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2 I. VARDAXIS AND OTHERS
1. QUANTILE FUNCTION FOR THE SGT DISTRIBUTION

The cumulative distribution function of the SGT distribution with density given in equation (2.1)

in the main text is easily seen to be:

1-A (I*N) . _
2 <\/(9”—H)2+(1_>\)202 + 1) , ifx<p

1=A 4 14 (z—p)
2 2 -2 +0+0)32027

Fsgr(z:;0) =
otherwise

Setting Fsgr(z;60) = p for both cases and solving with respect to x gives the following quantile

function:
9 —-1/2
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where L refers to the lower and U to upper quantile.

2. DERIVING THE LIKELIHOOD FOR THE ESTIMATION

The SGT distribution can be represented as a mixture of a skew exponential power distribution
(SEP) and a generalized gamma distribution (GG). Let Y ~ SEP(1,2,)), Z ~ GG(1,1,1) be
independent from each other. Then X = p + oY Z~1/2 is SGT distributed with density given in
equation (2.1) in the main text (Arslan and Geng (2009)). The joint density of X, Z is:

N (@ —p)
hSGT(x,z,H)—\/Ee p{ <1+(1+$gn(m_#))\)202>} (E1)

where 0 = (u, A, 0)

For the estimation purpose, MACPET uses this representation of the SGT distribution, since
it makes the estimation procedure easier, as proposed by (Arslan and Geng (2009); Arslan (2010)).
MACPET replaces fq(s;;0,) with hy(s;, 2¢i;64), where zg; = (2ggi, 2ygi) are unobserved latent
variables, g = 1,...,Gand ¢ =1,..., N. Moreover, hq(S;, 24i;09) = A (0g) hag(Zi, 22gi; Ozg) Royg (Yis Zygii Oyg),

where hyg(%i, 25gi; 0zg) and hyg(Yi, 2ygi; 0yg) are joint densities as given in equation (E1).
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Using the above representation and taking into account the hierarchical structure for the A
parameters given in the main text, the observed log-likelihood of the region becomes (Fraley and

Raftery (2007)):

fop 0 ,p; S, Z Zlog {pOfO Si +Zpg Szvzgu )}

+ Z IOg(f)\m ()‘xg)) + ZIOg(fAy()‘yg))

where Z = (zo, ..., 2¢) and z, = (241, ..., 2gn ). Given unobserved latent variables v = (v1,...,7a),
the complete log-likelihood of the region is (Fraley and Raftery (2007)):
N G
lep(0,0: 8, Z,7) = (701‘ log {pofo(si)} + > Vi log {pghq(si, zgi; 9g)}>

i=1 g=1

G G
+ Y log(fa, (Aag)) + Y log(fx, (Ayg)) (E2)

with v4 = (g1, ..., Ygn), Where 74, = 1 if PET 4 belongs to cluster g and 0 otherwise.
To overcome the problem of the latent variables v and Z, we consider the conditional expec-
tation of equation (E2) given the observed data S. Keeping only terms which interact with the

parameters, we get:

E(lep(0,p; 8, Z,7)|S) = an log(p, —l—an log (A

N @

log(tygi) + log(tyg:

305y { el O] o5, — g,
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—u .<1+ (@i — pyg + kg)? >
rge (1 + sgn(x; — piyg + kg)Aag)?02,

(yi — p1yg)? )}
—Uyqgi 1+
v ( (L+ sgn(yi — pyg)Ayg)202,
G

+ ) {log(1 + Aag) + 3910g(—Aag) + 3910g(Ayg) +log(1 = Ayg)}  (E3)
g=1

where N = Z;;:o Ng, Ng = Zfil Ygis Vgi = Pgfq(Ss; 99)/(2520 Pgfq(si;04)) and fy(-) are the den-

sities described in the main text (Fraley and Raftery (2007)). Furthermore, tyg; = E(244i|%i; 09)
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and uyg; = E(2ygi|yi; 0yg) (see Section 3: Proof of E(z|z)). There is no closed form solution of
the derivative of equation (E3) with respect to any of the parameters. Therefore, the Expecta-
tion/Conditional Maximization Either (ECME) algorithm is used for the estimation (Liu and
Rubin (1994)). For the estimation procedure see Section 4: Derivation of ECME and Section 6:

Initialization of ECME and post-processing.

3. PROOF OF E(z|z)

The conditional density of Z|X is easily seen to be:

hsar(z,z;0)  2y/z
fsar(z;0) B VT

fz|T(Z|x,9) = EXP{—ZA}A3/2

where hsgr(z, z;0) is the density in equation (E1), fsgr(z;0) is the density in equation (2.1) in

the main text, and A =1+ (z — )2/ ((1 + sgn(z — p)A)?c?). Then the expectation of Z|X is:
E(z|x;0) = /zf z|x; 0) i/ (zA)32 exp {—zA} dz

; z|a: ﬁ

0

0

Setting k = zA gives:

E(z|z;0) / K% exp {~k} dk = A?/%/klﬂexp{*k}dk
0 0

while setting u = vk gives:

6 [ 3 T 3
E(z|z;0) = A—ﬁ/iﬁexp{—uz}du: A—ﬁ/exp{—u2}du: 24
0 0

Thercfore, E(z];8) = 3 (14 ——@=m* )7
erefore, E(z|x;0) = 5 14—(1_”971(36_“»)202 )

4. DERIVATION OF ECME

Let t denote the t-th step of the ECME algorithm, and let Hv,;g = ( Jg,/\ﬁg, zg) Gg(fg =

(ﬂg(/tg), )\S,tg), qstg)), where /L:(vtg) = ,ug(,g) k'(t) and p(t) be the parameters of this step. For obtaining
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the maximum likelihood estimate (MLE) of each parameter at step ¢ + 1, we maximize equation
(E3) with respect to each parameter, given the estimated parameters of the previous step ¢. The
ECME algorithm proceeds with the following four steps in order find the MLE estimates:

Step 1 (Expectation) This step updates the following three quantities:

A (95”) see Section 5: Derivation of A (0)

(1) ps fo(s5i505”)
i e
! Yo opy fosi:05)
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4.0.1 Step 2 (Maximization) This step updates ﬁgtﬂ), [L;t;rl), l%étﬂ) and ﬂgf;l). The score

function with respect to p_g,tﬂ) and subject to ZgG:O pg = 1is:

OE(Lep(0,p; S, Z,v)|S) ng

g

where C), is the Lagrange multiplier term from the constraint C,, (Z?:o Dg — 1). It is easy to see

that C, = —N and that the MLE estimate becomes ﬁ(gtﬂ) =ngy/N, where ng = ZZJ\LI ’ygﬂ)

(1) ()

The score function with respect to ul,%ﬂ), conditioning on the previous estimates Azg, Ayg,

ag(fg) and Ug(fg), is:

N
OE(Lep(0,p; S, Z,7)|S) _ 2Z:,Ay(tﬂ) (w(t“)(x» _ M(t+l) + k(t+l) + w(“.rl)(y _ M(t+1))> -0
? yg g ygu v yg

8/”'?(th+1) i=1 o o
)
where witg—’;l) = uitgtl) ((1 + sgn(z; — ui@)Ai@)aé@) and wggtl) = u?(;;l) ((1 + sgn(y; — uz%))/\é? o

This leads to the following MLE for ug;l):

1 1 1
ety _ A + B -
Hyg - O(t+1)

myg




6 I. VARDAXIS AND OTHERS

where A%Zgl) = Zil @;iﬂ)(wggl)xi + wé@f” i)s B%;r;) = Zivzl ﬁgﬂ)wg;l) and C%;gl) =
N A (t4+1), (t+1 t+1
S Ag T wier + wpgt).

k§t+1)

Moreover, the score function with respect to , subject to k; > 0 and conditioning on

the previous estimates ,\§62, )\?(th)’ oa(:tg) and aé,tg), is:

OE(Lep(8,p; S, Z,7)19) ad (1) [ (t+1) (441 1
’ PYICEY - 27 i (¢wgz (@i = gy ™D + kG ))) +Crg =0
g i=1

SUFD 9y (D)

wgi vgi  and Cpg is the Lagrange multiplier for the constraint Ckgké(,tﬂ). The

where

MLE estimate of kétﬂ) becomes:

N

S Agi g @i = g )+ Cg
L(t+1) _ =1
T =- ST ARPGRY )
; y ¢zgz
It can easily be seen that Cyy = Zl Ay giﬂ)(bggtl (x; — ﬂz(,tgH)L which leads to I%étﬂ) = 0 if the

constraint is violated. If the constraint is not violated then, Cj, = 0, and the estimate in equation

(Eb) after replacing uz(,g Y from equation (E4) becomes:

t+1) ,(t+1)
R A(t"rl) Z ’Yé - )¢x;; T B(t+1)
R+ — myg = 1 myg (E6)
9 C(t-‘rl) Cr(:;;'gl)

myg Z :Y;i+1)¢(t+l)

Therefore, on that step the ECM updates first pg (t+1) , then k( +b) using equation (E6), or setting

l%,gtﬂ) 0 in case equation (E6) is negative. Then it updates ,u( AR using equation (E4) and
finally ,u(tH) ,u@(,tgﬂ) — I%E(,Hl).

4.0.2 Step 3 (Expectation) This step updates the following four quantities:

(t+1) _ (t+1) y( 3 (z; — A(tH)) -
’r)z 7 E(Z.L l|xl1lJ’ t+1 7Azt ) x ) =5 1 + ‘ -9
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Yygr 2
(1 + sgn(x; ﬂgt;rl)))\;tg)) (1 + sgn(yi ﬂgfgﬂ)))‘z(/tg))
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4.0.3 Step 4 (Maximization) The score function with respect to Uég 2 , keeping the rest of the

parameters at their last update, is:

(t+1)
OE (Lp(0,1; S, Z,7)|S) iwn( 1 Cagr )
=1 I

; —— t
BUQ(L-ZH) i Jg(ctgﬂ) O_igt+1)

which gives the following MLE:

N
A (t41) ~(t+1

i\’: L (t+1)

and accordingly for a(Hl)

Furthermore, the score function with respect to )\( +1) , conditioning on ﬂéﬂ,“) and US;), is:
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Let AT

A1) (t+1 C(t+1
Azg = 2ien- ’Y(i i )(ﬂﬂifﬂgpg ))Q.Here
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i € NT and i € N~ denote the observations for which sgn(z; ,u(Tthr 1)) =1 and —1, respectively.

Note that observations for which sgn(z; ﬂgf; 1)) = 0 do not contribute to the score function.

Then, multiplying the score function for /\ég“ with (1+ A t+1)) (1- /\Sj”)?’/\gjl)aﬁ(j)/2, we

get the following updating function:

PragOG) = ALV = AGFVAT = A (14 AGY)* AR

2(t)

# I AG R AG (AD 012G ) =0

The root of equation (E7) gives the MLE for Ay, (F) and can be found using the Newton-Rapshon
o . (t+1,0) _ | (t41) I

optimization algorithm (NROA) (Fletcher (1987)). Let Azg = Azg ~ be the initial value for

the NROA, then update using /\gjl’”” = HI’J) f,\g,g(/\gzt;rl’j))/f;\zg(/\ggﬂ’j)) for 7 = 0 until

convergence. Here f//\gJ (+) is the derivative of figz4(-). When NROA has converged at stage j = J,

set /\ (t+1) _ /\(t+1 )



8 I. VARDAXIS AND OTHERS

Similarly, for the MLE of nggﬂ), the updating equation for NROA is:

P ) = MGV = MG AT~ A1 A

vg Ayg
2(t)

g
(1GNP (3901 - ) X5 =0

~(t+1 t+1 A(t+1 ~(t+1 t+1 ~(t+1
where A/\yg ZzENJr ’Yg(n )773(/g1 )(yl N;gg )) and A/\yg ZzeN* 7( )ng(/gz )(yl lu’?(ig ))2

5. DERIVATION OF A (6,)

It can easily be seen that the integral in A( ) (f fyg (y, )Fggg(y;Ggg))dy)i1 can
be broken into six parts. Here fyq(y;8y9) = fsar(y;0y4) and the probability density function
Fp(x;0,) = Fsegr (;0,) can be found in Section 1: Quantile function for the SGT distribution.
The six parts of the integral are the following:

MO)

—3/2
1—M“/ (y — 1bo)?
1+ —2 ¥ dy (E8)
doy) o\ (1= A%y

g9

1-28
+ 'g/ TR Ul t’“‘”g dy (E9)

1+ (y — Myg dy (E10)
(1+A59)2

Yy— ng) + (1 = Azg)?0zg

"
@ "7 (t) (t)
< X9) ¢y T

3/2
(y — ig)? (y— )
N0 - Qtdy (E13)
(1+ Ag)0ug V=12 + (1202020

1Y o 0
+ (t)g / 1+ y (t/)j’i/g Q(t) (y lu’ g) dy (E].l)
doyg ) (1—A))2 \/( ()32 (D220

The first three integrals (E8-10) are easily seen to be, respectively:
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(L= 2= Ay) [ g — 1y

! V) — i) + (- A28
(1= A5 = Ajg) Hy9 — sy

! VO — )2 + (1 - 2202
(1= A69)(1+ Ajg)

4

The other three integrals can be approximated using Simpson’s rule (Atkinson (2004)).

6. INITIALIZATION OF ECME AND POST-PROCESSING

MACPET makes an initial classification of PETSs into noise PETs and PETs coming from a binding
site. Because noise PETs are more sparse through the region, MACPET uses the nearest neighbor
clutter removal procedure (Byers and Raftery (1998)), for finding which PETs are gathered
together, using the Euclidean distance between each PET and its second nearest neighbor PET.

The tags of the PETs which are classified as potential binding site PETs, are used in Normal-
kernel estimations with a bandwidth of 50 bp (Hastie and others (2009)). This is done separately
on both stream tags x and y. Upstream and downstream peaks which are found by the kernel
estimation are paired together such that the upstream peak will be on the left side of the down-
stream peak. Unpaired peaks are discarded from the model. MACPET uses the paired peaks for
initializing the estimation algorithm, and it estimates the region model using the whole region
data. Note that the total number of paired peaks is the total number of binding sites G in the
region.

After the parameter estimation is finished, overlapping binding sites (based on the 5, and
yg estimates) are merged in one cluster and the estimation procedure is run again for updating

the parameters. The process is repeated until no binding sites are overlapping.
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7. AVAILABILITY OF DATA

The datasets used during the current study are available in the NCBI repository (NCBI Resource
Coordinators (2016)). More specifically:

ChIA-PET dataset for ESR1 TF from MCF-7 human cell line (GEO:GSM970212), available
at (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM970212).

ChIA-PET dataset for CTCF TF from MCF-7 human cell line (GEO:GSM970215), available
at (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM970215).

ChIA-PET dataset for CTCF TF from K562 human cell line (GEO:GSM970216), available
at (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSMI70216).

ChIA-PET dataset for histone H3K4mel from K562 human cell line (GEO:GSM1436263),
available at (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1436263).

ChIA-PET dataset for histone H3K27ac from K562 human cell line (GEO:GSM1436262),
available at (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1436262).

ChIA-PET dataset for POL2 from K562 human cell line (GEO:GSM970213), available at
(https://wuw.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM970213).

All processed data are available at https://figshare.com/projects/MACPET _Model-based_

Analysis_for_ChIA-PET/29473.
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TABLES

Table S1: Description of the datasets.

Name GEO PETs Ambiguous  Chimeric NN Usable Final PETs Inter-chrom. Intra-chrom. Self-ligated
ESR1 (MCF-T7) GSM970212 26170257 165093 2492122 620598 22892444 6575793 1765891 164974 534284
CTCF (MCF-7) GSM970215 119959634 7105105 11018238 317231 101519060 53526399 20630265 2729210 5872607
CTCF (K562) GSM970216 195436387 42363105 9477776 1893878 141701628 80927884 2824894 1531945 2337518
H3K4mel (K562) GSM1436263 162190720 23144511 30577815 465092 108003302 38161523 31963485 2483809 2867067
H3K27ac (K562) GSM1436262 165109173 32418202 53756946 683759 78250266 25168926 19265500 1770107 3167743

POL2 (K562) GSM970213 37889691 3920503 409894 453521 33105773 17473165 2919406 4068174 7387093

Name of the datasets (Name), GEO number of the datasets (GEO) and total number of ini-
tial PETs of the datasets (PETs). Total PETs classified as Ambiguous, Chimeric, Usable (non-
chimeric), as well as the total PETs with non-standard residues (NN). Total valid paired and
mapped PETs used (Final PETs), as well as their classification into inter-chromosomal, intra-
chromosomal and self-ligated.

Table S2: Running time of MACPET.

Stage ESR1 (MCF-7)

CTCF (MCF-7)

CTCF (K562)

H3K4mel (K562)

H3K27ac (K562)

POL2 (K562)

0 9.6 min
1 54.8 min
2 1.15 min
3 2.4 min

Total 1.13 hours

47.7 min
5.3 hours
6.5 min
16.1 min
6.4 hours

1.4 hours
7.3 hours

2.5 min
6 min

8.8 hours

2.6 hours
7.5 hours
9.3 min
19.7 min
10.5 hours

2.3 hours 17.8 min
3.9 hours 1.7 hours
4.7 min 7.2 min
14.2 min 57.8 min
6.5 hours 3 hours

Running time for the datasets used in analysis for each of the following stages of MACPET:
0-Linker filtering, 1-Mapping to the genome, 2-PET classification and 3-Peak calling.
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FIGURES
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Fig. S1: Hlustration of PET types. (a) Self-ligated PETs with both tags on the same chromosome
and strand, and short genomic distance between them. (b) Intra-chromosomal PETs with tags on
the same chromosome, with any strand combination and long genomic distance between them. (c)
Inter-chromosomal PETs with tags on different chromosomes and with any strand combination.
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Fig. S2: MACPET pipeline. Stage 0: MACPET takes the forward (1) and reverse (2) fastq files
as input, as well as the user-specified barcode sequences for the half-linkers. It then classifies the
PETSs as ambiguous, chimeric and usable (non-chimeric). The half-linkers of the usable PETs are
trimmed to release the two tags of each PET. Stage 1: The tags of the usable PETs are mapped
separately to the reference genome and a paired-end BAM file is created. Stage 2: PETs are
classified as self-ligated, intra- and inter-chromosomal. Stage 3: Self-ligated PETs are used for
discovering PBSs. Finally, the PBSs as well as the intra- and inter-chromosomal PETs can be
used in MANGO for interaction analysis.
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Fig. S3: Ilustration of a region. Illustration of a region in two dimensions. The x-axis is the
midpoints of the PETs and the y-axis is the length of the PETs. Each segment represents a
PET from its upstream to its downstream tag. Red colored PETs are classified as noise PETs by
MACPET. The rest colors represent binding sites, where each color represents a different binding
site. The dashed lines represent the exact binding location found by MACPET for each binding
site.
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Fig. S4: Histogram for the A (6,) value. The x-axis gives the A (6,) value for each significant PBS
in each dataset after running the ECME algorithm, while the y-axis shows their counts.
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Fig. S5: Self-Intra cut-off. Self-ligated and Intra-chromosomal cut-offs for the three datasets (a)
POL2 (K562), (b) H3K4mel (K562), (c) H3K27ac (K562). The x-axis are the lengths of the
PETs in logl0 scale, while the y-axis is the frequency. The dashed line represents the cut-off
point, where the self-ligated PETs are on the left side and the intra-chromosomal on the right.
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Fig. S6: De novo motif discovery for different MACS parameters. Comparison of motif discovery
and spatial resolution between MACPET and different parameters for MACS. The x-axis for all
plots is the top 5000 PBSs, sorted by significance in descending order for each method respectively.
(a-c) Motif occurrence (y-axis) for (a) ESR1 (MCF-7), (b) CTCF (MCF-7), (¢) CTCF (K562).
(d-f) Spatial resolution (y-axis) for (d) ESR1 (MCF-T7), (e) CTCF (MCF-7), (f) CTCF (K562).
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Fig. S7: Comparison of significant binding sites. (a-c) Venn diagrams of the significant PBSs for
MACPET and MACS for (a) POL2 (K562), (b) H3K4mel (K562), (c¢) H3K27ac (K562). (d-f)
densities for the total number of tags in each significant PBSs from MACPET and MACS for (d)
POL2 (K562), (e) H3K4mel (K562), (f) H3K27ac (K562). The x-axis is the total tags in log scale
and the y-axis is the density of the total tags. (g-1) densities for the sizes of the significant PBSs
from MACPET and MACS for (g) POL2 (K562), (h) H3K4mel (K562), (i) H3K27ac (K562).
The x-axis represents the sizes of the significant PBSs and the y-axis shows their density.
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Fig. S8: Comparison for MANGO interactions. Comparison of MANGO interaction results be-
tween significant PBSs from MACPET (peaks’” FDR< 0.05) and MACS (peaks’ FDR< 0.05,
FDR< 0.01 and top N most significant peaks), for different PBSs extension windows. For all the
plots, the x-axis is the number of bp. Each PBS interval was extended from either side before
running MANGO. (a-c) total significant interactions (y-axis) for (a) POL2 (K562), (b) H3K4mel
(K562), (c) H3K27ac (K562). (d-f) proportion of significant PBSs involved in significant interac-
tions (y-axis) for (d) POL2 (K562), () H3K4mel (K562), (f) H3K27ac (K562).
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Fig. S9: Comparison for MANGO interactions of 500 bp window extension. (a-c¢) Venn dia-
grams from significant interactions for a 500 bp extension window for the significant PBSs from
MACPET and MACS for (a) POL2 (K562), (b) H3K4mel (K562), (¢) H3K27ac (K562). (d-f)
density plots for the sizes of the significant intra-chromosomal interactions from MACPET and
MACS for (d) POL2 (K562), (e) H3K4mel (K562), (f) H3K27ac (K562). The x-axis represents
the distances of the intra-chromosomal interactions and the y-axis shows their density.



