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Abstract	  
	  

Systematic	  Analysis	  of	  the	  Determinants	  of	  HIV	  Expression	  Noise	  

	  
By	  

Jonathan	  Emmett	  Foley	  
	  

Joint	  Doctor	  of	  Philosophy	  in	  Bioengineering	  
University	  of	  California,	  Berkeley	  with	  
University	  of	  California,	  San	  Francisco	  

	  
Professor	  David	  V.	  Schaffer,	  Co-‐Chair	  

Professor	  Adam	  P.	  Arkin,	  Co-‐Chair	  

	  

Despite	  over	  three	  decades	  of	  active	  research,	  Human	  Immunodeficiency	  
Virus	  Type	  I	  (HIV-‐1)	  represents	  a	  pressing	  and	  ongoing	  challenge	  to	  our	  ability	  to	  
understand	  complex	  pathogens	  that	  threaten	  human	  health	  at	  global	  scale.	  This	  
stems	  in	  part	  from	  the	  highly	  dynamic	  and	  multi-‐scale	  lifecycle	  of	  the	  virus,	  which	  is	  
reflected	  in	  the	  necessity	  for	  multi-‐drug	  cocktails	  to	  suppress	  viral	  replication.	  A	  
fundamental	  aspect	  of	  the	  HIV	  lifecycle	  is	  the	  insertion	  or	  integration	  across	  a	  
plethora	  of	  sites	  in	  the	  human	  genome.	  From	  these	  sites	  of	  integration,	  the	  viral	  
promoter	  coordinates	  multiple	  inputs	  from	  the	  cellular	  signaling	  environment,	  the	  
local	  genetic	  and	  epigenetic	  context,	  and	  a	  virally	  encoded	  feedback	  circuit.	  Through	  
integration	  of	  these	  inputs	  via	  a	  poorly	  understood	  transfer	  function,	  the	  viral	  
promoter	  regulates	  the	  temporal	  probability	  of	  the	  expression	  of	  viral	  genes	  and	  
ultimately	  the	  kinetics	  of	  the	  viral	  lifecycle.	  The	  HIV	  promoter,	  the	  long	  terminal	  
repeat	  (LTR),	  is	  composed	  of	  a	  core	  TATA	  promoter	  and	  a	  large	  cis	  acting	  enhancer.	  
Furthermore,	  two	  well-‐positioned	  nucleosomes	  form	  the	  basic	  epigenetic	  regulatory	  
structures	  that	  regulate	  LTR	  output.	  These	  features	  are	  highly	  similar	  to	  
endogenous	  mammalian	  promoters.	  Therefore,	  studies	  of	  the	  LTR	  can	  reveal	  
insights	  relevant	  to	  HIV	  biology	  as	  well	  as	  mammalian	  gene	  control.	  	  

HIV	  represents	  a	  highly	  attractive	  model	  system	  to	  apply	  large-‐scale	  
experimental	  and	  computational	  analysis	  to	  systematically	  study	  the	  role	  of	  
promoter	  architecture	  and	  genomic	  context	  in	  transcriptional	  regulation.	  Previous	  
work	  demonstrated	  that	  the	  LTR	  operates	  in	  a	  stochastic	  regime,	  which	  results	  in	  
large	  cell-‐to-‐cell	  differences	  in	  gene	  expression	  within	  clonal	  populations.	  In	  HIV	  
model	  systems	  and	  natural	  circuits,	  it	  has	  been	  shown	  that	  such	  heterogeneity	  or	  
noise	  can	  have	  dramatic	  phenotypic	  consequences.	  However,	  how	  such	  noise	  is	  
related	  to	  the	  features	  of	  promoters,	  the	  local	  genomic	  context,	  and	  their	  interaction	  
with	  genetic	  circuits	  and	  cell	  biology,	  is	  poorly	  understood.	  	  
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Here	  using	  combined	  large-‐scale	  experimental	  and	  computational	  analysis	  
we	  develop	  systems	  to	  isolate	  and	  study	  the	  effects	  of	  viral	  integration	  positions,	  
promoter	  cis	  acting	  architecture,	  transcriptional	  feedback	  and	  post-‐transcriptional	  
processes	  on	  viral	  gene	  expression	  noise.	  Specifically,	  by	  using	  systematic	  
experimental	  analysis	  of	  single	  integration	  clones	  coupled	  with	  computational	  
modeling	  and	  statistical	  inference,	  we	  are	  able	  to	  link	  LTR	  gene	  expression	  noise	  to	  
dynamic	  nucleosome	  occupancy.	  Furthermore,	  we	  develop	  a	  method	  to	  generate	  
highly	  diverse	  combinatoric	  promoters	  that	  will	  enable	  systematic	  study	  of	  the	  LTR	  
structure-‐function	  relationship.	  Additionally,	  we	  develop	  quantitative	  strategies	  to	  
cluster	  highly	  heterogeneous	  feedback	  distributions	  and	  reveal	  characteristic	  
moment	  scaling	  relationships.	  Lastly,	  using	  simulations	  and	  analysis	  of	  mRNA	  
localization	  using	  RNA	  fluorescent	  in	  situ	  hybridization,	  we	  demonstrate	  that	  slow	  
mRNA	  export	  can	  function	  as	  a	  low-‐pass	  filter	  to	  buffer	  the	  cytoplasm	  from	  the	  
effects	  of	  noisy	  transcription.	  Together,	  these	  efforts	  reveal	  molecular	  and	  cellular	  
processes	  underlying	  noisy	  gene	  expression.	  Furthermore,	  we	  develop	  novel	  
systems	  level	  approaches	  and	  tools	  for	  the	  study	  of	  complexity	  in	  eukaryotic	  gene	  
control.	  	  
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“Everything we see hides another thing, we always want to see what is hidden by what 
we see. There is an interest in that which is hidden and which the visible does not show 
us. This interest can take the form of a quite intense feeling, a sort of conflict, one might 

say, between the visible that is hidden and the visible that is present.” 
-René Magritte. 

 
 

 
 
 
 
 
 

“The clearest way into the Universe is through a forest wilderness.”  
― John Muir 
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2.11.1 Viral cloning 
 
To facilitate single molecule detection of transcripts, the M2 array from pGEM-M2-
32x13 was cloned as a directional SalI-XhoI fragment into the single XhoI site of HIV 
CLG22 to generate HIV CLGM2 used in this study.  
 
2.11.2 Cell Culture 
 
Jurkat cells, used for creating clonal LGM2 cell-lines and HEK293T cells, used for 
packaging virus were cultured in RPMI 1640 and Isocove’s DMEM, respectively. Cells 
were maintained at 370C and 5% CO2 with the cell-media supplemented with 10% fetal 
bovine serum (FBS) and 100 U/mL of penicillin-streptomycin.  
 
2.11.3 Viral Harvesting, Titering and Infections 
 
To package the LGM2 construct, HEK293T cells were transfected with 10μg of the 
plasmid along with the helper plasmids pMDLg/pRRE, pcDNA3 IVS VSV-G and pRSV-
Rev as described previously41 and harvested. Harvested lentivirus was concentrated by 
ultracentrifugation to yield between 107 and 108 infectious units/ml. To titer, 10^5 Jurkat 
cells per well, were infected with a range of concentrated virus doses and six days post 
infection, gene expression was stimulated with 20 ng/ml tumor necrosis factor-α (TNF-α, 



Sigma-Aldrich). After stimulation for 18 hours, GFP expression was measured by flow 
cytometry, and titering curves were constructed by determining the percentages of cells 
that exhibited GFP fluorescence greater than background levels.  
 
2.11.4 Clone Generation 
 
Assuming a Poisson distribution, the well with 5% GFP infected cells was selected for 
expansion. This corresponds with a low MOI of ~0.05 and as previously demonstrated22 
ensures at most one integration event per infected cell within the population. The selected 
population was expanded for 6 days and stimulated with TNF-α as described above. 
Approximately 0.1*10^6 cells were sorted from the GFP+ population on a DAKO-
Cytomation MoFlo Sorter. The resulting population, which represents a polyclonal 
ensemble of single-integration clones, was expanded for 7 days.  Single cell clones were 
sorted from a wide (~1.5 log10(RFU)) gate distinct from background fluorescence into 
multi-well plates and cultured for 3-4 weeks to facilitate expansion.  
 
2.11.5 Flow Cytometry 
 

GFP expression of expanded clonal cultures was assessed by flow cytometry using a 
Beckman Coulter FC500 analytical cytometer. Multiple reads over the course of a week 
were obtained to ensure that measured fluorescence represented stationary distributions 
of gene expression. Flow cytometry data was processed using Bioconductor (Gentleman 
2004) packages in custom R scripts as described in the Supplementary Information.  
 
2.11.6 Cell fixation 
 
For each sample, 1-2 million cells washed once in PBS and allowed to adhere to 
0.01mg/ml poly-L-Lysine (Sigma-Aldrich P5899) coated chambered #1 cover-glass 
(Nunc Lab-Tek #155380). Cells were fixed with 4% Formaldehyde (Sigma-Aldrich 
252549) solution in PBS. Slides with fixed cells were washed once with PBS and 70% cold 
Ethanol added to permeabalize cellular membranes. Slides were stored at 4C until 
hybridization.  
 
2.11.7 In situ hybridization 
 
Single molecule labeling of LGM2 transcripts was performed as previously described 
(Raj 2006) with the following exceptions: a) 35% Formamide was used in the 
hybridization buffer b) A shorter, TAMRA dual end labeled probe (BioSearch Inc. , 5’-
GTCGATCAGCTGGCTGGTGCTCTTCGTCCACAAAC-3’) was used and c) the 
hybridization reaction was carried out for 16hrs. at 300C.Prior to imaging, slides were 
washed twice with 2X SSC 35% Formamide. Cell nuclei were counterstained with 
0.5μg/ml DAPI. Just prior to imaging, samples were mounted under a coverlsip with 
aqueous oxygen scavenging buffer system28 (GLOX).  
 
2.11.8 Imaging and Deconvolution 
 



84 randomly selected fields were imaged per sample. To facilitate imaging of the entire 
cell volume, each field was imaged in three channels (GFP, DAPI, TAMRA) 90 z-axial 
slices at 0.2 μm spacing with a 100X oil immersion objective on a Deltavision Core 
(API) widefield deconvolution microscope equipped with standard fluorescent filters. 
Image stacks were iteratively deconvolved using an experimentally determined point-
spread function (PSF) with Huygens Core 3.3 (SVI) running on a small Linux cluster. 
Optimal deconvolution parameters were empirically determined to yield the best 
subjective image quality. Custom Tcl scripts running under Silicon Grid Engine 
(RefXXXX) were used to manage job creation and scheduling.  
 
2.11.9 Image Processing 
 
Deconvolved image stacks were processed using custom software developed in 
MATLAB (Mathworks Inc.) using the DIPImage Toolbox (Quantitative Imaging Group, 
TU Delft). Under minimal user intervention, the software automatically segments cells 
and smFISH objects within single cells. A detailed protocol for the processing pipeline is 
contained in Appendix A. Source code is available on request.  
 
2.11.10 Model Fitting 
 
RNA distributions were fit using Maximum Likelihood Estimation (MLE) of model 
parameters using the full analytical solution to the two-state stochastic gene expression 
model31 MLE was implemented using custom code in Mathematica 8 (Wolfram Inc.) as 
numerical minimization over the negative log-likelihood function defined over the pdf 
given the observed RNA counts the rate of RNA degradation set to our experimentally 
determined rate and transcription rate assumed to be constant across integration sites as 
previously discussed23. In this manner, the effective fit parameters are the burst frequency 
and burst size. All model parameters and summary statistics for each clone can be found 
in Table A2. 
 
2.11.11 Statistical Analysis 
 
95% confidence intervals on descriptive statistics of RNA distributions were estimated 
from the 2.5% and 97.5% quantiles of bootstrapped copy number counts per cell. 95% 
confidence intervals on fit parameters were estimated from the log-likelihood function 
assuming asymptotic normality of the estimates. These analyses were performed in 
Mathematica 8. All regression and correlation analysis was performed in R using using 
the lm and rcorr functions . The regression p-values of all primary inferences reported in 
this study fall below an α of 0.05. Distribution clustering and principal component 
analysis were performed in MATLAB (Mathworks Inc). A full summary of regression 
best-fit slopes with associated p-values and Spearman correlation coefficients are 
contained in Appendix A. 
 
2.11.12 DNase I sensitivity assay 
The assay was performed using the EpiQ Chromatin Analysis Kit (Bio-Rad) as 
previously described33,42. Briefly, 2.5x105 cells were either treated with DNase I or left 



untreated for 1 hour at 370C. After quenching the reaction, DNA was extracted and 
quantified by qPCR using the EpiQ Chromatin SYBR Supermix (Bio-Rad). The 
following primers were used to quantify the chromatin density at the HIV promoter:  
LTRfor (5’-GGACTTTCCGCTGGGGACTTTCCAGGG-3’) 
LTRrev (5’-GCGCGCTTCAGCAAGCCGAGTCCTGCGTCGAG-3’) 
Nuc-1for (5’- AGCTCTCTGGCTAACTAGGG-3’) 
Nuc-1rev (5’- AAAGGGTCTGAGGGATCTCTAG-3’) 
HSSfor (5’- GGGACTTTCCGCTGGGGAC-3’) 
HSSrev (5’- CCCAGTACAGGCAAAAAGCAGC-3’) 
Nuc-0for (5’- GAGCCTGCATGGGATGG-3’) 
Nuc-0rev (5’- CTCCGGATGCAGCTCTC-3’) 
The qPCR results were normalized by the chromatin density at the hemoglobin promoter 
using the primers:  
hHBBfor (5’-AAGCCAGTGCCAGAAGAGCCAAGGA-3’) 
hHBBrev (5’-CCCACAGGGCAGTAACGGCAGACTT-3’) 
All qPCR was performed in triplicate with melt curves to ensure product specificity. 
 
2.11.13 mRNA Extraction and RT- qPCR 
To determine the half-life of transcripts, a polyclonal LGM2 population was stimulated 
by α-Amanitin and total RNA was extracted from cells at different time points using 
Trizol (Invitrogen). RNA was also extracted from unstimulated cells at these time points. 
LGM2 and β-Actin mRNA was quantified by RT-qPCR using the single step Quantitect 
SYBR Green RT-PCR kit (Qiagen). All qPCR was performed in triplicate. For additional 
details and primers, see Appendix A. 



�





Eukaryotic gene transcription is regulated by a number of complex properties, 
including the identity, orientation, and multiplicity of transcription factor binding sites 
(TFBS) proximal and distal to a RNA polymerase II (RNAPII) core promoter. 
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Subtype 

 
Reagent 
Name 

 
Accession 
No. 

Country 
of 
isolation 

B/C P98CN009.8 AF286230 China 
C P93IN904 AF067157 India 
C P93IN999 AF067154 India 
A2 P94CY017.41 AF286237 Cyprus 

 
A 

 
P92UG037.1 

 
U51190 

 
Uganda 



 
A/G 

 
P92NG003.1 

 
U88825 

 
Nigeria 

 
D 

 
P94UG114.1 

 
U88824 

 
Uganda 

B pCLGIT K03455 USA 
 
B/F 

 
P93BR029.4 

 
AF005495 

 
Brazil 

 
F 

 
P93BR020.1 

 
AF005494 

 
Brazil 

 
H 

 
P90CF056.1 

 
AF005496 

Central 
African 
Republic 

 
 



 

 

Oligo sequence (5' to 3') 
Oligo 
name 

NNNGACTTTCCRNNNGGACCGACTCCACGAACTCCAGCAGGACCAT NFkB1-1 

GGGACGTGGYBAGGACCGACTCCACGAACTCCAGCAGGACCAT Sp1-1 

GNNTKMMWSANNGGGACCGACTCCACGAACTCCAGCAGGACCAT Ap1 

DCCATNRWCACVKRGC GGACCGACTCCACGAACTCCAGCAGGACCAT USF 



NNGNDCCATNGNNGGACCGACTCCACGAACTCCAGCAGGACCAT LSF-YY1 

WYTACAARRACTGCA GGACCGACTCCACGAACTCCAGCAGGACCAT LEF1 

NGN ACT GMT RAC NGNGGACCGACTCCACGAACTCCAGCAGGACCAT RBF2 

NGC AYK DMR WCA YVK NGGACCGACTCCACGAACTCCAGCAGGACCAT C/EBP 

NGT TTC CRC TWR GN GGACCGACTCCACGAACTCCAGCAGGACCAT E2F-1 

NGG YGT GGY YTNGGACCGACTCCACGAACTCCAGCAGGACCAT p53 

CAYKDMRWCACVTRGCGGACCGACTCCACGAACTCCAGCAGGACCAT 
CoreNR
E 

GGRCCAGGGRYYAGATWYCCACTGWSHTTTGGRTGGACCGACTCCACGAACTCCAGCAGGACCAT COUP 

RRDGARGTGARRARGMCGGGMAATCRAAGGAGAR A GGACCGACTCCACGAACTCCAGCAGGACCAT NFAT 

NGN TGG GAA NGNGGACCGACTCCACGAACTCCAGCAGGACCAT CBF 

NAT GCG TAG GCNGGACCGACTCCACGAACTCCAGCAGGACCAT Spacer 

S M S G A M A G A G A A G T G T T   GGACCGACTCCACGAACTCCAGCAGGACCAT NMF-1 

R R W R T G G A A G T T G A C A C C GGACCGACTCCACGAACTCCAGCAGGACCAT NMF-2 
Y M G C T A G C A Y K H M R W C A C A V T G G C C 
CGGACCGACTCCACGAACTCCAGCAGGACCAT NMF3 

M W R C A T C C G G A G T GGACCGACTCCACGAACTCCAGCAGGACCAT EBS 

A C V T R G C Y M R M GGGACCGACTCCACGAACTCCAGCAGGACCAT Ebox 

RTYTGAGCCYGGGAGCTCTCTGGGGACCGACTCCACGAACTCCAGCAGGACCAT RCS 

G G M C K T T C C R GGGACCGACTCCACGAACTCCAGCAGGACCAT NFkB1-2 

NTGGGCGGGACNGGACCGACTCCACGAACTCCAGCAGGACCAT Sp1-2 

NRG GYG HGG YTT NGGACCGACTCCACGAACTCCAGCAGGACCAT Sp1-3 

NGNNCANNTGNGNNGGACCGACTCCACGAACTCCAGCAGGACCAT Ebox2 

Biotin-ATGGTCCTGCTGGAGTTCGTGGAGTCGGTCC 
Bt-
extend  
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clone C fraction  CV N : CV C <C> <N> CV C CV N 
LGM2_A10 0.36 0.98 3.10 5.43 0.80 0.78 
LGM2_A9 0.38 1.02 1.86 3.07 0.98 0.99 
LGM2_AD1 0.72 1.26 3.65 1.42 1.16 1.47 
LGM2_BC6 0.44 1.28 16.70 20.99 0.57 0.73 
LGM2_BG3 0.21 1.22 1.15 4.39 1.26 1.54 
LGM2_BG6 0.07 0.65 1.15 15.57 1.26 0.82 
LGM2_C4 0.21 0.94 2.00 7.34 1.28 1.21 
LGM2_CA1 0.56 1.21 9.82 7.61 0.63 0.76 
LGM2_CA2 0.60 1.08 4.28 2.84 0.81 0.87 
LGM2_CD2 0.58 1.12 3.50 2.54 0.98 1.09 
LGM2_DB1 0.62 1.17 3.97 2.41 0.95 1.11 
LGM2_DC5 0.20 0.56 0.29 1.15 2.23 1.26 
LGM2_DD3 0.46 1.47 3.56 4.26 0.93 1.37 
LGM2_EB2 0.01 0.14 0.04 3.86 5.99 0.82 
LGM2_EC5 0.65 1.26 4.69 2.53 0.91 1.15 
LGM2_FA1 0.70 1.33 3.25 1.39 0.85 1.13 
LGM2_FA2 0.39 0.81 1.37 2.17 1.22 0.99 
LGM2_FA6 0.51 1.17 5.88 5.54 0.74 0.87 
LGM2_FC5 0.62 1.26 4.41 2.67 0.79 1.00 
LGM2_GA2 0.72 1.33 4.62 1.84 0.95 1.27 
LGM2_GD1 0.44 1.38 11.42 14.59 0.68 0.94 
LGM2_GD3 0.57 1.18 2.86 2.12 0.90 1.06 
LGM2_H9 0.05 0.40 0.43 9.02 2.65 1.06 
LGM2_HA4 0.53 1.04 2.42 2.18 1.03 1.07 
LGM2_IB4 0.60 1.26 5.39 3.62 0.70 0.88 
LGM2_IC4 0.29 0.80 5.47 13.58 0.83 0.67 
LGM2_ID3 0.62 1.39 7.68 4.79 0.59 0.82 
LGM2_ID5 0.59 1.25 8.27 5.69 0.95 1.18 
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