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Abstract

Objective(s): To determine whether variation in cell associated (CA) unspliced (US) HIV RNA
in HIV-infected individuals on antiretroviral therapy (ART) has a circadian basis.

Methods: Prospective observational study of HIV-infected individuals on ART. Blood was
collected on three occasions and CA-US HIV RNA and mRNA of the Circadian-locomotor-
output-cycles-kaput (CLOCK)-associated genes quantified by real time PCR. CLOCK-associated
proteins were over expressed in a cell line stably transfected with an HIV long terminal repeat
(LTR) luciferase reporter.
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Results: Using a mixed effects model, there was a significant increase in log-CA-US RNA at the
third visit compared to the first visit (effect size of 0.619 with standard error (SE) of 0.098,
p<0.001) and an independent effect of time of blood draw (effect size 0.051, (SE 0.025), p=0.040).
The CLOCK-associated gene, Brain-and-muscle-ARNT-like-1 (BMAL-1) had a significant
relationship with log CA-US HIV RNA (effect size 8.508 (SE 3.777), p = 0.028) and also with
time (p=0.045). Over expression of BMAL-1 and CLOCK in a cell line stably transfected with an
HIV-LTR luciferase reporter resulted in an increase in luciferase expression and this was reduced
following mutation of the second E-box in the HIV-LTR.

Conclusions: The basal level of HIV transcription on ART can vary significantly and is

modulated by the circadian regulator BMAL-1, amongst other factors.
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Background

In HIV-infected individuals on suppressive antiretroviral therapy (ART), HIV persists
indefinitely as long-lived latently-infected CD4+ T-cells [1]. Persistent HIV can be detected
in blood or tissue as cell-associated unspliced (CA-US) HIVV RNA, cell-associated HIV
DNA or low level plasma HIV RNA [2]. While HIV DNA is a surrogate marker of the total
number of infected cells, including both defective and intact viral genomes 31, CA-US HIV
RNA is an important marker of HIV transcription [4. CA-US HIV RNA has previously been
used as a primary endpoint in clinical trials of interventions that activate transcription in
latently-infected cells (referred to as latency reactivating agents (LRA)) as a strategy to
eliminate HIV persistence on ART [5-111,

Multiple factors can drive changes in HIV transcription in latently-infected resting CD4+ T-
cells, the most potent being T-cell activation leading to the availability of transcription
factors but changes in T-cell differentiation, histone acetylation and methylation all play an
important role in activating or suppressing HIV transcription in latently-infected cells
(reviewed in [12]). In a recent prospective clinical trial in HIV-infected individuals on ART,
we performed three baseline visits, with the third visit occurring just before the intervention
[7]. CA-US HIV RNA, but not HIV DNA or plasma HIV RNA, was found to be consistently
higher at the third baseline visit, which was earlier in the morning and on the day of, but
prior to the administration of disulfram, an LRA. We hypothesised that in HIVV-infected
individuals on ART, there is time-dependent variation in CA-US HIV RNA from circadian
changes in T-cell subsets or gene regulation.

Circadian regulation of gene expression is mediated by the Circadian-locomotor-output-
cycles-kaput and Brain-and-muscle-ARNT-like-1 (CLOCK-BMAL1) heterodimer. Although
circadian rhythm is centrally controlled in the suprachiasmatic nucleus and is entrained by
light, peripheral cells have independent clock machinery (reviewed in [131). This heterodimer
binds to a six-nucleotide motif, the E-box [14. 151 to mediate transcription. HIV-1 is known
to encode 4 potential E-Boxes in the promoter (5° long terminal repeat, (LTR)) sequence [16]
thus changes in HIV transcription may plausibly be mediated directly through CLOCK-
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BMALL1. In addition, CLOCK proteins have intrinsic histone acetyl transferase activity and
can mediate chromatin remodelling [17] and therefore may also modulate HIV transcription
through changes in histone acetylation.

Using blood collected from HIV-infected individuals on ART on three occasions, we
quantified CA-US HIV RNA and the expression of multiple CLOCK associated genes and
hormones that vary with time and stress. Using a mixed-effects model, we identified a
significant increase in log-CA-US HIV RNA at the third visit compared to the first as well as
an independent effect of time of blood draw measured in hours on log CA-US HIV RNA.
We then included the relative expression of CLOCK-associated genes period (Per) 1and 2
and cryptochrome 1, cortisol and thyroid stimulating hormone and T-cell subsets at each
visit in a mixed-effects model and path analysis. We only identified the CLOCK-associated
gene, BMAL-1 to have a significant relationship with log CA-US RNA and also with time.
We propose a model to understand the independent effects of visit and time, potentially
mediated through a direct effect of BMAL-1, on HIV transcription in HIV-infected
individuals on suppressive on ART.

Study design

This observational clinical trial was a sub-study of a prospective clinical trial of disulfiram in
HIV-infected individuals on ART and is registered on ClinicalTrials.gov (NCT01944371).
Participants provided written informed consent, and the protocol was approved by the
relevant Institutional Review Boards.

Participants were recruited at two sites — Alfred Hospital in Melbourne, Australia and San
Francisco General Hospital, San Francisco, California. Blood was collected in acid citrate
dextrose tubes and peripheral blood mononuclear cells (PBMC) prepared and stored as
previously described [7]. Blood was collected prior to receiving the study treatment
(screening [B1]), immediately before the first dose of an intervention, here being disulfiram
[B3], and a time-point between [B2] [7]

Measurement of US RNA and CLOCK-associated genes by quantitative PCR

Following thawing of frozen PBMC, CD4+ T-cells were isolated by magnetic bead sorting,
RNA was extracted and DNA and CA-US HIV RNA were amplified by gPCR using primers
in the gag and LTR regions as previously described [4: 8. 18] All HIV CA-US RNA samples
were run in quadruplicate and the mean reported. The lower limit of detection for the assay
was one copy per well. For any wells with no amplification of RNA, the value was counted
as zero. If there was a signal detected but calculated copy number was <1, the value was
included as 0.5 as we previously described [7].

CLOCK, BMAL1, period (Per)1-3, cryptochrome (Cry)1-2 and GADPH primer sets from
Ackermann et a/[2%] and Yang et a/[29] were used in a single round gPCR (Supplementary
methods). The sequences of all primers are shown in Supplementary Table 1.
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Analysis of T-cell subsets, activation and histone acetylation by flow cytometry

See Supplementary methods

Endocrine parameters

Plasma cortisol and TSH were measured on the automated e601 Electro-
ChemiLuminescence Immunoassay Analyser (ECLIA) (Roche Diagnostics GmbH
(Mannheim, Germany)). Assay imprecision (expressed as coefficient of variance (CV)) was
2.8% and 3.5% for cortisol and TSH, respectively.

Plasmids and cell lines

cDNA for human Clock (AF011568) and Bmall (NM_001178) were synthesised (Bioneer)
and cloned into the mammalian expression vector pcDNA3.1(+). The HIV TAT expression
vector (pTargeT-HxB2-Tat) and HIV LTR-driven luciferase reporter vector (pGL3-HxB2
LTR) have been described previously [21: 221, 293T cells were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% (vol/vol) fetal calf serum (FCS)
and 100ug of penicillin and streptomycin per ml. Mutation of E-box elements in the HxB2
LTR were performed using the Quikchange Lightning Mutagenesis kit (Agilent). E-box
elements (CANNTG) were mutated to GANNTC thereby ablating the site. All mutants were
confirmed by sequencing.

LTR reporter activity assay

293T cells were seeded into 96-well plates at a concentration of 2x104 cells/well in 100l
and cultured for 24h at 37°C. Cells were then transfected by lipofectamine 2000 (Invitrogen)
with 50ng of pGL3-LTR and either; 50ng of pTargeT-HxB2-Tat; 25ng of pCLOCK; 25ng
pBMAL1 or; 25ng of pCLOCK and 25ng of pBMAL1. The level of LTR reporter activation
was measured by luciferase activity in cell lysates (Promega). Luminescence was measured
using a FLOUStar microplate reader (GmBH, Germany). Background activity was
determined in mock transfected cells.

Statistical analyses

Comparisons between parameters at the three visits were made using the Wilcoxon matched
pairs signed rank tests. Statistical analyses were performed using R v3.2.0.

We used a mixed effects model to determine factors that influence the logarithm of CA-US
RNA that assumes a different (random) intercept for each individual and fixed effects for the
other explanatory variables, such as time of day and visit, and other measures of the
circadian genes. We also used a path model that replaced, in the mixed effects model, the
time of blood draw with the expression levels of the CLOCK-associated genes, which
included CLOCK, BMAL1, Perl-3 and Cryl-2. The aim was to demonstrate that time
could be subsumed by the expression of the CLOCK-associated genes. Full description of
the model is in the Supplementary methods.

Comparison of conditions in /n vitro experiments were made using a linear regression model
fit to the log-transformed data. p values < 0.05 were considered significant.
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Results
Relationship of CA- US HIV RNA with time and visit

Demographic details have been previously provided but in brief, this was a male cohort, with
a median age of 54 years and median baseline CD4 counts of 582 cells/ul [71. All 30
participants were on ART including a non-nucleoside reverse transcriptase inhibitor (15/30),
protease inhibitor (10/30), an integrase inhibitor (2/30) or a combination of these (3/30). We
previously reported significantly higher levels of CA-US HIV RNA and earlier time of blood
collection in visit B3 relative to visits B2 and B1 while there were no differences in HIV
DNA or plasma HIV RNA across the three time-points [/]. There were no differences
between visits in tubes used or time between blood collection and processing at either
clinical site. All samples from each participant for the three visits were run on a single plate,
making it unlikely that the differences could be explained by a technical issue. Figure 1
shows the relationship between visit (color of the dots), time and expression levels of US
RNA for each individual (connected dots).

There was significant subject-to-subject variability in CA-US RNA, which suggested that
additional factors beyond visit and time of blood collection may contribute the expression
levels of CA-US RNA. Fitting a mixed effects model to this data confirmed this observation,
and estimated the standard error for the subject random effect to be 0.71, which was more
than twice the estimated standard error of 0.30 for the residual. The fitted model (Supp
methods) further revealed a positive slope for the relationship between log CA-US HIV
RNA and the time of blood collection with an effect size of 0.051 (SE 0.025) in the change
in log CA-US HIV RNA per million cells per hour, p=0.040). The expression levels of log
CA-US HIV RNA at the third visit was significantly higher than the expression levels at the
first (effect size of 0.619 (SE 0.098), p<0.001; table 1). Taken together, these data
demonstrated a very significant relationship between CA-US HIV RNA and visit and a more
modest relationship with time.

Relationship of CLOCK genes, CA-US HIV RNA and time

Given 9% of mammalian transcripts are circadian-controlled [23], we next measured
regulators of circadian gene expression to explore whether HIV transcription may be
mediated by similar mechanisms to human gene transcription. CLOCK-BMAL1 activity is
harmonized by Perand Cry repressor feedback loops, endocrine and autonomic systems
(reviewed in [24). We quantified mRNA transcripts by RT-PCR for CLOCK, BMAL1 and
the Per/Cry repressor-loop constituents (Per1-3, and Cry1-2) in CD4+ T-cells in blood
collected at visits B1, B2 and B3. Perl, Per?and Cry1 showed increased relative expression
in samples collected at B3, the sample collected earlier in the day and where CA-US HIV
RNA was shown to be higher (Figure 2A). Peri and CryZ expression were higher at B3
compared to B1 and B2. Per2was higher at B3 compared to B2.

To determine if expression of any of the CLOCK-associated genes was associated with the
expression levels of CA-US HIV RNA, we performed a path analysis. Here, we replaced the
time of blood draw in the mixed effects model, with the expression levels of the CLOCK-
associated genes, including CLOCK, BMALL, Perl, 2 and 3 and Cryl and 2. Because the
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CLOCK-associated genes are themselves associated with time, the aim was to demonstrate
that time could be subsumed by the expression of the CLOCK-associated genes. That
argument had three components: first, that the expression of CLOCK-associated genes was a
significant predictor of CA-US HIV RNA,; second, that when time was added to that model,
this relationship was no longer significant; and third, that time was a predictor for expression
of the CLOCK-associated gene.

BMAL1 was the only gene that had a statistically significant effect on log CA-US HIV RNA
(effect size of 8.508 (SE 3.777), p = 0.028). This reported p-value was not adjusted for
multiple comparisons. Next, we performed a generalized likelihood ratio test to compare the
model that adds time of blood draw to the mixed effect model with BMAL 1, which
produced a chi-square of 2.9201 (p-value of 0.09). This demonstrated that BMAL1
subsumed the observed relationship with time. Fitting the mixed effect model to the
expression levels of BMAL 1 showed that subject-to-subject variation was commensurate
with the variability of the residual, a statistically significant increase in the expression level
of BMAL-1 at the third visit compared to the two first visits (effect size of 7.43 x 1073 (SE
3.04 x 1073), p = 0.014), and a significant positive relationship between BMAL-1 and time
of blood draw (effect size of 1.48 x 1073 (SE= 0.74 x 1073) p = 0.045). Taken together, these
analyses reveal a relationship between the circadian-associated gene BMAL-1, time and log
CA-US HIV RNA.

Changes in T-cell subsets, cortisol and TSH with time

As cellular mobilization may contribute to increased frequency of T-cells with higher levels
of CA-US HIV RNA, we next enumerated T-cell subsets by flow cytometry. The proportion
of CD4+ or CD8+ T-cells did not vary between time-points, nor did the CD4:CD8 ratio (data
not shown). In addition, the proportion of CD4+ T-cell subsets, including CD4+ T¢p and
Tem did not vary between the three time-points (Figure 3A) and there was no change in
CD8+ T-cell subsets (data not shown). We also measured markers of CD4+ T-cell activation
and observed increased expression of CD38+HLADR- on CD4+ and CD8+T-cells at B3
compared to B2 (p=0.016 and 0.040, respectively; Supplementary Figure 2). These data
suggest that alteration in subsets was unlikely to explain the variation in HIV transcription.

Given that B3 was collected immediately prior to administration of disulfiram and we saw a
significant relationship between B3 and CA-US HIV RNA, we also considered whether
acute stress may have contributed to changes in CA-US HIV RNA. Acute psychological
stress induces a rise in cortisol and thyroid stimulating hormone (TSH) [25], whilst TSH may
be low in severe stress [26]. Plasma cortisol measured at B3 was higher compared to B1 or
B2 (Figure 3B) and TSH was higher at B3 compared to B1 or B2 (Figure 3C).

Mixed effects model of all measured variables and time

The mixed effects model for log CA-US HIV RNA showed an effect of visit and time-of-day
(Table 1), as well as a relationship between log CA-US HIV RNA, time and the expression
levels of BMAL-1. A similar mixed effects model was then fitted to all the other biomarkers
measured in this study to determine if they had a relationship to time (Table 2). If time-of-
day was a significant predictor for the observed expression level of CLOCK-related genes or
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hormones, then it is plausible that the relevant gene or hormone may drive the observed
temporal variation in the expression levels of log CA-US HIV RNA. Only BMAL1 showed
a statistically significant relationship with time (effect size of 8.51 (SE 3.78), p = 0.045). In
addition, there was a weaker relationship between time and expression of Cry2, Per3 and
cortisol as measured by a generalized likelihood ratio test (p = 0.22, 0.38 and 0.14
respectively). In these models, the estimated parameters were nearly statistically different
from zero. These biomarkers may become statistically significant if a larger dataset were
available.

These findings do not mean that the above selected biomarkers do not have a circadian
rhythm. Their lack of statistical significance could be the result from (1) confounding
between visit and time of day, so the effect of time of day is lessened, and (2) our fitted
model assumes a linear effect over a limited observation window, which may only hold
approximately. The combination of these two effects may explain why only BMAL-1 had a
significant nonzero coefficient for CA-US HIV RNA.

BMAL1 upregulate HIV LTR activity

Given our finding of a relationship between CA-US HIV RNA and BMAL-1 and the
presence of multiple E-boxes in the HIV LTR, we hypothesized that BMAL-1 may be acting
directly on the HIV LTR to drive viral transcription. To address this, we transfected 293T
cells with a plasmid encoding the luciferase gene under the control of the HIV LTR (HxB2)
along with plasmids encoding for the human CLOCK and BMAL-1 proteins or the viral
transactivator protein, Tat. Addition of Tat led to a 15.89-fold increase in luciferase activity,
consistent with Tat enhancement of LTR transcription (Figure 4A). The presence of CLOCK
(1.22-fold, p=0.004) or BMAL-1 (1.17-fold, p=0.018) alone lead to small but significant
increases in luciferase activity (Figure 4B). However, the presence of CLOCK and BMAL-1
together led to a 3.32-fold increase in luciferase activity (p<0.0005), consistent with
CLOCK and BMAL-1 acting as a heterodimer and upregulating HIV LTR activity.

To determine if CLOCK and BMAL-1 were directly binding to LTR and driving
transcription, we mutated each E-box in the HxB2 LTR alone or in combination and
assessed the ability of CLOCK and BMAL-1 to upregulate transcription from these LTRs.
The HxB2 LTR has three intact E-boxes; E-box 1 (HxB2 nucleotides 151-156); E-box 2
(288-293); and E-box 4 (433-438) (Figure 4C). An additional E-box (E-box 3, 416-421), is
not present in the HxB2 strain. Mutation of E-box 2 led to a 63% reduction in CLOCK/
BMAL1 mediated LTR activity compared to the wild type LTR (p<0.001). Additional
mutations of E-box 1, E-box 4 or both E1 and E4, led to a 69%, 77% and 72% reduction
respectively (all p<0.001), did not increase this effect. Mutation of E-box 1 alone (p=0.361)
and E-box 4 alone (p=0.627) had no significant impact on LTR activity. Restoration of E-
box 3 in the HxB2 LTR did not further increase CLOCK/BMAL1 mediated LTR activity
(p=0.183; (Figure 4D showing fold change luciferase expression with mutant LTR in the
presence of CLOCK/BMAL-1). Taken together, this data strongly suggests that the circadian
transcription factors CLOCK and BMAL-1 can drive HIV transcription via binding to the E-
box 2 motif in the HIV LTR.
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Discussion

Cell-associated US HIV RNA is frequently detected in CD4+ T-cells from HIV-infected
individuals on ART and is an important marker of HIV transcription. Here we show
significant differences in CA-US HIV RNA and the relative expression of CLOCK-
associated genes, specifically Per Zand 2and Cry 1 in blood collected at three time points
from HIV-infected individuals on ART. Using a linear mixed effects model we found there
was a highly significant association between CA-US HIV RNA and study visit (p<0.001),
which was independent of time; and a modest relationship between CA-US HIV RNA with
time and the circadian gene BMAL-1. Furthermore, given BMAL-1 forms a heterodimer
with CLOCK which binds to a six-nucleotide motif, the E-box [14: 151 and there are multiple
E-Boxes in the HIV-LTR sequence [16], using an /n vitro reporter system, we demonstrated
that CLOCK and BMAL-1 can activate HIV LTR driven gene expression. This activation
was partially dependent on an E-box upstream of the NF-KB binding site. We propose a
model where time impacts the level of circadian genes such as BMAL-1, which in
combination with CLOCK can directly activate the HIV LTR. In addition, other factors can
impact on CA-US HIV RNA that remain unexplained, but could potentially be related to
stress (Figure 5).

Other investigators have previously investigated the relationship between HIV transcription
and time of day. In HIV-infected individuals not on ART, plasma HIV RNA has been
previously shown to fluctuate significantly over a 24-hour period in one study [271 but not in
another [28]. A previous study in HIV-infected individuals on suppressive ART suggested
that CA-US HIV RNA was relatively stable over six months, but the time of day of blood
collection was not accounted for in this study [29],

Our data demonstrates that CLOCK and BMAL1 can upregulate LTR activity likely by
binding the E-box 2 motif. Each protein led to an increase in transcription but this was
significantly enhanced when co-administered. Interestingly, ablation of E-box 2 markedly
reduced but did not completely abrogate CLOCK/BMAL-1 upregulation. This may point to
an additional indirect role where CLOCK/BMAL-1 complexes upregulate other genes which
can affect HIV LTR activity. This could be a consequence of the histone acetyl transferase
activity of CLOCK, which is enhanced by dimerization with BMAL-1 171, Given our
results, the CLOCK/BMAL-1 axis provides a novel pathway for exploration of HIV latency
reversal.

However, despite the findings of a relationship between HIV transcription and time and a
direct effect of circadian proteins, we also found that the relationship between the B3 visit
and CA-US HIV RNA was highly significant and independent of time. Stress could be one
explanation given the participants in our study were all about to receive an interventional
drug disulfiram at the B3 visit. The elevated TSH and cortisol at B3 could potentially
support this interpretation, however both hormones are also known to undergo circadian
variation [30, although only cortisol showed a trend towards being associated with time in
this study.
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Several lines of evidence suggest that physiological stress responses may influence HIV
replication and latent infection. /n7 vitro, hydrocortisone increases HIV-replication in
activated PBMC [311. Alternatively, the effects of hydrocortisone may be mediated by
altering production of cytokines that can regulate HIV transcription. The neuroendocrine
system may also influence HIV replication and latency via the autonomic nervous system
(ANS). Heightened ANS reactivity is associated with greater plasma HIV RNA among HIV-
infected men [32] and norepinephrine increases HIV replication in vitro 5- to 10-fold [33].

In summary, we demonstrate natural variation in CA-US HIV RNA in CD4+ T-cells in HIV-
infected individuals on suppressive ART as well as a clear effect of the circadian proteins
CLOCK and BMAL-1 on driving transcription from the LTR by binding to E-box2. This
pathway could potentially be exploited to enhance the effects of or finding novel latency
reversing agents. The relationship between CA-US HIV RNA and study visit was highly
significant and remains unexplained suggesting that other unmeasured factors other than
time, are likely contributing to the level of CA-US HIV RNA. Further work is needed to
understand the biological basis of the natural variation in CA-US HIV RNA in individuals
on ART.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Relationship of CA-US HIV RNA in CD4+ T-cells, visit and time of blood collection
(n=30). Results from three time points collected from each participant are connected by a
line. The color of the symbol denotes the pre-intervention time-point. These were prior to
receiving the study treatment (screening [B1; black]), immediately before the first dose of an
intervention, here being disulfiram [B3; red], and a time-point between [B2; grey].
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Figure2.

Relationship of CLOCK-associated genes and visit. Expression of CLOCK-associated genes
in HIV-infected individuals on suppressive ART at three time-points (n=30). Data were
normalized to GAPDH expression level by the AACT method. The median and inter-quartile
range are shown. Nominal p-values from Wilcoxon matched pairs signed rank tests are
shown for significant associations. The color of the symbol denotes the pre-intervention
time-point. These were prior to receiving the study treatment (screening [B1; black]),
immediately before the first dose of an intervention, here being disulfiram [B3; red], and a
time-point between [B2; grey].
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Figure 3.

CD4+ T-cell composition and plasma cortisol and thyroid stimulating hormone (TSH) in
HIV-infected individuals on suppressive ART. A: CD4+ T-cell subset proportions in
participants are shown for n=28, 27 and 29 at B1, B2 and B3 respectively. The median and
interquartile range are shown and comparisons are made with Wilcoxon matched pairs
signed rank tests. B: Plasma cortisol and C: TSH in participants are shown for n=27 at B1
and 30 at B2 and B3. The mean and standard deviation are shown and comparisons are made
with paired t-tests. The color of the symbol denotes the pre-intervention time-point. These
were prior to receiving the study treatment (screening [B1; black]), immediately before the
first dose of an intervention, here being disulfiram [B3; red], and a time-point between [B2;

grey].

AIDS. Author manuscript; available in PMC 2019 September 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

CHANG et al. Page 15
A B ©
c
o
1 7 o © ke
0 § 5-
2 > E
$5 = 25 o
= 2 6 s O
[T E 10° 4 5 ;
- S 8 3
83 55
= O —
o > o £ wkk *
&y B '%‘%‘ 58 2
~ c 1o — e e
<
S
4
10 ’Z}. ‘l.‘ N \. - % . Q,I ,ll. r: !
2 (@) 4 2\
o O v > . & ) N "
< v Qs q,\g. oq} o\'o @év N
~[~x » xe
(@) &Q‘ =
VO < oo
(&) (o4
m
c
°
U3 R us o 5+
l I | E
STA;TA"I%S >E 4
NRE NF-kBSp T 4
A £ e El
[ ] 23 3
|| i3
g [«% 2 * * *k *
e 5
O %
E-Box1 E-Box2 E-Box3 E-Box 4 5 o
3 8 A TR b T
c
3]
<
o o L] L] L T L] T L]
K=} LN G * 9 ™ D b
S NTONG o \,;13‘

Figure 4.
The circadian transcription factors CLOCK and BMAL1 upregulate HIV LTR activity. A:

Raw luciferase activity in 293T cells stably transfected with an HIV-LTR (HXB2)-luciferase
reporter and then co-transfected with CLOCK, BMAL1, CLOCK and BMAL1 or Tat. B:
Fold change in luciferase activity. Comparisons are made to the HIV-LTR alone. C:
Schematic of the HIV LTR highlighting the position of E-box elements. D: The effect of E-
box mutations on upregulation of HIV LTR luciferase activity following co-transfection of
CLOCK/BMAL-1. Fold change in luciferase activity of the mutated LTRs in the presence of
CLOCK and BMAL1 compared to baseline expression. Box plots are shown which
demonstrate the median, 25" and 75™ percentiles (box) and minimum and maximum values
(whiskers), n=13 (A,B) and n=5 (D) experiments are shown. Comparisons were made using
a linear regression analysis. * p<0.05, **p<0.01, ***p<0.001. WT, wild type
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Figureb5.
Proposed model for interaction of visit, time and circadian genes in HIV transcription on

ART. Effects of visit alone on CA-US RNA remains unexplained but could potentially be
secondary to stress. The CLOCK-BMAL-1 heterodimer binds to a six-nucleotide motif, the
E-box [14. 15] to mediate transcription. HIV-1 is known to encode multiple E-Boxes in the
LTR [18] and therefore changes in HIV transcription on ART, may plausibly be mediated
directly through CLOCK-BMAL-1.
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Table 1.

Parameter estimates derived from the linear mixed effects model, Equation (1), for log;g CA-US HIV RNA/

million cells depending on time of blood collection and visit.
Here p is a constant, -y is the coefficient of the linear dependence on time of blood draw, and B, and P are the

coefficients for the effect of visits B2 and B3 relative to the effect of B1 on log;g CA-US HIV RNA. The
estimated standard deviation of the patient-specific random effect (a;) is 0.73 (see Supplemental Methods).

Parameters Effect estimate Standard Error  P-value

W, Intercept 0.800 0.320 0.013

v, Time of blood collection  0.051 0.026 0.040

(per hour of day)

B, Visit 2 0.106 0.066 0.107

Bs, Visit 3 0.619 0.098 2.52 x 10710
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Table 2:

Mixed effect regression analysis to predict the expression levels of candidate CLOCK genes and stress
hormones as a function of time of day. If time-of-day is a significant predictor for the observed expression
level of candidate CLOCK genes or stress hormones, then it is plausible that the gene or hormone may drive
the observed temporal variations in the expression levels of log CA-US HIV RNA.

Effect estimate Standard Error  T-value P-value

cortisol -2.05E+01 1.09E+01 -1.877 0.061
TSH -2.60E-02 6.29E-02 -0.413 0.680
CLOCK 9.00E-05 3.40E-04 0.276 0.783
BMAL1 1.48E-03 7.40E-04 2.004 0.045
Per3 -2.60E-04 1.40E-04 -1.856 0.063
Per2 -1.00E-04 2.30E-04 -0.425 0.671
Perl 8.62E-03 5.56E-03 1.551 0.121
Cry2 1.80E-04 9.00E-05 1.929 0.054
Cryl 7.00E-04 5.20E-04 1.338 0.181
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