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1. Introduction

1.1 Background
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1.2 Chapter 1: The ad aptive significance of developmental
plasticity

1.2.1 Key questions and current gaps in knowledge
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1.2.2 Empir ical tests of developmental constraints versus predictive
response models
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1.3 Chapter 2: The molecular mechanisms that mediate
developmental plasticity

1.3.1 Key questions and current gaps in knowledge
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1.4 Functional effects of variation in DNA methylation

1.4.1 Key questions and current gaps in knowledge
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1.4.2 Methods for causally testi ng the effects of DNA methylation on
gene expression
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2. Developmental constraints in a wild primate

2.1 Introduction
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51 '[->-28>-1D>-+ (' + I (2/11¥->) %1 +$1 ()*).-I>*)AlL(?/'1$220-'1'/-1.$0'0!

*00$. (¥-+T(/1-*>9%41-. $%$2 (%61 +#->0( 4F 1 (%%E&0'>* () ?1/-1/(2/%4! 1&%' (+(1-)0($)*%!

VH(>$)1-)1-RD->(-).-+1741()+#(+&*%0!())* &>*%!D$D &Y% ($)0S!

2.2 Materials and Methods
2.2.1 Study subjects, fertility data, and social status data
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2.2.2 Rainfall data and the 2009 drought
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2.2.3 Defining low -quality environments in early life and adult  hood
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2.2.4 Defining high -quality environments in early life and adulthood.
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2.2.5 Within -female analyses: interaction between early life and adult
conditions on female fertility
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2.2.6 Between -condition analyses: testing for early life effects o n
adult fertility in a given adult environment
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2.3 Results

2.3.1 Fertility declines during the 2009 drought were greater for
females born in low -quality environments than for females born in
high -quality environments
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52,%.7%8,& 1.223 0.506
=1%& -0.348 0.167
=1%& 0.015 0.137
?+..%2,&."32-"$$& 2578 0.002 During the 2009 drought, females were less likely to resume
%2@3./20% 2% cycling.
A".$9&."32-"$$&
%2@3./20%% 0.785 0.318
Females born in low-quality environments were more likely to
?7+.9%2,&B&%".$9& 1.695 0.069 resume cycling during high-quality years than during the 2009
[32-"$$8%2@3./20% drought. Females born in high-quality environments were
more robust to changes in prevailing ecological conditions.
297$32% 1619 0.001 Females cycliTlg on January 1t w.ere less likely to resume
cycling over the following 10 months.
130%8&+327%8$3@%8  0.003 0.008 Females that had recently gi?/en birth were less likely to
resume cycling.
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2.3.2 Sensitivity of female fertility to both extr ~ eme low and extreme
high rainfall
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distribution defining the adult environment
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2.3.3 Protective ef fects of high social status in early life
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2.4 Discussio n

2.4.1 Support for the developmental constraints model in wild
baboons

1$968&'())*!+,1(-()./&/10+1-+11/,22+'1113&1456!3.2+13&/7/817-07%70, ()/19+'-17-!
)+ 1<, (071.18-%7'+-=8&-1/1070!-+11+,12&'>+'=1+13&'17-07%70,()/1:3&-113&.1&-2+,-1&'&0!

[7=7)(N)+: :<,()71.12+-0717+-17-1(0,)13++0@'A-/1&(0*!+,1:7137:>&=()&!(-()./7/!

I "#



$%&9%'(%)*H:96-'(%.1/0$11211(03 56'(2*71%182$01-%1*.19689%$2% T W) *2-'*06)1-9%'1!
)%:$%".9612101:969*20119$0//2(2*2%.10<=<>1)6$21?1*+%! @<<A!)$06?2+*=IB11:01*$' *C!
9%6-'(%.1/0$11211+22+56'(2*71%18&2$01-%1*.19689%$2%61:96)1"11%. *2-"+96)1-06'11)%: $%".%! 21!
:01:9%9*20119$0/'/2(2*29A)101(7!D<=@&'1!'(-0.*1.28  40()!)2,,%$%1:%!211%,,%:*.2F%.=!
GO*/(7C106$!/%*3%%6H01)2*2011'1'(7.2.1H3+2:+1,0:6.%.1011)2,,%$%1:%.1/%*3%%1!,%-'(%.!
10$11211)2, %$%1*1%182$01-%1*.C121.%06")10,1*+061)%2$%%!*013+2:+121)2&2)6'(!, %-'(%.!'$%!
' %6 06) /T 1+ %1")6(*1%1&2$01-%1+1121) 2:*06) I*+"*1*+051%301.96*.10, 1, %-'(%.13%$%!
KR X2:((7121)2.%21262.+'/(%!12114+22456'(2*71)6(*19%182$01-%1*.CI'*1(%' ¥132*+1$96.9%:*1*0!
4101 0b$*2(2%71%$'2*.13%6121&%.*272'*06)1+%6$%=1T' K96 11¥02%*+ 06 $SCI*+%.%!$%. 6 (*.121) 2: *0p!*+'+1
9%-'(%.1/0$ 11211+22456'(2*71%182$01-%1*.13%$%!-0$%!$%.2(2%1*1*01)$062+*1:01)2*201.!
*+'11,9%-'(%.1/0$11211(03 456'(2*71%182$01-%1*.Cl/6*1*+%713%$%!10*1")&'1+2%)108&%$!
%-'(%.1/0$11211900%$!:01)2*201.1)6$21?110$-'(17%'$.=1J+6.C!,%-'(%.1/0$11211+22456'(2*7!
%182$01-%1*.1-71%89%%$2%1:%!" (CEPe$-!") &' 1%'2%!0&%$!,%-'(%.1/0$11211(0356'(2*7!
%182$01-%1*.CY/6*101(712,1*+%!9096('*201!2.19%890.%)!*0!")&%$.%!:01)2*201.=!
L01.%56%1*(7C1%'$(7!(2,%!%,,%:*.I'$%!-0.%1'":6$%(7""..%..%)1/71-%'.6$21?!,2*1%. 1%, %:*.!
"$0..132)%!$'1?7%!0 ,IN6(*1:01)2*201.! HG6..%#$UB<<MN!O'-BHSUB<< A
P%!:01:%1*$"*9%)101!,%$*2(Z8%6(*%)106*:0-%.121106$¥6) 7CI$*+06$!*+'11-0$* (2*7C!
1%:'6.%!'116'(1)%"*+1$*%.1'$%!(03121!//001.CY".1211-0.419$2-*%.]  HQO$$2H$U@B<DEN
RO%:2,2: ((7TC1*+%).-'(16-/%$10,1)6(*!,%-'(%!)%"*+.1*+*10::6$$%)1211++ %] *6)7!

9096("*201121!@<<A!IS!D#!06*!0,!D<<!I")6(*!,%-'(%.1'3%$%!*00!,%3!*0!"..%..!*+%!%,,%:*.10,!

I "#



HSY%& &I+ -(.(+,/1+,1/0%1 (1$&!1-0%(,2!.3#14556!-%+023.71830/9!:3(&H!+0%!)(,-(,2/!
#*&O-HISI<=>1#:28%,5.(+ ,)+%1)#%. (&E@6H&S #-1) (. #I/*+A2+ #, /(). 3H=AB+H#&(!
BSB++,/91.3#I<=>I A+-#&!*+0&-91(,129%(, *(?8H913+&-1)+%6!/0% IPHBES #-1) (., #//!
“+A2+#,./  C $12+//(B(&(.".35.1-#AS,-/1)0%.3#%! #/.(,27! !
DO0%!%#/0&./1$%#1%+ /(. #,.1:(.31/.0-(#/1+)1B+.31:(&-!$, -1 &$B+%6$.+%'!$, (A$&/!. 3$.!
B&IHI%HP+%. 15+ /(] #,.1$-18,. $2#/1.+1(,-(1(-0$&/1B+%,1(,!13(23 @O0$&(."1#,1(%+,A#,./!
F>#(-1#.19&71455GH!0//#'1#.1$8 71455 JHIK & &H#Yo 1#. | FRAUBE (MM, 0! 34 1$%6# 1+ /(/.#,
[(.3LALNH)LBHI<=>11#06/0/1-H1#&+PAH, &I + 1. %6$(, [IA+-H#E&/I(12%#(,-0/.%( $&I30AS,/!
$,-1:(&- 1%+ #1-H#HYIF$&. 3+0231 3#/#/.0-(#/1-(-1,+.10/#1:(.3(,  @BP#*./1-#/(2,/91$/!
20t /#, #-134%HHIQ$':$%-1$,-IROAAS $145LMH!IS+03$%-1#.1$8& 71 4B 6 #; SA?&HO!
S+03$%-1$,-1*+&&H20#/1)+0,-1 .3$.91(,1$1%#/+0%@b(*3!3$B(.$.9!: (&) #AS&H Yo+ #1-##%B+%,!
(,13(23 @OSE&(. I HS Yo/, 2% (#,*H#-1SI& &+, 21) (. #//1$-18,.$2#1+ 1#%!(,-(1(-0$&/1B+%, (!
&+: @OS&(.I#$%/TIU(A(&SYRD1I$%-1$,- IROAASSIFASLMNI-#A+ /. %% #-1.35.91(,1$!
2%#(,-0/.%($&IT(,, (/312+20&S$. (+,912++061#$%& & ()#1#, 1 (Yo+ At [V HY#IS//+%($.#-1:(.3!
(*%HS$/H-18$.#%1&()HIA+%.$&(.'T10,1B+.31%$/#/91 BRH#Y6 /1 3H&-1%6#2$%-&#//1+)1.3#1$-0&..!
#,1(%+ A#,.7 11+ $B&'OV+A#I02? +%.1)+06].3#1<=>13'2+.3#/(/1:$/I(-#,.)(#-'B"!  S+03$%-!
$,-1*+&EH20H/, IS/ +,-12+208S. (+, 14)1: (&-1%+H-##9%691:3(*31(, 35 B (#- 1S A+ 06#I A$I62(, $&!
#,1(%+ A, TIUH() (*SREIHASEHB+%, (,1&+@OS& (. ' #$Y6/ - HY6H A+ Yot &(VHE' . +1/0%1 (14!
(,13$%/31$-08. 1%+ -(L(+,/1. 3%, )HASEH/IB+%,!(,I3(23@0S&(. I #$%/FS+03$%I'#$I4GL"N!

Q+:#1#9%9!.3#1$0.3+%/1$..%(BO.#-1.3(/1%#/0&. +1(, Vot $/#-11(SB(&(. VH&H* (+,1+, 1-H##%1B+%,|



$%1&"(1)%*$('%+)%,-1(../)(1,/.%!012314%5) (1&"(!).(67  86$9)!:'%5%$,$'%-'%67!,/)1+"-!
(4-10)5))(1-  4(*$*)5!,'1.546,/"5<I=):.4-)1>) 19:4-)5!'%!>$,/$% &$%5$*$54.6!
& ($-'9%-1'918)(9'(+.%:)1$%!; /16> 84.6$,71.%5!/$@84.6$,7!7).(-1$%!.546,/"5Al
*$.$6%,71-)6):,$'%!:'4651%' 1/.%)1$%964)%:)5!'4(1()-46,-<!B/$-15$99)()%:)1$%!-,45715)-$@ %!

+70.04%,19'(L)  1:-)%:)'91-48&'(,19'(10121$%!'4()-, 457<! |

2.4.2 Factors that influence the relationship between early life
ecology and adult fertility
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2.4.3 Conclusions
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3. Resource base influences genonvdde DNA methylation
levels in wild baboons

3.1 Introduction
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3.2 Materials and methods
3.2.1 Study subjects and sample collection
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3.2.2 Generation and processing of genome -wide DNA methylation
data
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3.2.3 Testing for differences in DNA methylation levels at indivi dual
CpG sites
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3.2.4 Enrichment of differentially methylated si  tes by genomic
annotation
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3.2.5 Testin g for differences in DNA methylation levels at metabolic
pathways
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3.2.6 ldentification of differentially methylated regions (DMRS)
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3.2.7 Testing the effects of PFKP promoter methylation on gene
expression levels
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3.2.8 Investi gating the stability or plasticity of DNA methylation levels
for individuals that switched between resource bases
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in either a wild-feeding group or in Lodge group (n = 61 individuals). As predictive
features for this model, we included the 334,840 CpG sites that were not associated with
age, sex, bisulfite conversion rate, or sample age at a nominal p-value of 0.05. We chose
this global approach (rather than using significantly differentially methylated sites only)
because it allowed us to include sites that may be truly affected by resource base, but did
not pass the genome-wide significance threshold in the site-by-site analysis.
Additionally, using all sites ensured that the model classification accuracy was not
biased by using features that had already been associated with the response variable in a
previous analysis of the same data set (doing so can result in erroneously high
classification accuracy even from completely random data: Hastie et al. 2009). Because
SVMs cannot work on binomially distributed count data, we linearly transformed our
data before building the SVM.

Finally, we used the resulting SVM to ask whether individuals that switched
resource base more closely resembled their pre-switch or post-switch conspecifics. To do
so, we used the fitted model to predict the resource base of the 8 individuals that
dispersed between groups (using DNA methylation data from these 8 individuals, for

the same 334,840 CpG sites).
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3.3 Results

3.3.1 Genome-wide DNA methylation levels contain a signature of
resource base

We found that DNA methylation patterns in our full data set (i.e., after quality
control, but before filtering for constitutively hypermethylated, hypomethylated, or
invariant sites) recapitulated typical patterns observed in mammalian genomes.
Specifically, most of the genome was hypermethylated, with the exception of H3K4mel-
marked enhancers, promoters, and CpG islands. Further, DNA methylation levels near
the transcription start sites (TSS) of expressed genes were inversely related to their
expression levels.

After filtering, we investigated DNA methylation levels at over half a million
CpG sites in the baboon genome (n = 535,996 sites). As expected when using RRBS (Gu et
al. 2011; Boyle et al. 2012), many of these sites occurred in CpG-rich regions, particularly
gene bodies (224,553 sites), promoters (25,730 sites), CpG islands (57,461 sites), and CpG
island shores (117,226 sites). Further, this dataset encompasses many putatively
functional regions of the genome, as at least one CpG was measured in 66% of genes,
28% of promoters, 40% of CpG islands, 44% of CpG island shores, and 11% of enhancers.
Within our filtered set, we identified 1,014 sites (at a 10% FDR) that were differentially
methylated between lifelong wild-feeding and Lodge group animals (Figure 6). We did
not detect significant effects of sex on DNA methylation levels, or significant sex by

resource base interaction effects, consistent with previous studies that have identified
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weak or no sex effects in human blood (Eckhardt "#$%2806; Lam !"#$92&12). Also in line
with previous studies (Tobi !"#$%&14), we did not observe strong directional bias for the
1,014 differentially methylated sites. Importantly, our analyses of cell type composition
and cell type-specific DNA methylation data indicate that our results are unlikely to be

explained by cell type heterogeneity effects.
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3.3.2 Sites associated with resource  base are enriched in functionally
important regions of the genome
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Figure 7: Sites affected by resource base were enriched in functionally important
regions of the genome. (A) Sites associated with resource base were more likely to
occur within 10 kb of genes expressed in whole blood, in regions homologous to
H3K4mel-marked enhancers in humans, and in gene promoters. They were
significantly under-represented in regions of the genome with no known functional
role. (B) Sites associated with resource base were also non-randomly distributed
across chromatin states. “Active TSS” and “Flanking Active TSS” reflect the
transcription start sites of actively expressed genes; “Strong transcription” reflects
gene bodies of highly expressed genes; “Enhancers” reflects regulatory elements that
interact with promoters of expressed genes; and “Repressed Polycomb” reflects the
promoter and gene bodies of silenced/unexpressed genes. In both (A) and (B), only
regions/states with significant over/underenrichment are shown (C) Histone marks
associated with each of the chromatin states presented in panel B (based on Roadmap
Epigenomics data (Roadmap Epigenomics Consortium et al. 2015)). Each chromatin
state is defined by the presence (blue square) or absence (white square) of the histone
modifications shown below.

3.3.3 Resource base-associated CpG sites are enriched in specific
biological pathways
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3.3.4 DMRs occur more often tha n expected by chance, and near a
key metabolic gene
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3.3.5 Individuals that switched between resource bases more closely
resembled wild -feeding individuals, regardless of the direction of the
switch
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3.4 Discussion
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3.4.1 The functional relevance of differential methylation at resource
base-associ ated sites
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3.4.2 Stability and plasticit y in the epigenetic signature of resource
base
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4. Genomewide quantification and prediction of DNA
methylation-dependent regulatory activity

4.1 Introduction
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4.2 Results
4.2.1 mSTARR-seq identifies regions with known regulatory activity
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throughput, experimentally methylated or sham treated, and transfected into a cell
line of interest. After a 48hr incubation period, plasmid DNA and mRNA derived
from the plasmid are extracted and prepared for sequencing. (B) Regions with
significant regulatory activity in the mSTARR-seq assay are enriched for chromatin
state annotations defined by active marks (H3K4mel and H3K27ac, colored orange).
The y-axis depicts the logz odds from a Fisher’s exact test for enrichment (or
depletion) of mSTARR-seq identified enhancers in each of 12 ENCODE ChromHMM
chromatin states. Positive y-axis values indicate enrichment and negative values
indicate depletion (p<0.05 for all tests). (C) Effect sizes (corresponding to the
estimated strength of each enhancer element; x-axis) are consistently larger for
mSTARR-seq enhancers that occur in chromatin state annotations defined by active
marks (H3K4mel and H3K27ac; colored orange).

In total, we assayed ~3/4 of a million unique fragments in each replicate library
(mean + SD =759,725 + 252,187 fragments per replicate library). This level of diversity is
comparable to that observed in previous STARR-seq experiments, and far exceeds the
diversity of all published massively parallel reporter assay (MPRA) experiments that
rely on oligonucleotide synthesis to generate input fragments (Melnikov et al. 2012;
Arnold et al. 2013, 2014; Vanhille et al. 2015; Tewhey et al. 2016; Vockley et al. 2016). For
subsequent analysis, we binned the genome into 200 bp non-overlapping intervals and
counted read pileups from all plasmid mRNA and DNA derived libraries in each
interval. We then filtered these regions to focus on the 277,896 intervals (covered by
724,391 unique fragments) that overlapped at least 1 mRNA read and 1 DNA read in >3
unmethylated condition replicates and >3 methylated condition replicates. This filtered
data set represented 57% of fragments expected from an in silico Mspl digest of the
human genome, and 14% of the euchromatic genome in all (based on ChromHMM

ENCODE annotations of the K562 cell line).
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We first identified regions where the abundance of plasmid-derived mRNA was
significantly greater than the amount of input plasmid DNA, a pattern that indicates the
capacity for self-transcribing enhancer activity (Arnold et al. 2013) (hereafter referred to
as ‘enhancer activity’ or ‘regulatory activity’). We found that 9% of analyzed regions
(n=24,945 at a 10% false discovery rate) had significant regulatory activity either in the
unmethylated condition, the methylated condition, or both. Intriguingly, we identified
41 regions that have significant enhancer activity when methylated (FDR<10%) but no
statistical evidence for activity when unmethylated (FDR>20%). These regions would be
completely missed by traditional STARR-seq or MPRA approaches.

As expected, the set of regions capable of enhancer activity was highly enriched
for ENCODE chromatin states associated with H3K4mel and H3K27ac, which mark
active enhancers (enrichment for the two ‘strong enhancer’ chromatin states: Fisher’s
exact test, odds=5.53 and 12.10, both p<10-5; enrichment for the ‘active promoter’ state:
0dds=3.32, p<10). Also as expected, mSTARR-seq enhancers were highly depleted in
regions that lacked both marks (‘heterochromatin:” odds=0.33, p<10-'%; “insulator:’
0odds=0.28, p<10'%; ‘repressed:” odds=0.32, p<10-'%; Figure 10). Enhancers that overlapped
H3K4mel and H3K27ac-marked chromatin states consistently displayed the largest
effect sizes (linear model, p<10-%5; Figure 10), and those annotated as strong enhancers
exhibited the strongest effects overall (p<10-%). In general, power to detect enhancer

activity increased with larger query fragment sizes, such that the largest 10% of
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fragments (>443 bp) were most strongly enriched for ENCODE-annotated enhancers
(odds=9.42, p<10-%). The shortest 10% of fragments (<203 bp, near the typical size of most
synthesized MPRA oligos) showed substantially weaker enrichment (odds=4.71, p<10-15),
suggesting that shorter fragments result in steric hindrance or eliminate binding sites

key to functional enhancer activity.

4.2.2 Methylation dependent activity is predictable based on
seguence characteristics alone

For regions identified as enhancers by mSTARR-seq (n=24,945 200 bp regions),
we next asked whether the strength of enhancer activity could be altered by
experimental addition of DNA methylation marks. To do so, we asked whether the
magnitude of the difference between mRNA abundance and input plasmid DNA was
significantly different in unmethylated versus experimentally methylated samples. We
identified 2,143 enhancers with methylation-dependent (MD) activity (8.59% of those
tested; 10% FDR), the majority of which (88%) are more active when unmethylated. In
support of mSTARR-seq’s low false positive rate, we identified only 4 CpG-free regions
with statistical support for MD activity, out of 941 CpG free enhancers tested. Further,
although our statistical test was agnostic to whether methylation affected DNA input
counts or counts from mSTARR-seq plasmid-derived RNA, the interactions we observed

are clearly driven by differences in the RNA counts (DNA counts are highly consistent
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4.2.3 mSTARR -seq identifies transcription factor families affected by
DNA methylation status
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compared to the background set of all regions with enhancer activity. Among the 1886
MD enhancers in which DNA methylation !"##$%!!%&&tivity, we found 24 significantly
enriched binding motifs (1% FDR), 15 of which belong to the ETS family (a 9.94x
enrichment over chance; hypergeometric test p=9.35x10-1%; Figure 13). Previous studies
have reported that the binding of select ETS family TFs is strongly inhibited when CpGs
within the binding site are fully methylated (namely for ETS1, ETS2, GABPa, ETV1)
(Yokomori %'&()t995; Umezawa %'&(Jt997; Lucas %'&(P009; Polansky %'&(2010; Cooper
%'&(P015; Stephens & Poon 2016). It has been hypothesized (Stephens & Poon 2016) that
this relationship is generally true for ‘Class I ETS family TFs (which bind the canonical
motif ACCGGAAGT), but not ‘Class III" ETS family TFs (whose binding motifs do not
always include a CpG site (Wei %&()*2010)). In support of this idea, 12 of the 15 ETS TFs
we identified belong to Class I, and none belong to Class III (the remaining 3 belong to
Class II, for which methylation-dependent binding is unexplored). Further, using data
from a mouse study (Domcke %'&(P015) that mapped TF binding in the presence or
absence of DNA methylation (by generating triple knockout stem cells with inactive
+-. ,+-/( ,and +,-/0 methyltransferases), we find further support that binding

of ETS family TFs is consistently suppressed by DNA methylation (Figure 14).
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4.2.4 mSTARR-seq explains heterogeneity in DNA methylation level -
gene expression level correlations in vivo
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4.3 Discussion
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4.4 Materials and methods
4.4.1 pmSTARRseql vector design
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4.4.2 Generation of plasmid libraries for mSTARR-seq

We isolated genomic DNA from the GM12878 cell line (QIAGEN, Blood & Cell
Culture DNA Mini Kit) and fragmented the genomic DNA via sonication (Bioruptor
Standard, Diagenode) or Mspl digest (New England BioLabs). We size-selected both the
sheared and Mspl-digested DNA to a size range of ~300-700bp using gel electrophoresis
followed by extraction with the QIAquick Gel Extraction Kit (QIAGEN) and Agencourt
AMPure XP bead cleanups (Beckman Coulter). We used the NEBNext DNA Library
Prep Master Mix Set for Illumina kit to create libraries from 1-2ug of either sheared or
Mspl-digested DNA (completing 3-4 replicate library preps for input type). We followed
the manufacturer’s instructions except for the final PCR amplification step, during
which we used the following primers (forward:
actaaagtctagagcttgta ACACTCTTTCCCTACACG, reverse:
gaagtggctggctgaattccGTGACTGGAGTTCAGACG). These primers add a 15 base pair
extension to the Illumina adapters to facilitate directional high-throughput cloning.

We cloned each library (3-4 replicates per input type) into the mSTARR-seq
vector backbone (replacing the cluster of MIul digest sites) using Gibson assembly.
Specifically, we linearized the mSTARR-seq vector by digesting with Spel and Ncol (New
England BioLabs), running the reaction product on a 1% agarose gel, and isolating the
backbone fragment (3.875kb) with the QIAquick gel extraction (QIAGEN). We then

assembled the mSTARR vector (1 ug) to an aliquot of MspI or sheared Illumina library
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methyltransferase reactions (37 C overnight incubation of 60 ug of plasmid DNA with 50
ul of NEB buffer 2, 5 ul of 32 uM SAM, 9 ul of 20 U/ul M.SssI (New England Biolabs) in a
500 ul volume) and 6 “‘unmethylated condition” reactions in which the M.SssI enzyme

was replaced with water. Following incubation, each replicate was purified using a 0.8X

Agencourt AMPure XP bead cleanup (Beckman Coulter).

4.4.3 Cell culture, plasmid transfection, and cell harvesting

K562 cells were cultured in RPMI 1640 media (Gibco) supplemented with 10%
FBS (Sigma Aldrich) and 1% Penicillin/Streptomycin solution (Sigma Aldrich) at 37 C in
a 5% CO2 incubator. We transfected each replicate plasmid pool (n=6 methylated and 6
unmethylated replicates) into 20 million cells. Each of the 12 replicate transfections was
performed with Lipofectamine 3000 (ThermoFisher Scientific) according to the
manufactures’ instructions with reagent quantities scaled accordingly (40 ug of DNA,
110 ul of Lipofectamine 3000, and 100 ul of P3000 per 20 million cells).

Total RNA and plasmid DNA was isolated from the K562 cells 48 hours post
transfection. Prior to cell lysis, each replicate cell population was pelleted, washed with
1X PBS, and then incubated at 37 C for 10 min in 3 mL RPMI 1640 containing 1 mL of
Turbo DNase (Ambion) per 36 mL. Cells were then pelleted and washed with 1X PBS,
and an aliquot of ~2 million unlysed cells per replicate was set aside for later plasmid
extraction (QIAprep Spin Miniprep Kit). The remaining ~18 million cells were pelleted

and lysed in 2 mL of Buffer RLT (QIAGEN).
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4.4 4 Isolation and preparation of mRNA derived from pmSTARRseq1

Total RNA was extracted using the QIAGEN RNeasy Midi kit, and the polyA+
RNA fraction was isolated from 75 ug of total RNA using Dynabeads Oligo dT25
(Invitrogen) and eluted in 25 ul of 10 mM Tris-HCI. Each isolated mRNA sample was
then DNase treated by adding 1 ul of Turbo DNase, 3 ul of Turbo DNase buffer, and 1 ul
of water, followed by a 30 min incubation at 37C and purification using the RNeasy
MiniElute Cleanup Kit (QIAGEN). Purified mRNA was eluted in 25ul of RNase free
water, after which reverse transcription was performed using Super Script III Reverse
Transcriptase (Invitrogen) following the manufacturer’s recommended protocol for
higher yield. First strand cDNA synthesis was performed with a primer specific to the
mSTARR-seq reporter plasmid (CAAACTCATCAATGTATCTTATCATGQG), including the
optional RNase H step to remove RNA complementary to the cDNA. Following the
RNase H incubation, cDNA from each replicate was purified and concentrated using a
2X Agencourt AMPure XP bead cleanup (Beckman Coulter). Each sample was eluted in
20 ul of nuclease free water.

We amplified the cDNA obtained from reverse transcription for Illumina
sequencing using a two step, nested PCR strategy. In the first PCR, we amplified each
cDNA pool (n=12 replicates, 6 methylated and 6 unmethylated) using 2 primers specific
to the mSTARR-seq reporter plasmid (forward:

GGGCCAGCTGTTGGGGTG*T*C*C*A*C (3’ end is protected by phophorothioate
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bonds), reverse: CAAACTCATCAATGTATCTTATCATG). The forward primer spans
the splice junction of the synthetic intron and specifically amplifies the reporter cONA
without amplifying any residual, unspliced plasmid DNA left in the reaction mixture.
Each PCR reaction contained 2.5 ul of the forward and reverse primers at 10 uM, 25 ul of
NEBNext High-Fidelity 2X PCR Master Mix, and 20 ul of cDNA. Cycling conditions
were as follows: 98°C for 2 min; followed by 15 cycles of 98°C for 20 s, 65°C for 30 s,
72°C for 120 s; followed by a final 5 min extension at 72C for 5 min. PCR products were
purified using a 2X Agencourt AMPure XP bead cleanup (Beckman Coulter) and eluted
in 20 ul of EB buffer (QIAGEN).

The entire purified PCR product (20 ul) from each reaction (n=12 replicates, 6
methylated and 6 unmethylated) served as the template for the second PCR, which
contained 25 ul of NEBNext High-Fidelity 2X PCR Master Mix, 2.5 ul of universal
primer, and 2.5 ul of an indexed primer (NEBNext Multiplex Oligos for Illumina).
Cycling conditions were as follows: 98°C for 2 min; followed by 10 cycles of 98°C for 20
s, 65°C for 30 s, 72°C for 120 s; followed by a final 5 min extension at 72C for 5min. PCR
products were purified using a 1.2X Agencourt AMPure XP bead cleanup (Beckman
Coulter) and final libraries were quantified on an Agilent DNA High Sensitivity Chip
(Agilent Bioanalyzer 2100). Each library was sequenced on the Illumina 4000 platform

using 100 bp PE reads.
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4.4.5 Preparation of plasmid DNA for DNA-seq

To measure the relative abundance of each DNA fragment in the input plasmid
libraries, we created DN A-seq libraries from plasmid DNA (extracted from each
replicate pool of K562s after transfection and 48 hr incubation). 10 ng of plasmid DNA
was used as the input for 50 ul PCRs each containing 25 ul of NEBNext High-Fidelity 2X
PCR Master Mix, 2.5 ul of universal primer, and 2.5 ul of an indexed primer (NEBNext
Multiplex Oligos for Illumina). Cycling conditions were as follows: 98°C for 2 min;
followed by 10 cycles of 98°C for 20 s, 65°C for 30 s, 72°C for 120 s; followed by a final 5
min extension at 72C for 5 min. PCR products were purified using a 1X Agencourt
AMPure XP bead cleanup (Beckman Coulter) and final libraries were quantified on an
Agilent DNA High Sensitivity Chip (Agilent Bioanalyzer 2100). Each library was

sequenced on the Illumina 4000 platform using 100 bp PE reads.

4.4.6 Low-level data processing

Following sequencing, we removed adapter contamination and low-quality
bases from each DNA-seq and mRNA-seq library using the program Trim Galore!
(Krueger 2015). We mapped the trimmed reads to the human reference genome (1g38)
using BWA (Li & Durbin 2009), and retained only uniquely mapped reads. In the main
text, we report that we assayed ~3/4 of a million unique fragments, which was estimated
by counting the number of RNA fragments with unique start and end positions within

each replicate (and taking the average across all 12 replicates). For all downstream
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analyses, we focused on counts of the number of mapped reads in each library (n=12
DNA-seq and 12 mRNA-seq libraries) that overlapped 200 bp non-overlapping genomic
intervals. The non-overlapping intervals were created with the BEDtools (Quinlan &
Hall 2010) function “‘makewindows” and pileups for each library were determined with
the ‘coverage’ function. Before analysis, we removed 200 bp regions that were not
covered (i.e., had zero mRNA counts) in three or more replicates per condition (note, we
did not threshold on DNA counts, because regions with non-zero mRNA counts always
had non zero DNA counts). This filtering resulting in a matrix of counts for 277,896 200

bp regions, measured across 12 mRNA libraries and 12 DNA libraries.

4.4.7 Identification of enhancers and methylation dependent (MD)
enhancers

Using the set of 277,896 200 bp regions that met our criteria for analysis, we first
identified regions that exhibited self-transcribing regulatory activity (more mRNA
relative to DNA input) in either the umethylated condition, the methylated condition, or
both conditions. To do so, we first normalized the count matrix using the function
‘voomWithQualityWeights’ from the R package ‘limma’ (Law et al. 2014). For each 200
bp region, we then ran a nested model on the normalized values that estimated
differences between mRNA and input DNA abundance within each condition:

yi=p! Lyt nrnrridy =10+ g (1)
where y; is the normalized count value for sample i, t; is the sample type (input DNA or

mRNA), and [ is an indicator variable for condition (where ¢; = 0 or ¢; = 1 indicates a
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4.4.8 Annotation of analyzed mSTARR -seq fragments
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4.4.9 In silico Mspl digest
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4.4.10 Random forests classification
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4.4.12 Correlations between DNA methylation  and gene expression
levels in primary cells
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