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Previous research has suggested that human herpesvirus-6 (HHV-6)
may integrate into host cell chromosomes and be vertically trans-
mitted in the germ line, but the evidence—primarily fluorescence in
situ hybridization (FISH)—is indirect. We sought, first, to definitively
test these two hypotheses. Peripheral blood mononuclear cells
(PBMCs) were isolated from families in which several members,
including at least one parent and child, had unusually high copy
numbers of HHV-6 DNA per milliliter of blood. FISH confirmed that
HHV-6 DNA colocalized with telomeric regions of one allele on chro-
mosomes 17p13.3, 18q23, and 22q13.3, and that the integration site
was identical among members of the same family. Integration of
the HHV-6 genome into TTAGGG telomere repeats was confirmed
by additional methods and sequencing of the integration site. Par-
tial sequencing of the viral genome identified the same integrated
HHV-6A strain within members of families, confirming vertical trans-
mission of the viral genome. We next asked whether HHV-6A infec-
tion of naïve cell lines could lead to integration. Following infection
of naïve Jjhan and HEK-293 cell lines by HHV-6, the virus integrated
into telomeres. Reactivation of integrated HHV-6A virus from indi-
viduals’ PBMCs as well as cell lines was successfully accomplished by
compounds known to induce latent herpesvirus replication. Finally,
no circular episomal forms were detected even by PCR. Taken
together, the data suggest that HHV-6 is unique among human
herpesviruses: it specifically and efficiently integrates into telomeres
of chromosomes during latency rather than forming episomes, and
the integrated viral genome is capable of producing virions.

HHV-6 | episome | latency

Human herpesvirus-6 (HHV-6) was first discovered in
patients infected with HIV who also suffered from lym-

phoproliferative disorders (1), although it now is recognized to
infect the great majority of humans. HHV-6 is a betaherpesvirus
related to the human cytomegalovirus, and there are two distinct
subgroups, HHV-6A and HHV-6B (2, 3, 5). More than 90% of
children experience HHV-6B infection early in life, and this
subtype is the primary cause of exanthem subitum (4, 6).
Following primary infection, both variants of HHV-6 remain in a

persistent/latent state for the life of the host (7, 8). However, the
virus may reactivate in immunocompetent and, more often, in
immunosuppressed hosts. Reactivation of HHV-6 has been asso-
ciated with seizures, encephalitis, and graft rejection (5, 9–13).
HHV-6 can infect CD4+ lymphocytes and may also be a cofactor in
AIDS progression, by contributing to the loss of CD4+ cells (14,
15). HHV-6 also has been associated with multiple sclerosis; how-
ever, the interpretation of these findings remains uncertain (16–18).
Of the two variants, HHV-6A is more neurovirulent, as is

evident by the increased concentration of viral DNA present in

the plaques of patients’ brains with MS and its ability to establish
latency in oligodendrocytes (5, 16, 17).
Other human herpesviruses achieve latency by persisting as a

circular episome in the nucleus. However, some studies using
FISH analysis have suggested that both HHV-6A and B can
integrate into human chromosomes (19–25) and may be verti-
cally transmitted in the germ line (26). FISH assay, however,
cannot distinguish noncovalent linkage from integration, estab-
lish the specific integration site, or determine whether the inte-
grated virus can reactivate and produce infectious virions. Our
study addressed those questions.

Results
Patients Studied. Previous research has identified occasional
patients with high copy numbers of HHV-6 DNA and FISH
results suggesting chromosome integrated HHV-6 (19–25). Often
the same findings occur in both parents and children, suggesting
vertical transmission in the germline. We studied members of four
families in which more than one family member, including a
parent and at least one child, had roughly 1 million copies of
HHV-6 per milliliter of peripheral blood (Table 1). Several indi-
viduals were suffering from neurological symptoms, whereas oth-
ers were asymptomatic.
To determine whether HHV-6A or subtype B is present in these

patients, sequences of amplified ORF U94 and part of the direct
repeat (DR) were sequenced. Viral sequences were identical
among members of two families and shared 98% sequence iden-
tity with HHV-6A (strain U1102) and only 95% with HHV-6B
(Z29) (Table 1 and Figs. S1 and S2).

FISH Analysis of Chromosomal Integration Sites. To investigate the
possibility that HHV-6 had integrated into the family members’
chromosomes, we first performed fluorescence in situ hybrid-
ization (FISH) in T cell cultures derived from peripheral blood.
The experiments were performed in two independent laboratories
(University of Minnesota, Minneapolis, and Children’s Cancer
Research Institute, Vienna). Each laboratory was blind to
knowledge of the individual and family membership from which
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Virus-­‐host	
  DNA	
  exchange	
  in	
  humans	
  

•  These	
  homologous	
  regions	
  may	
  be:	
  
	
  a)	
  contamina;on	
  in	
  2nd	
  genera;on	
  sequencing	
  data;	
  	
  
	
  b)	
  human	
  genes	
  in	
  viruses;	
  
	
  c)	
  viral	
  genes	
  in	
  human	
  genome	
  

-­‐  endogeneous	
  retrovirus	
  integra;ons	
  
-­‐  HIV	
  integra;on	
  in	
  HIV	
  posi;ve	
  individuals	
  
-­‐  papillomavirus	
  integra;ons	
  in	
  cervical	
  cancer	
  
-­‐  Epstein-­‐Barr	
  virus	
  integra;on	
  during	
  the	
  immotaliza;on	
  of	
  cell	
  cultures	
  

Can	
  viruses	
  integrate	
  into	
  genomes	
  of	
  germ	
  line	
  cells	
  and	
  this	
  way	
  
make	
  phenotypically	
  important	
  structural	
  changes	
  in	
  the	
  human	
  
genome?	
  

If	
  we	
  compare	
  known	
  virus	
  genomes	
  with	
  individual	
  human	
  
genomes	
  we	
  find	
  a	
  large	
  number	
  of	
  homologous	
  regions.	
  



Human	
  Herpesvirus	
  Classifica;on	
  



Roseola	
  infantum	
  	
  	
  

(Lastehaigus,	
  millega	
  kaasneb	
  leetrite	
  või	
  pune;ste	
  sarnane	
  lööve)	
  



Human	
  Herpesvirus	
  type	
  6	
  (HHV-­‐6)	
  
•  HHV-­‐6	
  is	
  a	
  betaherpesvirus	
  related	
  to	
  the	
  human	
  

cytomegalovirus,	
  and	
  there	
  are	
  two	
  dis;nct	
  subgroups,	
  
HHV-­‐6A	
  and	
  HHV-­‐6B.	
  More	
  than	
  90%	
  of	
  children	
  experience	
  
HHV-­‐6B	
  infec;on	
  early	
  in	
  life,	
  and	
  this	
  subtype	
  is	
  the	
  primary	
  
cause	
  of	
  exanthem	
  subitum.	
  	
  

•  Following	
  primary	
  infec;on,	
  both	
  variants	
  of	
  HHV-­‐6	
  remain	
  in	
  
a	
  persistent/latent	
  state	
  for	
  the	
  life	
  of	
  the	
  host.	
  	
  

•  HHV-­‐6	
  has	
  ability	
  to	
  establish	
  latency	
  in	
  oligodendrocytes.	
  	
  



Neuron	
  with	
  oligodendrocyte	
  

hWp://en.wikipedia.org/wiki/File:Neuron_with_oligodendrocyte_and_myelin_sheath.svg	
  



Human	
  Herpesvirus	
  type	
  6	
  (HHV-­‐6)	
  
•  Following	
  primary	
  infec;on,	
  both	
  variants	
  of	
  HHV-­‐6	
  remain	
  in	
  

a	
  persistent/latent	
  state	
  for	
  the	
  life	
  of	
  the	
  host.	
  However,	
  the	
  
virus	
  may	
  reac;vate	
  in	
  immunocompetent	
  and,	
  more	
  oYen,	
  
in	
  immunosuppressed	
  hosts.	
  	
  

•  Reac;va;on	
  of	
  HHV-­‐6	
  has	
  been	
  associated	
  with	
  seizures,	
  
encephali;s,	
  and	
  graY	
  rejec;on.	
  	
  

•  The	
  prevalence	
  of	
  high	
  viral	
  load	
  in	
  normal	
  blood	
  donors	
  has	
  
been	
  reported	
  to	
  range	
  from	
  0.8%	
  to	
  1.5%	
  (34).	
  Interes;ngly,	
  
an	
  even	
  higher	
  prevalence—	
  2.9–3.3%—has	
  been	
  reported	
  in	
  
hospitalized	
  pa;ents	
  (33).	
  	
  



each specimen had been obtained. In each experiment, HHV-6-
specific fluorescence was detected in association with the telo-
meric regions of chromosomes (Table 1 and Fig. S3). The specific
chromosome was identified by cohybridization with viral and
chromosome-specific probes. HHV-6-specific FISH signal was
detected in chromosomes 17p13.3, 18q23, and 22q13.3, respec-
tively, in the three families studied with FISH. Furthermore,
HHV-6 and telomere FISH signals overlapped (Fig. S3).

Specific Integration of HHV-6 into Human Telomeres. To investigate
whether the FISH method truly detects integration of HHV-6
into the human genome, rather than an association of the telo-
mere with episomal viral DNA, we analyzed T cells from Family-
1 with the method of Gardella et al. (27). This method uses a
vertical agarose gel capable of distinguishing cellular genomic

DNA from covalently closed circular DNA (episomes) and from
replicating linear viral DNA. Southern hybridization with HHV-
6 cosmid probe (Fig. 1A) confirmed the association of the viral
genome with cellular DNA located in the loading well of these
gels. No circular episomal and unit length linear viral DNA was
detected in these experiments.
To further validate the Gardella gel results, T cells from three

members of Family-1 were immortalized using Herpesvirus sai-
miri (HVS) strain C484. Southern hybridization with HHV-6
detected signal within the genomic fraction (loading well) of the
Gardella gel. Hybridization of the same Southern blot with HVS
probe detected both episomal circular and replicating linear
HVS DNA, confirming proper release of herpesvirus DNA in the
gel (Fig. 1B).

Table 1. Patients from four independent families with chromosome integrated HHV-6

Family
number Age, sex Subject Disease stage

HHV-6 qPCR,*
copies per mL

HHV-6
subtype

†

Chromosome
HHV-6 FISH

Percent sequence identity to
HHV-6A (U1102)

U94 Direct repeat

1 58, M Father Asymptomatic 629,000 A 18q23 98% 98%
1 54, F Mother PCR negative Negative Negative n/a n/a n/a
1 24, M Sibling-1 Asymptomatic 1,400,000 A 18q23 98% Not done
1 22, F Sibling-2 CNS dysfunction,

hypersomnia
1,700,000 A 18q23 98% Not done

1 12, M Sibling-3 CNS dysfunction,
ataxia

1,600,000 A 18q23 Not done Not done

2 80, F Mother Mild dementia 625,000 A 17p13.3 98% Not done
2 45, F Sibling-1 CNS dysfunction,

fatigue
4,100,000 A 17p13.3 98% 98%

3 76, M Father Asymptomatic 2,000,000 B 22q13.3 Not done Not done
3 61, F Mother PCR negative Negative Negative n/a n/a n/a
3 34, M Sibling-1 CNS dysfunction,

fatigue
2,000,000 B 22q13.3 Not done Not done

4 62, F Mother Asymptomatic 4,000,000 B Not done Not done Not done
4 36, M Sibling-1 Asymptomatic 4,500,000 B Not done Not done Not done
4 29, F Sibling-2 CNS dysfunction,

fatigue, ataxia
4,200,000 B Not done Not done Not done

*qPCR on whole blood completed by ViraCor Laboratories (Lee’s Summit, MO).
†Subtypes were determined using PCR with subtype-specific primers.

Fig. 1. Vertical agarose gel technique identifies HHV-6 present in the host genomic fraction of Family-1 T cells—1 million T cells isolated from Family-1
members, control uninfected PBMCs, and HHV-6 positive Katata cell line (HHV-6B integrated Burkitt’s lymphoma cell line) (37). Cells were loaded on a vertical
agarose gel and analyzed for episomal, linear, or integrated DNA by the method of Gardella et al. (21). (A Left) Southern hybridization with HHV-6A probe. (A
Right) Blot was stripped and hybridized with mitochondrion oligonucleotide probe (41). (B) T cells of family members immortalized with H. saimiri strain C484
were subjected to Gardella gel analysis and hybridized with HHV-6 and H. saimiri probes.

5564 | www.pnas.org/cgi/doi/10.1073/pnas.0913586107 Arbuckle et al.



Determina;on	
  of	
  the	
  	
  
Chromosomal	
  Integra;on	
  Site	
  	
  

Fig. S3. Fluorescent in situ hybridization (FISH) of metaphase chromosomes from T lymphocytes of family members. PBMCs were stimulated for 72 h with 10
μg/mL PHA then cultured in RPMI medium 1640 containing 100 units/mL IL-2 and 10% FCS. Metaphase chromosomes were generated according to standard
cytogenic protocol (1), stained with DAPI, and hybridized with various probes as follows: (A) FITC-conjugated HHV-6A (U1102 strain) cosmid probes pMF311-2
and pMF335-6 (green) [Neipel F, et al. (1991) J Gen Virol 72:2293–2297] and cy5-conjugated telomere peptide nucleic acid (PNA) probe (red) (Dako). The viral
genome was present in the same chromosome of the corresponding parents and siblings suggesting germ line transmission [Tanaka-Taya K, et al. (2004) J Med
Virol 73:465–473]: Family-1 chromosome 18q23; Family-2 chromosome 17p13.3; and Family-3 chromosome 22q13.3. Lower right hand corner of each figure
contains magnification of the chromosome with integrated viral DNA. (B) Representative FISH from members of Families 1–3. Hybridization with FITC-con-
jugated HHV-6A (U1102 strain) cosmid probes pMF311-12 and pMF335-6 (green top row) [Neipel F, et al. (1991) J Gen Virol 72:2293–2297]. (C) cy5-conjugated
BCL2 probe (chromosome 18) (red), FITC-conjugated chromosome 17 centromere probe (green), and cy5 and FITC-conjugated EWSR1 probe (chromosome 22)
(dual-labeled, red and green bottom row) (Vysis).

1. Kowalska A, et al. (2007) A new platform linking chromosomal and sequence information. Chromosome Res 15:327–339.

Arbuckle et al. www.pnas.org/cgi/content/short/0913586107 7 of 13
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FISH	
  method	
  truly	
  detects	
  integra;on	
  of	
  HHV-­‐6	
  into	
  the	
  
human	
  genome,	
  rather	
  than	
  an	
  associa;on	
  of	
  the	
  telomere	
  

with	
  episomal	
  viral	
  DNA	
  

each specimen had been obtained. In each experiment, HHV-6-
specific fluorescence was detected in association with the telo-
meric regions of chromosomes (Table 1 and Fig. S3). The specific
chromosome was identified by cohybridization with viral and
chromosome-specific probes. HHV-6-specific FISH signal was
detected in chromosomes 17p13.3, 18q23, and 22q13.3, respec-
tively, in the three families studied with FISH. Furthermore,
HHV-6 and telomere FISH signals overlapped (Fig. S3).

Specific Integration of HHV-6 into Human Telomeres. To investigate
whether the FISH method truly detects integration of HHV-6
into the human genome, rather than an association of the telo-
mere with episomal viral DNA, we analyzed T cells from Family-
1 with the method of Gardella et al. (27). This method uses a
vertical agarose gel capable of distinguishing cellular genomic

DNA from covalently closed circular DNA (episomes) and from
replicating linear viral DNA. Southern hybridization with HHV-
6 cosmid probe (Fig. 1A) confirmed the association of the viral
genome with cellular DNA located in the loading well of these
gels. No circular episomal and unit length linear viral DNA was
detected in these experiments.
To further validate the Gardella gel results, T cells from three

members of Family-1 were immortalized using Herpesvirus sai-
miri (HVS) strain C484. Southern hybridization with HHV-6
detected signal within the genomic fraction (loading well) of the
Gardella gel. Hybridization of the same Southern blot with HVS
probe detected both episomal circular and replicating linear
HVS DNA, confirming proper release of herpesvirus DNA in the
gel (Fig. 1B).

Table 1. Patients from four independent families with chromosome integrated HHV-6

Family
number Age, sex Subject Disease stage

HHV-6 qPCR,*
copies per mL

HHV-6
subtype

†

Chromosome
HHV-6 FISH

Percent sequence identity to
HHV-6A (U1102)

U94 Direct repeat

1 58, M Father Asymptomatic 629,000 A 18q23 98% 98%
1 54, F Mother PCR negative Negative Negative n/a n/a n/a
1 24, M Sibling-1 Asymptomatic 1,400,000 A 18q23 98% Not done
1 22, F Sibling-2 CNS dysfunction,

hypersomnia
1,700,000 A 18q23 98% Not done

1 12, M Sibling-3 CNS dysfunction,
ataxia

1,600,000 A 18q23 Not done Not done

2 80, F Mother Mild dementia 625,000 A 17p13.3 98% Not done
2 45, F Sibling-1 CNS dysfunction,

fatigue
4,100,000 A 17p13.3 98% 98%

3 76, M Father Asymptomatic 2,000,000 B 22q13.3 Not done Not done
3 61, F Mother PCR negative Negative Negative n/a n/a n/a
3 34, M Sibling-1 CNS dysfunction,

fatigue
2,000,000 B 22q13.3 Not done Not done

4 62, F Mother Asymptomatic 4,000,000 B Not done Not done Not done
4 36, M Sibling-1 Asymptomatic 4,500,000 B Not done Not done Not done
4 29, F Sibling-2 CNS dysfunction,

fatigue, ataxia
4,200,000 B Not done Not done Not done

*qPCR on whole blood completed by ViraCor Laboratories (Lee’s Summit, MO).
†Subtypes were determined using PCR with subtype-specific primers.

Fig. 1. Vertical agarose gel technique identifies HHV-6 present in the host genomic fraction of Family-1 T cells—1 million T cells isolated from Family-1
members, control uninfected PBMCs, and HHV-6 positive Katata cell line (HHV-6B integrated Burkitt’s lymphoma cell line) (37). Cells were loaded on a vertical
agarose gel and analyzed for episomal, linear, or integrated DNA by the method of Gardella et al. (21). (A Left) Southern hybridization with HHV-6A probe. (A
Right) Blot was stripped and hybridized with mitochondrion oligonucleotide probe (41). (B) T cells of family members immortalized with H. saimiri strain C484
were subjected to Gardella gel analysis and hybridized with HHV-6 and H. saimiri probes.
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Determination of the Chromosomal Integration Site. Because the
HHV-6A genome encodes a perfect TTAGGG telomere repeat
array at the right end direct repeat (DRR) and an imperfect
TTAGGG repeat at the end of the left end direct repeat (DRL),
we established a working hypothesis that HHV-6A integrates
into telomeres via homologous recombination.
To amplify the putative viral–chromosomal DNA junction, we

created a primer pair homologous to theDRL andDRR of the viral
genome, as well as a primer to the subtelomere of chromosome 17p
(Fig. 2A). The subtelomere is the chromosomal region immedi-
ately adjacent to the TTAGGG telomere repeat array. DNA from
Family-2 was analyzed in these experiments because FISH had
identified the integration of HHV-6 into chromosome 17p (Fig.
S3) in this family, and the sequence of telomere–subtelomere
junction of chromosome 17p is known (28). Amplification with the
primer pair designed from DRR and 17p subtelomere successfully
amplified the viral–cellular junction as determined by co-Southern
hybridization with HHV-6, telomere, and chromosome 17p oli-
gonucleotide probes (Fig. 2B). Furthermore, the absence of
amplification with a primer derived from DRL confirmed the
integration of HHV-6 into human subtelomere, which is mediated
through the perfect TTAGGG found at the end of DRR. Cloning
and sequencing of the predominant 1.5-kb amplicon from the
DRR-derived primer confirmed the integration of HHV-6 within
the telomere of chromosome 17p in the cells of this family (Fig.
2C). The integration site contained five TTAGGG repeats, and
integration resulted in the loss of 79 nucleotides from the far right
end of the viral genome (GenBank accession no. GU784872).

In Vitro Integration of HHV-6A into Human T Cell Line Jjhan and
Human Embryonic Kidney-293 (HEK-293) Cells. Surprisingly, the
chromosome 17p subtelomere–DRR primer pair amplified DNA
fragments from DNA isolated from HHV-6A lytically infected
Jjhan cells (Fig. 2B), suggesting that integration takes place during
productive infection. To determine the frequency with which new

infection of naïve cell lines with HHV-6A leads to chromosomal
integration, and whether this is the sole means by which HHV-6A
achieves latency, we conducted three in vitro experiments.
First, we evaluated whether HHV-6A strain U1102 can inte-

grate into telomeres of the T cell line Jjhan. These cells are
routinely used to propagate HHV-6A, yet we observed that
despite supporting lytic infection, Jjhan cells often were not lysed
and that many cells survived after the peak of productive infec-
tion. We hypothesized that in some of the infected cells, rather
than productive infection leading to lysis, the virus had achieved
latency through integration. To examine this hypothesis, we
prepared DNA from cells at the peak of CPE, containing 103
infectious units/mL virus. We then amplified the putative viral
genome–telomere junction using subtelomere-based primers
(11q, 17p, and 18q) (28) and a primer derived from near the right
end of the DRR. After cloning and sequencing several PCR
products (GenBank accession nos. GU784871 and GU784873),
the HHV-6A genome was found to be covalently linked with all
chromosomes tested (Fig. S4). Thus, the result of this experi-
ment was consistent with the possibility that shortly after infec-
tion in this cell line, HHV-6A can integrate into the subtelomeric
region of the chromosome.
Second, to monitor the progression and spread of infection in

these Jjhan cells, we constructed an HHV-6A recombinant virus
(HHV-6AGFP) carrying the green fluorescent protein (GFP)
(construction described in Fig. S5A). To accomplish this, we
constructed a plasmid in which the GFP expression cassette
flanked two 2-kb fragments of ORF U53 and ORF U54 cloned
from HHV-6A strain U1102. Then we infected several human
monolayer cell lines and screened for those that supported lytic
replication and in which transfection of the plasmid was efficient.
The most promising cell line was HEK-293 cells (29). Preliminary
experiments indicated that HEK-293 cells produce infectious
virus at low cell density/confluency. To generate HHV-6AGFP

recombinants, a HEK-293 monolayer was then transfected with

Fig. 2. Chromosome 17p subtelomere-specific PCR from DNA of members of Family-2. (A) The putative HHV-6-chromosome 17p-HHV-6A junction. Arrows
indicate position of primers (drawing is not to scale) derived from the direct repeat left (DRL) and right (DRR) of the viral genome (Unique long = UL) and to
chromosome 17p subtelomere (28). (B) Genomic DNA subjected to amplification from Family-2 Mother and Sibling, HHV-6A-infected and uninfected Jjhan
cells. PCR products were separated by electrophoresis and analyzed by Southern blotting using 32P-labeled oligonucleotide probes as indicated at the bottom
of each panel. Cohybridization of a 1.5-kb fragment with all three probes suggests HHV-6A chromosome joining with viral DRR telomere repeat. (C) The
predominant 1.5-kb amplicon from Family-2/Mother was cloned (n = 3) and sequenced. A GenBank homology search confirmed the presence of chromosome
subtelomere 17p sequence (upper) joined with TTAGGG telomere repeats (bold and underlined), and HHV-6 DRR sequence (lower).
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Determination of the Chromosomal Integration Site. Because the
HHV-6A genome encodes a perfect TTAGGG telomere repeat
array at the right end direct repeat (DRR) and an imperfect
TTAGGG repeat at the end of the left end direct repeat (DRL),
we established a working hypothesis that HHV-6A integrates
into telomeres via homologous recombination.
To amplify the putative viral–chromosomal DNA junction, we

created a primer pair homologous to theDRL andDRR of the viral
genome, as well as a primer to the subtelomere of chromosome 17p
(Fig. 2A). The subtelomere is the chromosomal region immedi-
ately adjacent to the TTAGGG telomere repeat array. DNA from
Family-2 was analyzed in these experiments because FISH had
identified the integration of HHV-6 into chromosome 17p (Fig.
S3) in this family, and the sequence of telomere–subtelomere
junction of chromosome 17p is known (28). Amplification with the
primer pair designed from DRR and 17p subtelomere successfully
amplified the viral–cellular junction as determined by co-Southern
hybridization with HHV-6, telomere, and chromosome 17p oli-
gonucleotide probes (Fig. 2B). Furthermore, the absence of
amplification with a primer derived from DRL confirmed the
integration of HHV-6 into human subtelomere, which is mediated
through the perfect TTAGGG found at the end of DRR. Cloning
and sequencing of the predominant 1.5-kb amplicon from the
DRR-derived primer confirmed the integration of HHV-6 within
the telomere of chromosome 17p in the cells of this family (Fig.
2C). The integration site contained five TTAGGG repeats, and
integration resulted in the loss of 79 nucleotides from the far right
end of the viral genome (GenBank accession no. GU784872).

In Vitro Integration of HHV-6A into Human T Cell Line Jjhan and
Human Embryonic Kidney-293 (HEK-293) Cells. Surprisingly, the
chromosome 17p subtelomere–DRR primer pair amplified DNA
fragments from DNA isolated from HHV-6A lytically infected
Jjhan cells (Fig. 2B), suggesting that integration takes place during
productive infection. To determine the frequency with which new

infection of naïve cell lines with HHV-6A leads to chromosomal
integration, and whether this is the sole means by which HHV-6A
achieves latency, we conducted three in vitro experiments.
First, we evaluated whether HHV-6A strain U1102 can inte-

grate into telomeres of the T cell line Jjhan. These cells are
routinely used to propagate HHV-6A, yet we observed that
despite supporting lytic infection, Jjhan cells often were not lysed
and that many cells survived after the peak of productive infec-
tion. We hypothesized that in some of the infected cells, rather
than productive infection leading to lysis, the virus had achieved
latency through integration. To examine this hypothesis, we
prepared DNA from cells at the peak of CPE, containing 103
infectious units/mL virus. We then amplified the putative viral
genome–telomere junction using subtelomere-based primers
(11q, 17p, and 18q) (28) and a primer derived from near the right
end of the DRR. After cloning and sequencing several PCR
products (GenBank accession nos. GU784871 and GU784873),
the HHV-6A genome was found to be covalently linked with all
chromosomes tested (Fig. S4). Thus, the result of this experi-
ment was consistent with the possibility that shortly after infec-
tion in this cell line, HHV-6A can integrate into the subtelomeric
region of the chromosome.
Second, to monitor the progression and spread of infection in

these Jjhan cells, we constructed an HHV-6A recombinant virus
(HHV-6AGFP) carrying the green fluorescent protein (GFP)
(construction described in Fig. S5A). To accomplish this, we
constructed a plasmid in which the GFP expression cassette
flanked two 2-kb fragments of ORF U53 and ORF U54 cloned
from HHV-6A strain U1102. Then we infected several human
monolayer cell lines and screened for those that supported lytic
replication and in which transfection of the plasmid was efficient.
The most promising cell line was HEK-293 cells (29). Preliminary
experiments indicated that HEK-293 cells produce infectious
virus at low cell density/confluency. To generate HHV-6AGFP

recombinants, a HEK-293 monolayer was then transfected with

Fig. 2. Chromosome 17p subtelomere-specific PCR from DNA of members of Family-2. (A) The putative HHV-6-chromosome 17p-HHV-6A junction. Arrows
indicate position of primers (drawing is not to scale) derived from the direct repeat left (DRL) and right (DRR) of the viral genome (Unique long = UL) and to
chromosome 17p subtelomere (28). (B) Genomic DNA subjected to amplification from Family-2 Mother and Sibling, HHV-6A-infected and uninfected Jjhan
cells. PCR products were separated by electrophoresis and analyzed by Southern blotting using 32P-labeled oligonucleotide probes as indicated at the bottom
of each panel. Cohybridization of a 1.5-kb fragment with all three probes suggests HHV-6A chromosome joining with viral DRR telomere repeat. (C) The
predominant 1.5-kb amplicon from Family-2/Mother was cloned (n = 3) and sequenced. A GenBank homology search confirmed the presence of chromosome
subtelomere 17p sequence (upper) joined with TTAGGG telomere repeats (bold and underlined), and HHV-6 DRR sequence (lower).
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Sequencing HHV-6A (strain U1102) Jjhan chromosome integration 
>Chromosome 11q integration-clone 3
CAGACCTTGGAGGCACGGCCTTCGTTTGGGACAATTCGGGGCCGCATCGACGGTGAATAA
AATCCTTCCTCTTTGCAGCCCTGAATAATCAGGGTCAGAGATCAGTTAGGGTTAGGGTTA
GGGTTAGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTAGGGTTAGGGTTAGGGTTA
GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTA
GGGTTAGGGTTAGCCGGTGGTTTCCTTTGGCACCGTGCCAGGCGACCGTGGGTCCCAGAC
GGTGGCACGTCGCGCGCGATGTCGTTTTGAATTGTCTTCACGTCTCACCCCGGTATGCCC
CATCTACGTACCCACCCGCGACTACCACATGGGTGGGTTGTGCGTGTCTGTGTGTCTGCG
TGTGTACGCGTCCGTGGTAGAAACGCGGTGACAACGGATTACGGAGGTGAATGTTGCGGT
GGTTGGGACGGGGAGGGAGTGAAGAGATGTTTCCCGTATAGGTGTTTTTGGAACGTGGTT
TTTTTTTCTTACACTTGCCATGCTAGCGATCGCCCTCTGTCTTCGGTCCGCGTTACCGTG
TCGTGTGTACTTCCGCATACTTTTGTCTCTGCGCCTCGATACACCCCGTTGATTGGATGA
TCGCCACATGTGTATTGGACGTCACAGTCTGCTATTTTTTTCACTGTCTATTTTTAAACC
TGTTGTCGTCTTCCCGCCAAGGCTATGTGTCTCCGCCTTTTCTTATATTTTTCTGACGCT
GTTCGTTTTCTACGTTCGCCTCCAATCCCGGACGCACCTCCTTTGTATGTTCACTCCTCC
CACCCCCCGGGGTGCCTATATAAGAAGCGAACGCGACGCGCTTTCAAGCAGTCCCGATCA
TG

>Chromosome 11q integration-clone 5
CAGACCTGGAGGCACGGCCTTCGTTTGGGACAATTCGGGGCCGCATCGACGGAATAAAAT
CCTTCCTCTTGCAGCCCTGAATAATCAGGGCCAGAGATCAGTTAGGGTTAGGGTTAGGGT
TAGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTAGGGTTAGGGGTTAGGGTTAGGG
GTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGCCGGTG
GTTTCCTTTGGCACCGTGCCAGGCGACCGTGGGTCCCAGACGGTGGCACGTCGCGCGCGA
TGTCGTTTTGAATTGTCTTCACGTCTCACCCCGGTATGCCCCATCTACGTACCCACCCGC
GACTACCACATGGGTGGGTTGTGCGTGTCTGTGTGTCTGCGTGTGTACGCGTCCGTGGTA
GAAACGCGGTGACAACGGATTACGGAGGTGAATGTTGCGGTGGTTGGGACGGGGAGGGAG
TGAAGAGATGTTTCCCGTATAGGTGTTTTTGGAACGTGGTTTTTTTTTTCTTACACTTGC
CATGCTAGCGATCGCCCTCTGTCTTCGGTCCGCGTTACCGTGTCGTGTGTACTTCCGCAT
ACTTTTGTCTCTGCGCCTCGATACACCCCGTTGATTGGATGATCGCCACATGTGTATTGG
ACGTCACAGTCTGCTATTTTTTTCACTGTCTATTTTTAAACCTGTTGTCGTCTTCCCGCC
AAGGCTATGTGTCTCCGCCTTTTCTTATATTTTTCTGACGCTGTTCGTTTTCTACGTTCG
CCTCCAATCCCGGACGCACCTCCTTTGTATGTTCACTCCTCCCACCCCCCGGGGTGCCTA
TATAAGAAGCGAACGCGACGCGCTTTCAAGCAGTCCCGATCATG

>Chromosome 17p integration-clone 2 
TAACATCGAATCCACGGAATGCTTGTGTACTTGGAAACTTAACAATGTGGTCTACAAATC
CACAAATAAGATACATTTTTACATTTACTGGAAGTTTAATTCCTAAGTAATGTCTTATAA
TTTCCCTCATCTAAGTCTGTCGTTTCATTCCATTTATTCGTAAGTATAATATTGCTATTG
GTATTGTTTAAGGTAGAATTTTCATAATTTGGTGTAGAGATTATTCATTCCTAGCATATA
CATATAAAATGGAATGTTTGGCCAGGCACCCGGGCTCATACCTGTAACCCAAGCAGGTTG
AGAGGCTGAGGAAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGCCGG
TGGTTTCCTTTGGCACCGTGCCAGGCGACCGTGGGTCCCAGACGGTGGCACGTCGCGCGC
GATGTCGTTTTGAATTGTCTTCACGTCTCACCCCGGTATGCCCCATCTACGTACCCACCC
GCGACTACCACATGGGTGGGTTGTGCGTGTCTGTGTGTCTGCGTGTGTACGCGTCCGTGG
TAGAAACGCGGTGACAACGGATTACGGAGGTGAATGTTGCGGTGGTTGGGACGGGGAGGG
AGTGAAGAGATGTTTCCCGTATAGGTGTTTTGGAACGTGGTTTTTTTTTTCTTACACTGC
CATGCTAGCGATCGCCCTCTGTCTTCGGTCCGCGTTACCGTGTCGTGTGTACTTCCGCAT
ACTTTTGTCTTGCGCCTCGATACACCCCGTTGATTAGATGATCGCCACATGTGTATTGGA
CGTCACAGTCTGCTATTTTTTTCACTGTCTATTTTTAAACCTGTTGTCGTCTTCCCGCCA
AGGCTATGTGTCTCCGCCTTTTCTATATTTTTCTGACGCTGTTCGTTTTCTACGTTCGCC
TCCAATCCCGGACGCACCTCCTTTGTATGTTCACTCCTCCCACCCCCCGGGGTGCCTATA
TAAGAAGCGAACGCGACGCGCTTTCAAGCAGTCCCGATC

Chromosome 11q

Telomere

HHV-6 DRR

Chromosome 11q 

Telomere

HHV-6 DRR

Chromosome 17p 

Telomere

HHV-6 DRR

Fig. S4. (Continued)

Arbuckle et al. www.pnas.org/cgi/content/short/0913586107 8 of 13

AYer	
  cloning	
  and	
  sequencing	
  several	
  PCR	
  products,	
  the	
  HHV-­‐6A	
  
genome	
  was	
  found	
  to	
  be	
  covalently	
  linked	
  with	
  all	
  chromosomes	
  
tested.	
  	
  



Sequencing	
  HHV-­‐6A	
  
Jjhan	
  chromosome	
  integra;on	
  	
  

Sequencing HHV-6A (strain U1102) Jjhan chromosome integration 
>Chromosome 11q integration-clone 3
CAGACCTTGGAGGCACGGCCTTCGTTTGGGACAATTCGGGGCCGCATCGACGGTGAATAA
AATCCTTCCTCTTTGCAGCCCTGAATAATCAGGGTCAGAGATCAGTTAGGGTTAGGGTTA
GGGTTAGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTAGGGTTAGGGTTAGGGTTA
GGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTA
GGGTTAGGGTTAGCCGGTGGTTTCCTTTGGCACCGTGCCAGGCGACCGTGGGTCCCAGAC
GGTGGCACGTCGCGCGCGATGTCGTTTTGAATTGTCTTCACGTCTCACCCCGGTATGCCC
CATCTACGTACCCACCCGCGACTACCACATGGGTGGGTTGTGCGTGTCTGTGTGTCTGCG
TGTGTACGCGTCCGTGGTAGAAACGCGGTGACAACGGATTACGGAGGTGAATGTTGCGGT
GGTTGGGACGGGGAGGGAGTGAAGAGATGTTTCCCGTATAGGTGTTTTTGGAACGTGGTT
TTTTTTTCTTACACTTGCCATGCTAGCGATCGCCCTCTGTCTTCGGTCCGCGTTACCGTG
TCGTGTGTACTTCCGCATACTTTTGTCTCTGCGCCTCGATACACCCCGTTGATTGGATGA
TCGCCACATGTGTATTGGACGTCACAGTCTGCTATTTTTTTCACTGTCTATTTTTAAACC
TGTTGTCGTCTTCCCGCCAAGGCTATGTGTCTCCGCCTTTTCTTATATTTTTCTGACGCT
GTTCGTTTTCTACGTTCGCCTCCAATCCCGGACGCACCTCCTTTGTATGTTCACTCCTCC
CACCCCCCGGGGTGCCTATATAAGAAGCGAACGCGACGCGCTTTCAAGCAGTCCCGATCA
TG

>Chromosome 11q integration-clone 5
CAGACCTGGAGGCACGGCCTTCGTTTGGGACAATTCGGGGCCGCATCGACGGAATAAAAT
CCTTCCTCTTGCAGCCCTGAATAATCAGGGCCAGAGATCAGTTAGGGTTAGGGTTAGGGT
TAGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTTAGGGTTAGGGGTTAGGGTTAGGG
GTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGGTTAGGGTTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGCCGGTG
GTTTCCTTTGGCACCGTGCCAGGCGACCGTGGGTCCCAGACGGTGGCACGTCGCGCGCGA
TGTCGTTTTGAATTGTCTTCACGTCTCACCCCGGTATGCCCCATCTACGTACCCACCCGC
GACTACCACATGGGTGGGTTGTGCGTGTCTGTGTGTCTGCGTGTGTACGCGTCCGTGGTA
GAAACGCGGTGACAACGGATTACGGAGGTGAATGTTGCGGTGGTTGGGACGGGGAGGGAG
TGAAGAGATGTTTCCCGTATAGGTGTTTTTGGAACGTGGTTTTTTTTTTCTTACACTTGC
CATGCTAGCGATCGCCCTCTGTCTTCGGTCCGCGTTACCGTGTCGTGTGTACTTCCGCAT
ACTTTTGTCTCTGCGCCTCGATACACCCCGTTGATTGGATGATCGCCACATGTGTATTGG
ACGTCACAGTCTGCTATTTTTTTCACTGTCTATTTTTAAACCTGTTGTCGTCTTCCCGCC
AAGGCTATGTGTCTCCGCCTTTTCTTATATTTTTCTGACGCTGTTCGTTTTCTACGTTCG
CCTCCAATCCCGGACGCACCTCCTTTGTATGTTCACTCCTCCCACCCCCCGGGGTGCCTA
TATAAGAAGCGAACGCGACGCGCTTTCAAGCAGTCCCGATCATG

>Chromosome 17p integration-clone 2 
TAACATCGAATCCACGGAATGCTTGTGTACTTGGAAACTTAACAATGTGGTCTACAAATC
CACAAATAAGATACATTTTTACATTTACTGGAAGTTTAATTCCTAAGTAATGTCTTATAA
TTTCCCTCATCTAAGTCTGTCGTTTCATTCCATTTATTCGTAAGTATAATATTGCTATTG
GTATTGTTTAAGGTAGAATTTTCATAATTTGGTGTAGAGATTATTCATTCCTAGCATATA
CATATAAAATGGAATGTTTGGCCAGGCACCCGGGCTCATACCTGTAACCCAAGCAGGTTG
AGAGGCTGAGGAAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGCCGG
TGGTTTCCTTTGGCACCGTGCCAGGCGACCGTGGGTCCCAGACGGTGGCACGTCGCGCGC
GATGTCGTTTTGAATTGTCTTCACGTCTCACCCCGGTATGCCCCATCTACGTACCCACCC
GCGACTACCACATGGGTGGGTTGTGCGTGTCTGTGTGTCTGCGTGTGTACGCGTCCGTGG
TAGAAACGCGGTGACAACGGATTACGGAGGTGAATGTTGCGGTGGTTGGGACGGGGAGGG
AGTGAAGAGATGTTTCCCGTATAGGTGTTTTGGAACGTGGTTTTTTTTTTCTTACACTGC
CATGCTAGCGATCGCCCTCTGTCTTCGGTCCGCGTTACCGTGTCGTGTGTACTTCCGCAT
ACTTTTGTCTTGCGCCTCGATACACCCCGTTGATTAGATGATCGCCACATGTGTATTGGA
CGTCACAGTCTGCTATTTTTTTCACTGTCTATTTTTAAACCTGTTGTCGTCTTCCCGCCA
AGGCTATGTGTCTCCGCCTTTTCTATATTTTTCTGACGCTGTTCGTTTTCTACGTTCGCC
TCCAATCCCGGACGCACCTCCTTTGTATGTTCACTCCTCCCACCCCCCGGGGTGCCTATA
TAAGAAGCGAACGCGACGCGCTTTCAAGCAGTCCCGATC

Chromosome 11q

Telomere

HHV-6 DRR

Chromosome 11q 

Telomere

HHV-6 DRR

Chromosome 17p 

Telomere

HHV-6 DRR

Fig. S4. (Continued)

Arbuckle et al. www.pnas.org/cgi/content/short/0913586107 8 of 13



Sequencing	
  HHV-­‐6A	
  Jjhan	
  chromosome	
  	
  
integra;on	
  sites	
  	
  

>Chromosome 18q integration-clone 4
CTCATGTCCTCGGTCTCTTGCCTCGGCAAAGATTAGATTAGGGTTAGGGTTTGGGTTCGGGTC
AGGGTTAGGGTTAGGGGTTGGGGTTAGGGTTCGGGTTAGGGTCAGGGTTTGGGTTAGGGTTAG
GGTTA----------------------------------------------------------
GGGTTAGGGTTAGGGGTTGGGGTTAGGGTTCGGGTTAGGGTCAGGGTTTGGGTTAGGGTTAGG
GTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGCCGGTGGTTTCCTTTGGCACCGTGCCAG
GCGACCGTGGGTCCCAGACGGTGGCACGTCGCGCGCGATGTCGTTTTGAATTGTCTTCACGTC
TCACCCCGGTATGCCCCATCTACGTACCCACCCGCGACTACCACATGGGTGGGTTGTGCGTGT
CTGTGTGTCTGCGTGTGTACGCGTCCGTGGTAGAAACGCGGTGACAACGGATTACGGAGGTGA
ATGTTGCGGTGGTTGGGACGGGGAGGGAGTGAAGAGATGTTTCCCGTATAGGTGTTTTTGGAA
CGTGGTTTTTTTTTCTTACACTTGCCATGCTAGCGATCGCCCTCTGTCTTCGGTCCGCGTTAC
CGTGTCGTGTGTACTTCCGCATACTTTTGTCTCTGCGCCTCGATACACCCCGTTGATTGGATG
ATCGCCACATGTGTATTGGACGTCACAGTCTGCTATTTTTTTCACTGTCTATTTTTAAACCTG
TTGTCGTCTTCCCGCCAAGGCTATGTGTCTCCGCCTTTTCTTATATTTTTCTGACGCTGTTCG
TTTTCTACGTTCGCCTCCAATCCCGGACGCACCTCCTTTGTATGTTCACTCCTCCCACCCCCC
GGGGTGCCTATATAAGAAGCGAACGCGACGCGCTTTCAAGCAGTCCCGATCTATG

>Chromosome 18q integration-clone 5 
CTCATGTCCTCGGTCTCTTGCCTCGGCAAAGATTAGATTAGGGTTAGGGTTTGGGTTCGGGTC
AGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT----------
TAGGGTTAGGGTTCGGGTCAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGT
TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGCCG
GTGGTTTCCTTTGGCACCGTGCCAGGCGACCGTGGGTCCCAGACGGTGGCACGTCGCGCGCGA
TGTCGTTTTGAATTGTCTTCACGTCTCACCCCGGTATGCCCCATCTACGTACCCACCCGCGAC
TACCACATGGGTGGGTTGTGCGTGTCTGTGTGTCTGCGTGTGTACGCGTCCGTGGTAGAAACG
CGGTGACAACGGATTACGGAGGTGAATGTTGCGGTGGTTGGGACGGGGAGGGAGTGAAGAGAT
GTTTCCCGTATAGGTGTTTTTGGAACGTGGTTTTTTTTTCTTACACTTGCCATGCTAGCGATC
GCCCTCTGTCTTCGGTCCGCGTTACCGTGTCGTGTGTACTTCCGCATACTTTTGTCTCTGCGC
CTCGATACACCCCGTTGATTGGATGATCGCCACATGTGTATTGGACGTCACAGTCTGCTATTT
TTTTCACTGTCTATTTTTAAACCTGTTGTCGTCTTCCCGCCAAGGCTATGTGTCTCCGCCTTT
TCTTATATTTTTCTGACGCTGTTCGTTTTCTACGTTCGCCTCCAATCCCGGACGCACCTCCTT
TGTATGTTCACTCCTCCCACCCCCCGGGGTGCCTATATAAGAAGCGAACGCGACGCGCTTTCA
AGCAGTCCCGAT

Chromosome 18q

Telomere

HHV-6 DRR

Chromosome 18q 

Telomere

HHV-6 DRR

Fig. S4. Sequencing of virus–chromosome junction from HHV-6A-infected Jjhan cells. DNA from HHV-6A (U1102) infected Jjhan cells were subjected to
amplification by PCR primers derived from HHV-6A DRR and subtelomere primers 11q and 17p published by Baird et al. [(2006) Hum Mol Genet 15:725–733].
Subtelomere primer 18q was designed based on GenBank sequence information. After cloning and sequencing of PCR products, data were subjected to
GenBank nucleotide sequence analysis. Virus–chromosome–telomere repeat viral genome junctions are indicated by brackets, and TTAGGG telomere repeats
are underlined and in bold.
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How	
  frequent	
  is	
  the	
  integra;on?	
  

We	
  infected	
  HEK-­‐293	
  cells	
  at	
  50%	
  confluency	
  with	
  HHV-­‐6A	
  (U1102)	
  at	
  0.1	
  mul;plicity	
  of	
  infec;on	
  
(MOI).	
  The	
  cultures	
  were	
  incubated	
  for	
  5	
  days.	
  Then	
  the	
  cells	
  were	
  washed	
  to	
  remove	
  extracellular	
  
virus,	
  and	
  single	
  cells	
  were	
  introduced	
  in	
  each	
  well	
  of	
  a	
  96-­‐well	
  plate.	
  The	
  single	
  cells	
  in	
  each	
  well	
  were	
  
then	
  expanded:	
  10	
  out	
  of	
  22	
  clones	
  were	
  posi;ve	
  for	
  the	
  presence	
  of	
  the	
  viral	
  genome	
  using	
  ORF	
  
U94-­‐specific	
  PCR	
  (Fig.	
  S6A).	
  	
  
Three	
  PCR-­‐posi;ve	
  clones	
  and	
  one	
  PCR-­‐nega;ve	
  clone	
  were	
  studied	
  for	
  integrated	
  HHV-­‐6	
  by	
  FISH.	
  In	
  
two	
  PCR-­‐posi;ve	
  clones,	
  FISH	
  analysis	
  iden;fied	
  integrated	
  HHV-­‐6A	
  in	
  one	
  chromosome.	
  In	
  the	
  third	
  
PCR-­‐posi;ve	
  clone,	
  the	
  virus	
  had	
  integrated	
  into	
  two	
  chromosomes	
  (Fig.	
  S6B).	
  

Fig. S6. Detection of the viral genome by PCR and fluorescent in situ hybridization (FISH) of HEK-293 cell clones latently infected with HHV-6A (U1102). (A)
Genomic DNA was isolated from HEK-293 cell clones and HHV-6A amplification was amplified with primers U94L-2 and U94R-1. A 215-bp fragment repre-
senting ORF U94 was observed in five HEK-293 clones. (B) Representative FISH from two independent HEK-293 cell clones of each of three HEK-293 clones.
Hybridization was performed with HHV-6 cosmids pMF311-12 and pMF335-6 labeled with fluorescein (green) [Neipel F, et al. (1991) J Gen Virol 72:2293–2297].
HEK-293/clone-1 had two independent chromosome-associated HHV-6A signals, whereas HEK-293/clone-2 and HEK-293/clone-3 only had one. HHV-6-hy-
bridizing chromosome is labeled with a white arrow and higher magnification of the chromosome shown in red box. Metaphase chromosomes were stained
with DAPI.
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Viral	
  episome	
  of	
  HHV-­‐6A	
  is	
  not	
  detectable	
  	
  
in	
  HEK-­‐293	
  cell	
  lines	
  with	
  integrated	
  virus	
  	
  

the ORF U53-GFP-ORF U54 plasmid. The following day, cells
were seeded at ∼10% confluency and infected with 103 infectious
units of HHV-6A (U1102). After 6 days, we observed the char-
acteristic cytopathic effect (ballooning, refractile giant cells). The
virus titer was determined to be 103 infectious units.
Third, the human T cell line Jjhan was cultured in 96-well plates

and each well was infected with ∼1 infectious unit of the potential
recombinant virus. In one culture, fluorescence microscopy showed
a dramatic increase in the number of green fluorescent cells from 7
to 37 days postinfection (Fig. S5B). We observed only a few very
bright fluorescent large multinucleated cells, which were presum-
ably producing infectious virus. However, the majority of cells in
the well displayed dimmer GFP expression. The distribution of
GFP expressing cells is indicated by the FACS analysis (Fig. S5C),
showing bright fluorescence in very few cells and overall GFP
expression in 60% of the cells. To evaluate whether fluorescence
corresponded to production of HHV-6AGFP virions, we examined
200 cells of the culture by transmission electron microscopy (TEM)
in the Fred Hutchinson Cancer Center EM core laboratory for
virus production: no virions were observed. The viral DNA was
reproducibly detected by PCR, indicating the presence of the viral
genome (Fig. S5D). However, despite several attempts, we detect-
ed no free circular or linear viral genomes by themethod ofGardella
et al. (27). Therefore, the data are consistent with the hypothesis
thatHHV-6AGFP establishedprimarily latent infection in Jjhan cells
cultured for >1 month, and that latency did not involve the for-
mation of viral episomes.
We infected HEK-293 cells at 50% confluency with HHV-6A

(U1102) at 0.1 multiplicity of infection (MOI). The cultures were
incubated for 5 days. Then the cells were washed to remove
extracellular virus, and single cells were introduced in each well
of a 96-well plate. The single cells in each well were then
expanded: 10 out of 22 clones were positive for the presence of
the viral genome using ORF U94-specific PCR (Fig. S6A). Three
PCR-positive clones and one PCR-negative clone were studied
for integrated HHV-6 by FISH. In two PCR-positive clones,
FISH analysis identified integrated HHV-6A in one chromo-
some. In the third PCR-positive clone, the virus had integrated
into two chromosomes (Fig. S6B).
We could not identify the specific chromosomes into which

HHV-6 had integrated in the HEK-293 cells, using standard
cytogenetic methods, because of the aneuploidy and chromosomal
rearrangements present in these cells. Therefore, we studied the
integration event using inverse PCR (IPCR) (30). We digested
DNA with the frequent cutter MboI, which cleaves methylated
DNA. After digestion and heat inactivation, we diluted the DNA
to 2 μg/mL and added T4 ligase to enable self-circularization of
the HHV-6 sequence and adjacent chromosomal fragment. We
amplified the ligated DNA using primers designed from the
extreme right end of the genome (Fig. S7A). Southern blotting
identified IPCR products that hybridized with a human telomere
probe as well as an HHV-6 probe from integrated HEK-293 and
patient T cells (Fig. S7B). No hybridization was observed without
ligation of the MboI fragments. In summary, these experiments
suggest that HHV-6A can efficiently integrate into the telomeres
of in vitro infected HEK-293 cells.

Covalently Closed Circular Viral Episome of HHV-6A Is Not Detectable
by PCR. The majority of herpesviruses establish latency as circular
nuclear episome, yet the Gardella assay had not detected HHV-6
episomes. Therefore, we looked for small numbers of episomes
that might not have been detectable by the Gardella assay. We
isolated DNA from HHV-6A integrated HEK-293, T cells from
a member of Family-2, and T cells from a member of Family-1
immortalized using HVS strain C484. We subjected these cells to
CsCl/ethidium bromide gradient ultracentrifugation (Fig. 3).
HHV-6 DNA was detected only in the linear fraction, and was
completely absent from the episomal (ccc) DNA fraction.

Because our PCR assay can detect as few as 1–5 molecules, the
experiment confirmed that viral episomes cannot be detected
even by a highly sensitive method. The detection of mitochon-
drial sequence in the linear fraction is expected because repli-
cating and relaxed mitochondrial episomes band together with
chromosomal linear DNA.

Reactivation of Integrated HHV-6A. We next asked whether chro-
mosomally integrated HHV-6 can reactivate, making integration
a molecular strategy for viral latency. We cultured HEK-293 cells
carrying integrated HHV-6A, and T cells from five patients with
integrated virus, for 3 days. The cultures were done either in the
presence of trichostatin A (TSA)—a compound known to reac-
tivate latent herpesviruses—or in the absence of that compound.
Quantitative real-time PCR demonstrated a significant increase
in the number of copies of viral DNA, relative to untreated
cells. Another compound that causes reactivation of latent
herpesviruses, 12-O-tetradecanoyl-13 acetate (TPA), produced
similar though milder effects (Fig. 4 A and B and Fig. S8).
To determine whether the increase of viral DNA copy number

indicated the production of infectious virus, we isolated PBMCs

Fig. 3. PCR amplification fails to detect HHV-6 DNA in episomal fractions of
CsCl/ethidium bromide (EtBr) gradients. To search for covalently linked circular
viral episomes by a method more sensitive than the method of Gardella et al.,
50 μg of DNA from two latently infected HEK-293 clones, T cells from Family-2/
Mother, and T cells from Family-1/Sibling-2 immortalized with HVS strain C484
were subjected to CsCl/EtBr gradient ultracentrifugation for 2 days (CsCl
density 1.55 g/mL, 10 μg/mL EtBr; VTi 65 Rotor at 40,000 rpm). After cen-
trifugation, fractions were collected, and linear and episomal (ccc) DNA was
identified by agarose electrophoresis. Salt and EtBr were removed from
combined linear and episomal ccc fractions and subjected to PCR based
amplification using primers to HHV-6 ORF-U94 and mitochondrial cytochrome
c oxidase (positive episomal control) (A), HHV-6 ORF-U94 and β-actin genomic
positive control (B), and HHV-6 ORF-U94, C484 Stp, and cytochrome c oxidase
(positive episomal control) (C). ccc, covalently closed circular episomal fraction.
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the ORF U53-GFP-ORF U54 plasmid. The following day, cells
were seeded at ∼10% confluency and infected with 103 infectious
units of HHV-6A (U1102). After 6 days, we observed the char-
acteristic cytopathic effect (ballooning, refractile giant cells). The
virus titer was determined to be 103 infectious units.
Third, the human T cell line Jjhan was cultured in 96-well plates

and each well was infected with ∼1 infectious unit of the potential
recombinant virus. In one culture, fluorescence microscopy showed
a dramatic increase in the number of green fluorescent cells from 7
to 37 days postinfection (Fig. S5B). We observed only a few very
bright fluorescent large multinucleated cells, which were presum-
ably producing infectious virus. However, the majority of cells in
the well displayed dimmer GFP expression. The distribution of
GFP expressing cells is indicated by the FACS analysis (Fig. S5C),
showing bright fluorescence in very few cells and overall GFP
expression in 60% of the cells. To evaluate whether fluorescence
corresponded to production of HHV-6AGFP virions, we examined
200 cells of the culture by transmission electron microscopy (TEM)
in the Fred Hutchinson Cancer Center EM core laboratory for
virus production: no virions were observed. The viral DNA was
reproducibly detected by PCR, indicating the presence of the viral
genome (Fig. S5D). However, despite several attempts, we detect-
ed no free circular or linear viral genomes by themethod ofGardella
et al. (27). Therefore, the data are consistent with the hypothesis
thatHHV-6AGFP establishedprimarily latent infection in Jjhan cells
cultured for >1 month, and that latency did not involve the for-
mation of viral episomes.
We infected HEK-293 cells at 50% confluency with HHV-6A

(U1102) at 0.1 multiplicity of infection (MOI). The cultures were
incubated for 5 days. Then the cells were washed to remove
extracellular virus, and single cells were introduced in each well
of a 96-well plate. The single cells in each well were then
expanded: 10 out of 22 clones were positive for the presence of
the viral genome using ORF U94-specific PCR (Fig. S6A). Three
PCR-positive clones and one PCR-negative clone were studied
for integrated HHV-6 by FISH. In two PCR-positive clones,
FISH analysis identified integrated HHV-6A in one chromo-
some. In the third PCR-positive clone, the virus had integrated
into two chromosomes (Fig. S6B).
We could not identify the specific chromosomes into which

HHV-6 had integrated in the HEK-293 cells, using standard
cytogenetic methods, because of the aneuploidy and chromosomal
rearrangements present in these cells. Therefore, we studied the
integration event using inverse PCR (IPCR) (30). We digested
DNA with the frequent cutter MboI, which cleaves methylated
DNA. After digestion and heat inactivation, we diluted the DNA
to 2 μg/mL and added T4 ligase to enable self-circularization of
the HHV-6 sequence and adjacent chromosomal fragment. We
amplified the ligated DNA using primers designed from the
extreme right end of the genome (Fig. S7A). Southern blotting
identified IPCR products that hybridized with a human telomere
probe as well as an HHV-6 probe from integrated HEK-293 and
patient T cells (Fig. S7B). No hybridization was observed without
ligation of the MboI fragments. In summary, these experiments
suggest that HHV-6A can efficiently integrate into the telomeres
of in vitro infected HEK-293 cells.

Covalently Closed Circular Viral Episome of HHV-6A Is Not Detectable
by PCR. The majority of herpesviruses establish latency as circular
nuclear episome, yet the Gardella assay had not detected HHV-6
episomes. Therefore, we looked for small numbers of episomes
that might not have been detectable by the Gardella assay. We
isolated DNA from HHV-6A integrated HEK-293, T cells from
a member of Family-2, and T cells from a member of Family-1
immortalized using HVS strain C484. We subjected these cells to
CsCl/ethidium bromide gradient ultracentrifugation (Fig. 3).
HHV-6 DNA was detected only in the linear fraction, and was
completely absent from the episomal (ccc) DNA fraction.

Because our PCR assay can detect as few as 1–5 molecules, the
experiment confirmed that viral episomes cannot be detected
even by a highly sensitive method. The detection of mitochon-
drial sequence in the linear fraction is expected because repli-
cating and relaxed mitochondrial episomes band together with
chromosomal linear DNA.

Reactivation of Integrated HHV-6A. We next asked whether chro-
mosomally integrated HHV-6 can reactivate, making integration
a molecular strategy for viral latency. We cultured HEK-293 cells
carrying integrated HHV-6A, and T cells from five patients with
integrated virus, for 3 days. The cultures were done either in the
presence of trichostatin A (TSA)—a compound known to reac-
tivate latent herpesviruses—or in the absence of that compound.
Quantitative real-time PCR demonstrated a significant increase
in the number of copies of viral DNA, relative to untreated
cells. Another compound that causes reactivation of latent
herpesviruses, 12-O-tetradecanoyl-13 acetate (TPA), produced
similar though milder effects (Fig. 4 A and B and Fig. S8).
To determine whether the increase of viral DNA copy number

indicated the production of infectious virus, we isolated PBMCs

Fig. 3. PCR amplification fails to detect HHV-6 DNA in episomal fractions of
CsCl/ethidium bromide (EtBr) gradients. To search for covalently linked circular
viral episomes by a method more sensitive than the method of Gardella et al.,
50 μg of DNA from two latently infected HEK-293 clones, T cells from Family-2/
Mother, and T cells from Family-1/Sibling-2 immortalized with HVS strain C484
were subjected to CsCl/EtBr gradient ultracentrifugation for 2 days (CsCl
density 1.55 g/mL, 10 μg/mL EtBr; VTi 65 Rotor at 40,000 rpm). After cen-
trifugation, fractions were collected, and linear and episomal (ccc) DNA was
identified by agarose electrophoresis. Salt and EtBr were removed from
combined linear and episomal ccc fractions and subjected to PCR based
amplification using primers to HHV-6 ORF-U94 and mitochondrial cytochrome
c oxidase (positive episomal control) (A), HHV-6 ORF-U94 and β-actin genomic
positive control (B), and HHV-6 ORF-U94, C484 Stp, and cytochrome c oxidase
(positive episomal control) (C). ccc, covalently closed circular episomal fraction.
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Reac;va;on	
  of	
  Integrated	
  HHV-­‐6A	
  

from six members of Family-1 and Family-2 whose cells had been
cultured in the presence of TPA and hydrocortisone, leading to a
marked increase in copy number. We cocultured these cells with
Molt-3 cells in the presence of TPA and hydrocortisone. Syncytia
formed in the Molt-3 cells infected with the virus from induced T
cells, and replicating linear viral DNA and RNA were detected in
these cells by Gardella gel (Fig. 4C and Fig. S9). Sequencing of the
virus in the Molt-3 cells confirmed that it was identical to the
integrated sequence in the cells of Family-1 and Family-2 (Fig. S2).

Discussion
HHV-6 Achieves Latency Through Chromosomal Integration. Overall,
this study provides substantial evidence that HHV-6A achieves
latency in a different way from the other known human her-
pesviruses. HHV6-A integrates into the telomeres of human
peripheral mononuclear cells in vivo, and following infection in
Jjhan T cells, and HEK-293 cells (an epithelial cell line) in vitro.
It appears that in cell lines capable of supporting productive,
lytic infection, some of the cells quickly become latently infected
through chromosomal integration, and remain viable.
Previous studies have used FISH to suggest that HHV-6 is

capable of chromosomal integration. However, FISH cannot
distinguish noncovalent linkage from integration. In our study,
evidence that HHV-6 can integrate comes from multiple com-
plementary methods besides FISH: chromosome-specific PCR,
sequencing, IPCR, and Gardella gels.
The results suggest that HHV-6 integrates into the host genome

via homologous recombination with human telomeres: the perfect
TTAGGG repeats encoded in the right and left direct repeats of
the viral genome mirror the telomeric repeats. We assume that the
left end of the viral genome is joined with a long array of TTAGGG
repeats, but confirming this will require additional studies.
We also found that the latent integrated genome of HHV-6A

was inducible after being stimulated by TPA and TSA, and
cocultivation studies indicated that the latent, integrated genome
was capable of producing fully competent virus. Thus, for HHV-
6 integration is not an unusual dead-end phenomenon, but a
means of achieving latency. Moreover, in neither the in vivo or in
vitro studies did we find HHV-6 DNA in episomal form—the
strategy by which other human herpesviruses achieve latency.

Integrated HHV-6 Can Be Passed in the Germ Line. Previous studies,
using FISH, have suggested that the viral genome is passed
through the germ line in occasional families. Inherited-inte-
grated HHV-6 may have remarkably high prevalence. High
HHV-6 viral load (106-107 copies per ml of blood) has been
described in several British and US cohorts (33, 34) and attrib-
uted to inherited/integrated HHV-6. The prevalence of high viral
load in normal blood donors has been reported to range from
0.8% to 1.5% (34). Interestingly, an even higher prevalence—
2.9–3.3%—has been reported in hospitalized patients (33).
We studied four families in which multiple members, including

parents and children, with remarkably high viral loads of HHV-6.
Studies employing not only FISH (Fig. S3) but also sequence
data from the viral-chromosomal junction confirmed that inte-
grated HHV-6A can be transmitted vertically via the germ line
(Figs. S1 and S2).

Questions Raised by These Studies. The recognition that HHV-6A
achieves latency through chromosomal integration raises
important questions. Can HHV-6B and Marek’s disease virus, a
herpesvirus of fowl do the same, as suggested by FISH data.
What are the molecular switches that dictate whether, following

new infection in a cell line capable of sustaining productive lytic
infection, the virus instead integrates and establishes latency?
What are the switches that activate transcription? Does tran-
scription always lead to production of full virions? If not, might the
production of selected viral proteins have pathogenic potential, as
appears to be the case with endogenous retroviruses?
Theoretically, the ability of HHV-6 to integrate into the

genome could alter the stability of individual chromosomes, and
the expression of adjacent subtelomeric genes. Interestingly,
subtelomeric rearrangement of chromosomes has been asso-
ciated with mental retardation (35). These findings might also
have relevance for telomerase activity. Mammalian and yeast
chromosomes express a telomeric repeat-containing noncoding
RNA (TERRA) (36). TERRA is proposed to regulate telo-
merase and many important telomere functions (36), and
TERRA transcription is initiated in the subtelomere. Therefore,
it is possible that integration of HHV-6 could alter the expres-
sion of TERRA leading to dysfunction of telomerase.

Fig. 4. HHV-6 DNA qPCR analysis of patient T cells and in vitro latently infected HEK-293 cell lines induced by TPA and TSA. T cell cultures from five family
members and three latently infected HEK-293 cell lines were cultured in AIM-V or DMEM medium supplemented with 10% FCS and treated with known
inducers of herpesvirus lytic replication protein kinase-C inducer TPA (20 ng/mL) and histone deacetylase inhibitor trichostatin-A (TSA) (80 ng/mL) for 3 days
(42, 43). DNA isolated from cells (in triplicate) was subjected to quantitative real-time PCR (qPCR) for ORF U94 and fold-change ratios of Ct values normalized
to β-actin were relative to untreated control. (A) HEK-293 cells (n = 3) (Fig. S8). (B) T cells (n = 5) (Fig. S8). TSA promoted a significant increase in viral DNA
replication, whereas the stimulation with TPA and hydrocortisone had a milder effect. Statistical analysis was based on the Student t test, and P < 0.05 was
considered significant. (C) Gardella gel analysis of infected Molt-3 cells 2 weeks after coculturing with PBMCs treated with TPA from Family-1/Sibling-2—
Hector 2 T cell line carrying one copy of HHV-6A per a cell.
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Fig.	
  4.	
  HHV-­‐6	
  DNA	
  qPCR	
  analysis	
  of	
  pa;ent	
  T	
  cells	
  and	
  in	
  vitro	
  latently	
  infected	
  
HEK-­‐293	
  cell	
  lines	
  induced	
  by	
  TPA	
  and	
  TSA.	
  T	
  cell	
  cultures	
  from	
  five	
  family	
  
members	
  and	
  three	
  latently	
  infected	
  HEK-­‐293	
  cell	
  lines	
  were	
  treated	
  with	
  
known	
  inducers	
  of	
  herpesvirus	
  ly;c	
  replica;on	
  protein	
  kinase-­‐C	
  inducer	
  TPA	
  	
  
(20	
  ng/mL)	
  and	
  histone	
  deacetylase	
  inhibitor	
  trichosta;n-­‐A	
  (TSA)	
  (80	
  ng/mL)	
  for	
  
3	
  days.	
  (A)	
  HEK-­‐293	
  cells	
  (n	
  =	
  3)	
  (Fig.	
  S8).	
  (B)	
  T	
  cells	
  (n	
  =	
  5)	
  (Fig.	
  S8).	
  TSA	
  
promoted	
  a	
  significant	
  increase	
  in	
  viral	
  DNA	
  replica;on,	
  whereas	
  the	
  
s;mula;on	
  with	
  TPA	
  and	
  hydrocor;sone	
  had	
  a	
  milder	
  effect.	
  	
  



Infec;ve	
  viruses	
  are	
  generated	
  aYer	
  reac;va;on	
  	
  
of	
  integrated	
  HHV-­‐6A	
  

To	
  determine	
  whether	
  the	
  increase	
  of	
  viral	
  DNA	
  copy	
  number	
  
indicated	
  the	
  produc;on	
  of	
  infec;ous	
  virus,	
  we	
  isolated	
  PBMCs	
  
from	
  six	
  members	
  of	
  Family-­‐1	
  and	
  Family-­‐2	
  whose	
  cells	
  had	
  been	
  
cultured	
  in	
  the	
  presence	
  of	
  TPA	
  and	
  hydrocor;sone,	
  leading	
  to	
  a	
  
marked	
  increase	
  in	
  copy	
  number.	
  	
  
	
  
We	
  cocultured	
  these	
  cells	
  with	
  Molt-­‐3	
  cells	
  in	
  the	
  presence	
  of	
  TPA	
  
and	
  hydrocor;sone.	
  Syncy;a	
  formed	
  in	
  the	
  Molt-­‐3	
  cells	
  infected	
  
with	
  the	
  virus	
  from	
  induced	
  T	
  cells,	
  and	
  replica;ng	
  linear	
  viral	
  
DNA	
  and	
  RNA	
  were	
  detected	
  in	
  these	
  cells	
  by	
  Gardella	
  gel	
  (Fig.	
  4C	
  
and	
  Fig.	
  S9).	
  Sequencing	
  of	
  the	
  virus	
  in	
  the	
  Molt-­‐3	
  cells	
  
confirmed	
  that	
  it	
  was	
  iden;cal	
  to	
  the	
  integrated	
  sequence	
  in	
  the	
  
cells	
  of	
  Family-­‐1	
  and	
  Family-­‐2	
  (Fig.	
  S2).	
  	
  
	
  



Conclusions	
  

•  HHV-­‐6	
  easily	
  integrates	
  into	
  telomeric	
  region	
  of	
  
several	
  human	
  chromosomes	
  

•  Integrated	
  copies	
  can	
  be	
  transmiWed	
  ver;cally	
  
from	
  parents	
  to	
  offspring	
  

•  Integrated	
  virus	
  can	
  reac;vate	
  and	
  can	
  
produce	
  infec;ous	
  virions	
  



Examples	
  of	
  human	
  genes	
  in	
  
Cytomegalovirus	
  

§  CMV	
  IL-­‐10	
  	
  
(75	
  amino	
  acids	
  which	
  shares	
  27%	
  amino	
  acid	
  iden;ty	
  
with	
  hIL-­‐10)	
  

§  Cytokine	
  TNF	
  receptor	
  homolog	
  
§  Chemokine	
  CXC	
  and	
  chemokine	
  CC	
  homologs	
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Table 1. Human cytomegalovirus encoded cytokines, chemokines and their receptors. 

Gene�name� Homology� Function(s)� Reference(s)�
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Despite immunocompetent individuals mounting an enormous, life-long anti-HCMV CD4+ and 

CD8+ T cell response  [3, 4], primary productive infection can persist for an extended period of time, 
with prolonged shedding of infectious virus in urine and saliva that can last for months in adults and 
years in children [2]. In addition, this T cell response is ineffective at preventing the establishment of 
latency or eliminating the latent pool. It has therefore been proposed that HCMV must encode 
functions which limit host defenses during productive and latent phases of infection. In this respect, 
studies of viral gene functions have identified a wide range of HCMV gene products with 
immunomodulatory roles that may enhance the capacity of this virus to productively and/or latently 


