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DNA replication  
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o produces two identical copies from one DNA molecule
o starts at replication origins

o high AT content → easy unwinding of strands
o thousands per chromosome, ~ 130 kB distance

o bidirectional (“fork”) or unidirectional



DNA replication initiation  (Eukaryotes)
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o unwinding (helicases, DHX9)

o origin recognition complex binds to replication origin

o a number of proteins are being recruited (Cdc45)

→ DNA replication start



Papers  
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Cdc45  
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o encoded by CDC45L gene (humans)

o rate limiting for initial firing of replication origins

o Concentration of Cdc45 is carefully controlled:

o 30.000-40.000 molecules per cell,

o compared to 250.000 replication origins per cell

o (tumor cells can show higher expression of Cdc45)

o Cdc45 overexpression:

o leads to over-firing of replication origins (2x vs. control)

o but   

o reduces fork elongation rate (~ 2x),

o causes asymmetry of replication velocity

o causes early S-phase arrest



DHX9
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o helicase  (Gene Cards ; Uniprot)

o unwinds double-stranded DNA and RNA  3’ to 5’

o Experiments:

o downregulated via RNAi  (shRNA; “short hairpin”)

http://www.genecards.org/cgi-bin/carddisp.pl?gene=DHX9
http://www.uniprot.org/uniprot/Q08211
https://en.wikipedia.org/wiki/Short_hairpin_RNA


Visualization of replication
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o DNA fibre fluorography

o visualization of progression of replication forks in vivo 

o labelling of growing cells using 2 nucleotide analogues

o IdU (5-Iodo-2’-deoxyuridine)

o CldU (5-Chloro-2’-deoxyuridine)

o applied one after another ( IdU → CldU )

o labelling pulse duration ∆t ~ 20 min

o staining (antibodies)

o flourescence microscope

o image analysis



DNA fibre fluorography
Staining using antibodies
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DNA fibre fluorography
Image analysis
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o replication speed estimation by measuring fiber length

o replication velocity: 1 μm ~ 2.59 kb

o measuring fiber length is time consumimg!



DNA fibre fluorography
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1: ongoing replication

2a: replication start during 1st labelling phase ( IdU)

2b: replication start during 2nd labelling phase (CldU)

3a: stalled fork during 1st phase

3b: termination



Labelling variants
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o known replicative inhibitors, stressors  

o selective treatetment during one labelling pulse

fork symmetry fork assymmetry 
(stalling)



Measurements

o of fork assymmetry (replication arrest, “stalling”)

o of replication rates (overall replication velocity)

significant difference?
(non-normally
distributed)



Measurements
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3 replicates 3 replicates 

𝑋1 𝑋2 𝑋3 𝑌1 𝑌2 𝑌3

t-Test [CLT]



Bootstrap approach
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Analyzing the difference of means based on one sample for each 
condition → more efficient

Bootstrap analysis
of the difference of means



Bootstrap idea

o mimic the sampling distribution of a statistic (mean)
o get info about spread of the statistic
o start with one original sample
o resample from this sample with replacement, ~ 1000 times
o calculate the statistic for each resample

o → bootstrap distribution
o agrees with sampling distribution in shape and spread

Graphic taken from: Moore, McCabe, Craig; 
Introduction to the Practice of Statistics



Bootstrap distribution

Confidence interval



Bootstrap t-confidence interval
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𝑥: statistic of the original sample

𝑡 Τ𝛼
2
: quantile for t-distribution, confidence level 𝛼

𝑆𝐸𝑏𝑜𝑜𝑡: bootstrap standard error

𝑆𝐸𝑏𝑜𝑜𝑡 =
1

𝐵 − 1
∙ 

𝑖=1

𝐵

𝜃𝑖 − ҧ𝜃 2 B: number of resamples

o works well if the bootstrap distribution is approximately normal 
and if the bias is small

o 𝑆𝐸𝑏𝑜𝑜𝑡 is directly taken from the bootstrap values (𝜃𝑖)

𝐼𝜃 = ҧ𝑥 ± 𝑡 ൗ𝛼
2

∙ 𝑆𝐸𝑏𝑜𝑜𝑡



Bootstrap percentile confidence interval
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2.5% 97.5%

o mark off the central 95% → 95% confidence interval

o does not ignore skewness, but bias must be small

o R:  I = quantile(thetastar, probs = c( 0.025, 0.975 ) )



BCa confidence interval
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o More accurate, recommended!

o Bias-Corrected accelerated CI

o modification of percentile CI

o adjusts for bias and skewness

o accurate unless the sample size is very small



Still, small samples do not work!
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Bootstrap inference from small samples is unreliable !



Bootstrap in R
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o loop!
o sample(x, length(x), replace = TRUE)

o library(boot)
o meanDiff = function(df, iv)   {… }
o b.out = boot(data = df, statistic = meanDiff, R = 999)
o boot.confint = boot.ci(b.out, type = "bca")

o library(bootstrap)
o theta = function(x)   { … }
o res = bcanon(x, 999, theta)

o library(wBoot)
o boot.two.bca(x, y, mean, null.hyp = 0, R = 999, conf.level = 0.95)



Software
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o R-Shiny-app (not 100% finished ...)
o Bootstrap + a little bit more
o from R console:

o > library(shiny)
o > runApp("/your_path/shiny_multtest")

o from Linux command line:
o > R -e "shiny::runApp(‘/your_path/shiny_multtest')"
o Listening on http://127.0.0.1:7789 → open in browser

o from Windows:
o via R console: as above
o via RStudio: open the app.R in /your_path/shiny_multtest/ 

and click the “Run App” button
o terminates with Ctrl-C

http://127.0.0.1:7789/


T-test
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o Assumptions:

o both samples normally distributed   

o independent sample points

o from R console:

o > library(shiny)

o > runApp(“/your_path/t_test_tabbed")

o from Linux command line:
o > R -e "shiny::runApp(‘~/your_path/ t_test_tabbed')"
o Listening on http://127.0.0.1:7789 → open in browser

o from Windows:
o via R console: as above
o via RStudio: open the app.R in ../ t_test_tabbed/ and click 

the “Run App” button
o terminates with Ctrl-C

http://127.0.0.1:7789/

