

1055

828

2 (242.2)

16.1-89.3

73.2

903

4154

3465

Total

188.6

2846

9622

7909

Table 2: Human genes with TAATGARAT-proximal sequences.
Gene with proximal
TAATGARAT

a

Chrom

Pos
(Mb)

Strand

Nt to gene
starta

Gene function

Ref

CYYR1

21

26.5

-

-1280

Cys/tyr-rich protein

[11]

C21orf62

21

32.8

-

-1239

Protein coding

[12]

IL10RB

21

33.3

+

-908

IL10 receptor binding

[13]

COPB1

11

14.5

-

+ 881

Vesicle transport

[14]

OR5M3

11

56.5

-

-248

Olfactory receptor (GPCR)

[15]

TNKS1BP1

11

57.3

-

-647

Tankyrase binding protein

[16]

SLC43A1

11

57.5

-

-697

Amino acid transporter

[17]

ADRBK1

11

67.3

+

-1276

Phosphorylates receptor

[18]

SGCZ/miR383

8

15.2

-

-1315

Bridge cytoskeleton and ECM

[19]

PHOX2B

4

41.7

-

-1057

Transcription factor in neurons

[20]

COX7B2

4

46.9

-

-1316

Cytochrome C oxidase subunit

[21]

CAD

2

27.2

+

-914

Pyrimidine biosynthesis

[22]

DCTN1

2

74.4

-

-732

ER to Golgi vesicle transport

[23]

TRABD2A

2

84.9

-

-866

TraB domain; metallopeptidase

[24]

Minus/Plus: nucleotides upstream/downstream from annotated gene start site.
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Animal homologs of human genes with proximal
TAATGARAT sequences
The presence of human genes with upstream TAATGARAT
sequences suggested other species may have similar genes. Genes
with upstream TAATGARAT’s are expected particularly in species
infected by alpha-herpesviruses as these express a VP16 homolog. This
expectation was tested beginning with chimpanzee, horse, mouse and
chicken genomes. Like humans, chimpanzees, horses and chickens
are all able to be infected in nature with multiple alpha-herpesvirus
species. Mouse, however, serves as an experimental control as mice are
not naturally infected with any well characterized alpha-herpesvirus.
Tests were carried out with the 14 characterized human genes found
to have upstream TAATGARAT sequences (Table 2). Animal
homologs of the human genes were identified and their sequences
examined for the presence of upstream TAATGARAT sequences.
The results showed that all 14 human genes found to have
an upstream TAATGARAT have a homolog in the chimpanzee
genome (Table 4). All 14 chimpanzee genes are present on the same
chromosome as the human homolog. Eleven of the fourteen were
found to have upstream TAATGARAT sequences in chimpanzee
as they do in humans. Those lacking TAATGARAT sequences were
CYYR1, COPB1 and OR5M3 (Table 5). The distance between the
gene start and the TAATGARAT sequence was found to be similar
Table 3: Human non-gene features with TAATGARAT-proximal sequences.

a

Feature with
Proximal TAATGARAT

Chrom

Position
(Mb)

Strand

Nt to feature
start a

LOC101927869

21

24.3

-

-829

LINC00158

21

25.4

-

-272

LINC00160

21

34.7

-

-802

LOC102724403

11

70.9

-

-1190

LOC101929251

2

23.1

-

-195

LOC100507073

2

66.6

+

-1314

LOC102724482

2

74.8

-

-891

LOC102724482

2

74.8

-

-710

Nucleotides upstream from annotated feature start site
Table 4: Chimpanzee genes with TAATGARAT-proximal sequences.
TAATGARAT
Proximal Gene

Chrom

Pos
(Mb)

Strand

Nt to Gene
Start a

CYYR1

21

12.8

-

NAb

C21orf62

21

18.9

-

-804

IL10RB

21

19.4

+

+536

COPB1

11

14.3

-

NA

OR5M3d

11

2.4c

+

NA

TNKS1BP1

11

3.3c

-

-709

SLC43A1

11

3.5c

-

-1506
-1242

ADRBK1

11

65.2

+

SGCZ/miR383

8

11.2

-

-514

PHOX2B

4

41.8

-

-1065

COX7B2e

4

85.2

+

+1821

CAD

2A

27.6

+

-781

DCTN1

2A

75.4

-

-748

TRABD2A

2A

86.0

-

-1615

Minus/Plus: nucleotides upstream/downstream from annotated gene start
site.
b
NA: not applicable. No TAATGARAT sequence upstream from gene start site.
c
NW_003471755
d
LOC100608661
e
LOC100615314
a
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Table 5: Conservation of upstream TAATGARAT sequences in representative
host species infected by multiple alpha-herpesviruses.
Upstream TAATGARAT present in
Host Gene

Human

Chimpanzee

Horse

Mouse

CYYR1

Yes

No

No

No

Chicken
No

C21orf62

Yes

Yes

No

No

No
No

IL10RB

Yes

Yes

No

No

COPB1

Yes

No

No

No

No

OR5M3

Yes

Nob

Nod

No f

NH a

TNKS1BP1

Yes

Yes

No

No

No

SLC43A1

Yes

Yes

No

No

NH

ADRBK1

Yes

Yes

No

No

Nog
Yes

SGCZ/miR383

Yes

Yes

No

No

PHOX2B

Yes

Yes

Yes

Yes

No

COX7B2

Yes

Yes c

Yes e

No

NH

CAD

Yes

Yes

No

Yes

No

DCTN1

Yes

Yes

No

No

Noh

TRABD2A

Yes

Yes

No

No

No

NH: No homologous gene identified.
b
LOC100608661
c
LOC100615314
d
LOC100146503
e
LOC100629332
f
Olrf1032
g
NW_003777436.1( 0.1Mb)
h
NW_003765154.1 (0.1Mb)
a

in human and chimpanzee genes; average values were 961 ± 327 bp
(n=13) in human and 998 ± 382 bp (n=9) in chimpanzee.
The results for horse, mouse and chicken are summarized
in Table 5. They show that the horse and mouse genomes both
have homologs for all 14 human TAATGARAT-containing genes
identified in this study. No homologs for OR5M3, SLC43A1 or
COX7B2, however, could be identified in the chicken genome. In
contrast to the situation with chimpanzee, most of the 14 human
TAATGARAT-containing genes were found to lack TAATGARAT
sequences in horse, mouse and chicken. Counts were 2 of 14 in horse,
2 in mouse and 1 in chicken. The counts in horse and chicken are
suggested to be at or near the background level as neither is above
the value observed in mouse (2 of 14 genes), a species not infected in
nature by an alpha-herpesvirus.

Discussion
Host or virus evolution?
Viruses are well known for their ability to co-evolve with their
host species. Relevant host evolution is directed to suppressing virus
growth or eliminating it altogether. The virus part of the relationship,
however, is more subtle. The virus must use the host to propagate
itself while minimizing the extent of host pathogenesis involved. In
principle, the presence of upstream TAATGARAT sequences in host
genes could be a result of either host or virus adaptation. Evolution of
the virus, for instance, could have resulted in adaptation of VP16 to
make use of host sequences upstream of genes able to potentiate virus
replication. In contrast, the host could adapt its promoter regions so
that the presence of VP16 causes activation of anti-viral functions.
Although both processes could be active depending on the specific
gene, I favor the view that the identity of TAATGARAT-containing
human genes support the former view, that virus evolution has caused
adaptation of VP16 to promote expression of host genes that enhance
virus growth. One group of the identified genes, in particular, suggest
• Page 3 of 5 •
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themselves for a role in potentiating HSV1 replication. Dynactin
(DCTN1) and coatomer protein (COPB1) could be involved in virus
glycoprotein transport in vesicles. IL10 receptor binding protein
(IL10RB) could be involved in downregulation of the immune
response to infection and aspartate carbamylase (CAD) could help
serve the need of pyrimidines in virus DNA replication. The SGCZ
gene region encodes a microRNA (miR383) with the ability to
antagonize interferon production in infected cells [25], a function
that could promote HSV1 replication.

Virus-induced shut-off of host cell protein synthesis
Infection of a host cell by HSV1 involves a down-regulation of
host gene expression [26,27]. Messenger RNA’s are degraded by a
virus-encoded ribonuclease, and an effective mechanism is activated
to prevent spliced host mRNA’s from reaching the cytoplasm where
they can be translated [28]. In view of the robust mechanisms
available for inhibition of host gene expression, it was surprising to
observe the presence of human genes with upstream TAATGARAT
sequences and therefore with the potential to be activated by HSV1encoded VP16. Why would the virus activate expression of genes
whose mRNA’s are destined for prompt degradation?
I suggest the explanation may have to do with the mechanism of
gene activation. In contrast to host genes, virus genes are expressed at
a high level following infection. It may be that expression of host genes
by way of the VP16-TAATGARAT system causes them to take on the
character of virus genes and avoid the down-regulation that affects
most host genes. In support of this view, there exists experimental
evidence for up-regulation of two TAATGARAT-containing human
genes (COPB1 and U3 snRNA) following infection with HSV1 [2931].
An alternative explanation emphasizes the role of the virusencoded ribonuclease (UL41 gene). Called the virion host shutoff
protein, this enzyme is an important part of the mechanism by
which HSV1 down-regulates host protein synthesis and favors
translation of virus-encoded mRNA’s [32-34]. UL41 protein is a
component of the HSV1 tegument. Like VP16, UL41 is introduced
promptly after infection into the host cell cytoplasm where it causes
degradation of messenger RNA’s resulting in the severe attenuation
of host protein synthesis mentioned above. Late in infection,
however, UL41 activity is itself attenuated [35]. It is reasonable to
think therefore that attenuation of UL41 ribonuclease activity could
provide an opportunity for expression of host genes with upstream
TAATGARAT sequences as described here. The above explanation
suggests that host genes activated by upstream TAATGARAT
sequences would be expressed late in HSV1 infection, a suggestion
that can be tested experimentally.

Evolution of human genes with TAATGARAT-proximal
sequences
The observation of human genes with upstream TAATGARAT
sequences as described here suggested other species might have
similar genes, and this was found to be the case. Of 14 human genes
with upstream TAATGARAT sequences, 11 chimpanzee homologs
were also found to have them (Table 5). This result indicates that
TAATGARAT sequences in the 11 human genes arose evolutionarily
at or before the time human and chimpanzee species diverged (~7
million years ago; Mya).
The results with other animal species allow one to put a lower
limit on the time TAATGARAT sequences arose in the human genes
Volume 4 • Issue 3 • 1000140

examined. Two was the highest number of TAATGARAT-containing
homologs in horse, the most highly evolved of the three relevant
species examined (Table 5). This observation suggests most of the 14
TAATGARAT-containing human genes arose after the evolutionary
divergence of human and horse (~90 Mya). It emphasizes that
upstream TAATGARAT sequences were evolved relatively recently
(i.e. < 90Mya) in the 200 Mya history of the herpesvirus family [36].
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