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Supplementary Figure 1: Schematic of the iterative execution of merging filter on adjacent loops of
a connected component identified using an 8-connectivity based algorithm. (A): An example of a
pair of regions with multiple adjacent loop calls. (B): Matrix representation of loop calls within the connected
component using their minus logl0(qg-value) scores (any other score such as contact/PET counts would also
work). (C): Schematic of a trivial approach (MIN), which chooses per component, the loop with minimum
g-value (maximum significance). (D): Step by step execution of our merging filter, namely the ITERATIVE
approach, which iteratively includes a loop ! with current maximum minus logl0(q-value) in the final set of
loops F', provided ! does not belong within a window W of k x k (k=2 in terms of bins) neighborhood of any loop
present in F. Otherwise the loop is discarded (colored in red), and the conflicting loops in F' are also indicated.
(E): The set of loops returned by the ITERATIVE approach, by definition includes the most significant
loop returned by the MIN approach (highlighted in blue). FitHiChIP uses the ITERATIVE approach with
W=2x 2.
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(a) Spline fit for peak-to-all background: using loops
whose at least one end is a peak bin.
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(c) Spline fit fg, of the regression coefficients ﬁ{ (5:
bin index) for the bias values BJ (of one end of inter-
acting loci within an equal occupancy bin) for peak-
to-all background
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(e) Spline fit fg, of the intercept terms ﬁg (j: bin
index) for peak-to-all background
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(b) Spline fit for peak-to-peak background: using
loops whose both ends overlap with peak bins.
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(d) Spline fit fg, of the regression coefficients ,6’{ (4:
bin index) for the bias values BJ (of one end of inter-
acting loci within an equal occupancy bin) for peak-
to-peak background
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(f) Spline fit fg, of the intercept terms ,Bg(j: bin
index) for peak-to-peak background

Supplementary Figure 2: Stringent background model results in higher parameter estimates for
spline fit and for regression coefficients (a)-(b): Average contact probability and spline fit for loose (a)
and stringent (b) background of FitHiChIP, when applied on GM12878 H3K27ac HiChIP data [20]. (c)-(d):
Spline fit of bias regression coefficients for individual equal occupancy bins, corresponding to the loose (¢) and
stringent (d) backgrounds. (e)-(f): Spline fit of intercept coeflicients for individual equal occupancy bins,
corresponding to the loose (e) and stringent (f) backgrounds.
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(c) Dataset: GM12878 cohesin HiChIP. Reference: HiC- (d) Dataset: GM12878 H3K27ac HiChIP. Reference:
CUPS loops from GM12878 Hi-C. HiCCUPS loops from GM12878 Hi-C.

Supplementary Figure 3: Peak-to-all foreground recovers more HICCUPS Hi-C loops than peak-to-
peak: (a)-(b): FitHiChIP(L+M) with peak-to-all foreground (i.e., the set of loops considered for significance
assignment), as used for all results in the current study, recovers a higher fraction of HICCUPS Hi-C loops
[23] compared to using peak-to-peak foreground from both GM12878 cohesin and GM12878 H3K27ac HiChIP
data. (c-d): Comparison of peak-to-peak and peak-to-nonpeak FitHiChIP loops in recovering reference in situ
Hi-C loops from either cohesin or H3K27ac HiChIP data. A significant fraction of recovery is contributed by

peak-to-nonpeak loops in H3K27ac data. The symbol ‘N’ indicates total number of loops for the corresponding
method.



Recovery of in situ Hi-C HiCCUPS loops

S S S 7
K g- g -
o ' o [=2}
g3 £ 3 £ 3
'
< ' £ B3
2 o || 2 o] 2 @]
S o g o g o
S . S S
< < <
= = 8 o
] i 3 3
3 o 8 o 8 N
e o | ——  FitHIChIP(L)(NoBiasCorr) (N=215155) 3 © ——  FitHiChIP(L)(NoBiasCorr) (N=937290) 3 © ——  FitHIChIP(L)(NoBiasCorr) (N=1283025)
% ¢ FitHiChIP(L)(CovBias) (N=95196) 3 FitHIChIP(L)(CovBias) (N=557145) S FitHiChIP(L)(CovBias) (N=721256)
S g 4 FitHiChIP(L)(ICEBias) (N=87899) S g A FitHiChIP(L)(ICEBias) (N=373563) ES g i FitHiChIP(L)(ICEBias) (N=544592)
T T T T T T T T T T T T T T T T
0 50000 100000 150000 200000 0 200000 400000 600000 800000 0 200000 600000 1000000
Number of loops predicted Number of loops predicted Number of loops predicted

(a) Dataset: GM12878  cohesin (b) Dataset: = GM12878 H3K27ac (c) Dataset: K562 H3K27ac HiChIP.
HiChIP. Reference: HiCCUPS loops HiChIP. Reference: HiCCUPS loops Reference: HiCCUPS loops from
from GM12878 Hi-C. from GM12878 Hi-C. K562 Hi-C.

Recovery of HIChIP HiCCUPS loops
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(d) Dataset: GM12878  cohesin (e) Dataset: GM12878 H3K2Tac (f) Dataset: K562 H3K27ac HiChIP.
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Recovery of ChIA-PET loops
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(g) Dataset: GM12878  cohesin (h) Dataset: mES cohesin HiChIP. (i) Dataset: K562 H3K27ac HiChIP.
HiChIP. Reference: ChIA-PET loops Reference: ChIA-PET loops from Reference: ChIA-PET loops from
from GM12878 RAD21. mES Smcla. K562 Pol-II.

Supplementary Figure 4: FitHiChIP with either coverage or ICE bias regression shows better re-
covery of reference loops compared to not using any bias correction.



APA of FitHiChIP(S) for GM12878 cohesin HiChIP data
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APA of FitHiChIP(S) for GM12878 H3K27ac HiChIP data
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Supplementary Figure 5: FitHiChIP(S) loops with either coverage or ICE bias exhibit similar APA
scores for cohesin and H3K27ac HiChIP datasets. We use the top 5441 loop calls for (a-b) and top 2629
loop calls for (c-d) to stay consistent with Fig. 2 (main manuscript) and Supplementary Figure 21 below.
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Supplementary Figure 6: Comparison between coverage and ICE bias values for an example chro-
mosome. Coverage and ICE bias values (for chromosome 16) of peak and non-peak bins are shown for four
different HiChIP datasets. These values show the presence of several artifacts, where non-peak regions with
very low coverage (x nearly zero) end up having very high ICE bias values (y values over 5 or 10).
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(c) Dataset: K562 H3K27ac HiChIP. Reference: K562 (d) Dataset: K562 H3K27ac HiChIP. Reference: K562
H3K27ac ChIA-PET. Pol-II ChIA-PET.

Supplementary Figure 7: Testing different settings of merging filter for their recovery performance
of reference ChIA-PET loops. The MIN approach as well as three different values for window size (W)
in terms of bins for the ITERATIVE approach (as described in Supplementary Figure 1) are tested against
each other and no merging filter with respect to their recovery of reference ChIA-PET loops. The ITERATIVE
approach with W = 2 x 2 (brown lines) performs better and, hence, is used as default settings for our merging
filter. All results use FitHiChIP(L) with coverage bias regression, and reference ChIP-seq peaks.
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Supplementary Figure 8: Recovery of HICCUPS loops on HiChIP data using reference ChIP-seq
peaks. FitHiChIP shows better recovery of reference HHCCUPS loops (computed from HiChIP data) compared
to hichipper and MAPS when reference ChIP-seq peaks are used by all methods. Here hichipper + M indicates
our proposed merging filter is applied to hichipper loops. FitHiChIP is run with coverage bias regression. Only
the loops within distance range 20 Kb - 2 Mb are considered. The symbol N denotes the number of significant
loops generated by the corresponding method. MAPS produced error during processing of mES cohesin HiCHIP
data, so no loops were generated. Brown dots indicate the fraction of overlap (single value) between the reference
HiCCUPS loops and the ChIA-PET loops for the corresponding dataset. Note that for this analysis, we use

HiCCUPS as a reference method rather than for comparison purposes as HICCUPS reports a stringent set of
loops with high specificity.
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Supplementary Figure 9: Recovery of ChIA-PET and promoter capture Hi-C loops using peaks
inferred from HiChIP data itself. Similar to using ChIP-seq peaks (Supplementary Figure 15), FitHiChIP
shows better recovery performance compared to hichipper for both ChIA-PET and PCHiC loops when HiChIP
peaks are used. Note that for this case, hichipper calls many times more loops compared to both FitHiChIP
and also to hichipper calls when reference ChIP-seq peaks are used (Supplementary Figure 15). All settings
and notations are similar to Supplementary Figure 8.
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K562 H3K27ac ChIP-seq peaks. mES SMC3 ChIP-seq peaks.

Supplementary Figure 10: Overlap between reference ChIP-seq peaks and HiChIP inferred peaks.
Peaks are inferred from HiChIP data using different groups of reads (generated by HiC-pro pipeline) and with
or without the RE site bias correction proposed by hichipper. The orange line indicates peaks inferred by
hichipper with its custom background correction. Rest of the peaks are derived by HiChIP reads without
hichipper specific background correction. Peaks are compared to the corresponding set of reference ChIP-seq
peak calls. The recovery performance is very similar for all settings except using only valid (V) reads, which
performs worse. For GM12878 cohesin data, hichipper with background correction shows a slight improvement
in specificity. As suggested in [14], we extend peaks by 1kb slack to compute overlap.
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Supplementary Figure 11: Overlap between reference ChIP-seq peaks and HiChIP inferred peaks
at the level of 5kb bins. Similar overlap analysis to Supplementary Figure 10 when peak calls from HiChIP
and ChIP-seq are both assigned to 5kb bins before computing overlaps on binary peak/non-peak labels.
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Supplementary Figure 12: Comparison of FitHiChIP performance when it uses peaks either from a
reference ChIP-seq data or inferred from HiChIP data. The performance is measured by either using
HiCCUPS loop calls from GM12878 in situ Hi-C data or from the HiChIP dataset, on which FitHiChIP is run.
A similar analysis is done also using GM12878 RAD21 ChIA-PET loops as reference [9].
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Supplementary Figure 13: FitHiChIP executed with 2.5kb binning show higher recovery of reference
HiCCUPS loops from in-situ Hi-C datasets, compared to hichipper. Brown dots in these plots
correspond to the output of HiChIP HiCCUPS loops having either 5kb or 10kb resolution (same as those
employed for recovery plots of 5Kb FitHiChIP or hichipper loops in main paper, Fig. 2). Cyan line shows
performance of raw hichipper loops (PET count > 2, without any binning), and the black line shows performance
of binned (2.5 Kb) hichipper loops. The method hichipper + M (dark green line) applies our proposed merging
filter routine on the binned hichipper loops. We note that resolution of reference loops are not changed; only
the resolution of FitHiChIP and hichipper loops are changed for comparison.
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Supplementary Figure 14: Comparison of FitHiChIP, hichipper and MAPS in recovering GM12878
in-situ Hi-C HiCCUPS loops when hichipper and MAPS loops from the supplementary data of
MAPS (provided in [13]) are used. a: Using loop calls from GM12878 cohesin HiChIP data. b: Using
loop calls from GM 12878 H3K27ac HiChIP data. Since 1Mb upper bound is used by MAPS for these loop calls,
FitHiChIP loop calls are subsetted to the same distance range (20kb, 1Mb). Ounly autosomal chromosomes are
used as described by MAPS.
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Supplementary Figure 15: Recovery of ChIA-PET loops using reference ChIP-seq peaks. FitHiChIP
shows better recovery of reference ChIA-PET loops compared to hichipper and MAPS when reference ChIP-seq
peaks are used by both methods. Performance comparison follows similar settings as in Supplementary Figure 8.
MAPS produced error during processing of mES cohesin HICHIP data, so no loops were generated.
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Supplementary Figure 16: Recovery of loops common to matching ChIA-PET and HiCCUPS on
HiChIP / Hi-C data using reference ChIP-seq peaks. FitHiChIP shows better recovery compared to
hichipper and MAPS. Reference ChIP-seq peaks are used by both methods. (a): Common loops between K562
H3K27ac ChIA-PET loops [9] and K562 in-situ Hi-C HiCCUPS loops [23] are used as the reference. Common
loops are derived by applying 5 Kb slack for loop overlap. Settings for the recovery plots are similar to Figure 8.
(b): Common loops between GM12878 Cohesin HiChIP HiCCUPS loops [19] and GM12878 RAD21 ChIA-
PET loops [9] are used as reference. (c¢): Common loops between mES Cohesin HiChIP HiCCUPS loops [19]
and mES Smcl ChIA-PET loops [5] are used as reference. MAPS produced errors in processing mES Cohesin
HiChIP data, thereby could not generate any loops.
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Supplementary Figure 17: FitHiChIP executed with 2.5kb binning show higher recovery of reference
ChIA-PET, HiCCUPS and promoter capture Hi-C loops, compared to hichipper. (a)-(c): Recovery
of HiChIP HiCCUPS loops. (d)-(e): Recovery of reference ChIA-PET loops. (f): Recovery of CD4 naive
promoter capture Hi-C loops computed using ChICAGO. Brown dots in these plots correspond to the output of
either HIChIP HiCCUPS loops or ChIA-PET loops having either 5 or 10kb resolution (same as those employed
for recovery plots of 5kb FitHiChIP or hichipper loops). We note that resolution of reference loops or the
HiChIP HiCCUPS or ChIA-PET loops are not changed; only the resolution of FitHiChIP and hichipper loops
are changed for comparison. Here hichipper loops (shown in black line) are binned with respect to 2.5kb. Raw
hichipper loops (without any binning) show similar recovery as the binned loops (as shown in Supplementary
Figure 13), thus are not shown separately.
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Supplementary Figure 18: Intersection of overlapping and exclusive loops between FitHiChIP (rows
indicate different settings) and hichipper, with a reference set of Hi-C loops either from FitHiC
(first column) or from HiCCUPS (second column). FitHiChIP and hichipper are applied on GM12878
H3K27ac [20] and GM12878 cohesin [19] HiChIP datasets. Loop overlap is computed using 5kb slack. Notations:
A-B: Loops exclusive to A (not in B). AB: Loops common to A and B in the coordinates of set A. (A-B)&R:
Loops in (A-B) which overlap with the reference set R.
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Supplementary Figure 19: Intersection of overlapping and exclusive loops between FitHiChIP (rows
indicate different settings) and MAPS, with a reference set of Hi-C loops either from FitHiC
(first column) or from HiCCUPS (second column) of GM12878 in situ Hi-C data. FitHiChIP and
MAPS are applied on GM12878 H3K27ac [20] and GM12878 cohesin [19] HiChIP datasets. Loop overlap is
computed using 5kb slack. Notations: A-B: Loops exclusive to A (not in B). AB: Loops common to A and B
in the coordinates of set A. (A-B)&R: Loops in (A-B) which overlap with the reference set R.
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Supplementary Figure 20: Comparison of APA scores between FitHiChIP, hichipper and MAPS
(top 5441 loops each) with the reference HHICCUPS (5108 loops) and ChIA-PET (5441 loops)
interactions corresponding to the GIM12878 cohesin data. Loops within a distance of 150kb - 1 Mb are
only considered (as suggested in [22]). For FitHiChIP and MAPS, top k loops are selected by higher statistical
significance (lower g-values) whereas hichipper loops are selected by higher PET counts. APA scores displayed
on top of each figure are computed with respect to 15-30kb downstream from the upstream interacting bin,
and 15-30kb upstream from the downstream interacting bin (defined in [22]). In addition, APA scores for each
corner region (10kb offset, as defined in [23]) are also shown. APA scores are computed using the Hi-C contact
counts of GM12878 Hi-C data [23]. Also shown are the distance distributions for each loop set that are analyzed

for APA scores plots.
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Supplementary Figure 21: Comparison of APA scores between FitHiChIP, hichipper and MAPS
(top 2629 loops each) with the reference HICCUPS (2629 loops) interactions, corresponding to
the GM12878 H3K27ac HiChIP data [20]. APA scores are computed using similar settings mentioned in
Supplementary Figure 20.
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Supplementary Figure 22: APA of overlapping and exclusive loops between FitHiChIP and hichipper
for GM12878 cohesin HiChIP data [19]. Top-k loops of FitHiChIP (k=5441 within 150kb - 1Mb distance
range, as mentioned in Fig. 20) report ~30% to 40% exclusive interactions compared to hichipper loops. Ex-
clusive loops for FitHiChIP (different settings) show higher APA scores compared to the exclusive hichipper
loops, in spite of having higher median loop distance.
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Supplementary Figure 23: APA of overlapping and exclusive loops between FitHiChIP and hichipper
for GM12878 H3K27ac HiChIP data [20]. Top-k loops of FitHiChIP (k=2629) contain ~30% - 60%
exclusive interactions compared to hichipper loops. Exclusive loops for FitHiChIP (different settings) show
higher APA scores compared to the exclusive hichipper loops, in spite of having higher median loop distance.
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Supplementary Figure 24: APA of overlapping and exclusive loops between FitHiChIP and MAPS
for GM12878 cohesin HiChIP data [19]. Top-k loops of FitHiChIP (k=5441 within 150kb - 1Mb distance
range, as mentioned in Fig. 20) show ~ 80% to 90% overlap with top-k MAPS loops. However, applying merging
filter reduces this overlap to ~60%, since the cluster of significant loops (detected by MAPS) are replaced by
a few representative loops in FitHiChIP after merged filtering. Exclusive FitHiChIP loops have higher APA
scores in each case and also mostly have higher loop distances compared to exclusive MAPS loops for this
dataset. When merging filter is employed in FitHiChIP, number of exclusive FitHiChIP loops is considerably
higher than the number of exclusive loops in MAPS.
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Supplementary Figure 25: APA of overlapping and exclusive loops between FitHiChIP and MAPS
for GM12878 H3K27ac HiChIP data [20]. Top-k loops of FitHiChIP (k=2629) show ~ 80% overlap
with top-k MAPS loops. However, applying merging filter reduces this overlap to ~50%, since the cluster
of significant loops (detected by MAPS) are replaced by a few representative loops in FitHiChIP after merged
filtering. Exclusive FitHiChIP (particularly with stringent background) loops have mostly lower APA scores but
also higher loop distances compared to exclusive MAPS loops for this dataset. When merging filter is employed
in FitHiChIP, number of exclusive FitHiChIP loops is considerably higher than the number of exclusive loops
in MAPS.
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Supplementary Figure 26: FitHiChIP recovers interactions between MY C promoter and seven distal
CRISPRI validated enhancers [7]. Four of these enhancers were within the viewpoint presented in main
text. the remaining three within ~2Mb from the promoter region are shown here together with loop calls from
K562 H3K27ac HiChIP data [20]. HiICCUPS misses loops to some of these enhancers, while hichipper results
lack specificity. MAPS also detects these loops with similar specificity as FitHiChIP.
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Supplementary Figure 27: FitHiChIP recovers an interaction between the MYO1D promoter and an
intergenic hub enhancer. In all stringency settings and with or without merging, FitHiChIP identifies the
loop validated in [10] between MYO1D and a hub enhancer that has the highest impact on its expression for the
K562 H3K27ac HiChIP data [20]. Both HICCUPS [20] and H3K27ac ChIA-PET [9] miss this loop. hichipper
calls are highly non-specific. MAPS also does not detect this loop.
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Supplementary Figure 28: FitHiChIP recovers an interaction between the SMYD3 promoter and
an intronic hub enhancer. In all stringency settings and with or without merging, FitHiChIP identifies the
loop validated in [10] between SMYDS3 and a hub enhancer within the gene that has the highest impact on
its expression for the K562 H3K27ac HiChIP data [20]. Reference HICCUPS loops (either from Hi-C [23] or
HiChIP [20] data) do not capture this interaction. The loop is missed by H3K27ac ChIA-PET [9], and RNA
Pol-IT ChIA-PET [4] also (not shown here). hichipper calls are non-specific. MAPS loops are comparable with
FitHiChIP.
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Supplementary Figure 29: FitHiChIP captures DNA-FISH validated interactions (obtained from
GM12878 in-situ Hi-C data [23]) when applied on GM12878 cohesin HiChIP data [19]. Columns
2 to 5 correspond to different chromosome regions each having three loci, namely L1, L2, and L3, where locus
pairs L1 and L2 are shown to colocalize whereas the locus pairs L2 and L3 do not [23]. Methods FitHiChIP,
HiCCUPS, ChIA-PET, hichipper and MAPS all recover the validated interactions (true +ve) and do not report
the others (true -ve), except for chr14 where hichipper reports a false positive loop, and for chr13 where MAPS
does not detect the true positive loop.

30



Reproducibility for biological and technical
replicates in GM12878 Cohesin HiChIP data
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Supplementary Figure 30: Reproducibility of loop calls across replicates for GM12878 Cohesin
HiChIP dataset [19]. Here, both FitHiChIP(L) and FitHiChIP(S) exhibit higher reproducibility than hichip-
per, when loop calls between technical or biological replicates are compared. Employing the merging filter
retains this observation. Overlapping loops are determined using 5kb slack, and overlap with respect to in-
dividual samples are separately shown. Different colors indicate overlap of corresponding samples; counts for
different samples differ due to the slack employed. MAPS shows similar reproducibility as FitHiChIP(S). Note
that the total number of loop calls are likely to impact reproducibility computations, hence, FitHiChIP (L) is
more comparable to hichipper results in general, and FitHiChIP(S) is more comparable to MAPS results in
general.
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Reproducibility for three replicates in K562 H3K27ac HiChlIP data
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Supplementary Figure 31: Reproducibility of loop calls across replicates for K562 H3K27ac HiChIP
dataset [20] having three biological replicates. Here, FitHiChIP(L) shows higher reproducibility than hichip-
per, while FitHiChIP(S) shows comparatively lower reproducibility. Employing the merging filter retains this
observation. Overlapping loops are determined using 5kb slack, and overlap with respect to individual samples
are separately shown. Different colors indicate overlap of corresponding samples; counts for different samples
differ due to the slack employed. MAPS shows similar reproducibility as FitHiChIP(S). Note that the total

number of loop calls are likely to impact reproducibility computations, hence, FitHiChIP (L) is more comparable
to hichipper results in general, and FitHiChIP(S) is more comparable to MAPS results in general.
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a Reproducibility of loops for mES Cohesin HiChIP data — 1M, 5M and 10M cells
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Supplementary Figure 32: FitHiChIP shows high reproducibility of loops when HiChIP datasets
from different cell counts are compared. (a): Analyzing reproducibility of FitHiChIP (L), FitHiChIP(S)
and hichipper loops for mES Cohesin HiChIP datasets [19] of 1M, 5M and 10M cell counts (merged replicates)
[19]. Reproducibility of loops between samples with lower cell counts and the samples with higher cell counts
are reported. (b): Similar analysis as (a) for mES H3K27ac HiChIP experiments [20] done with 50K, 100K,

500K and 25M cells.
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Dataset Overlap of FitHiChIP(L) loops Overlap of FitHiChIP(S) loops
between 5kb and 2.5kb between 5kb and 2.5kb
5Kb (557145) 2.5Kb (524189) 5 Kb (109551) 2.5 Kb (88575)
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Supplementary Figure 33: Overlap of loop calls from FitHiChIP executed with 2.5kb and with 5kb
resolution contact maps for three different HiChIP datasets. For each Venn diagram, the intersection
numbers are reported with respect to the number of 5kb (bold) and 2.5kb (not bold) loop calls. Exact overlap
(without any slack) is employed. The percentages for exclusive portions are computed using the number listed
in that portion divided by all loop calls of that set listed on the top.
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a Simulated cohesin HiChIP data from Hi-C maps sampled using actual cohesin ChIP-seq coverage values
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b Simulated cohesin HiChIP data from Hi-C maps sampled using shuffled cohesin ChIP-seq coverage values
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Supplementary Figure 34: Overlap of loop calls from simulated Cohesin HiChIP maps with those
from in situ Hi-C and real HiChIP data of GM12878. All studied loops are within 20kb - 2Mb distance

range and all results shown are for chromosome 1 only.

HiCCUPS loops are filtered to have at least one

interacting bin overlapping with the reference ChIP-seq peaks (peak-to-all). Loop overlap is computed using
5kb slack as described in Methods and overlap with respect to each set is reported separately for the three-way
comparisons. For all applications FithiChIP(L) uses peak-to-all foreground (i.e., does not assign significance
to pairs of non-peak bins). (a) - left: Three-way overlap between FitHiChIP(L) loops on GM12878 Cohesin
HiChIP data [19], simulated H3K27ac HiChIP data generated and HiICCUPS Hi-C loops from GM12878. (a) -
right: Similar overlap analysis but here FitHiChIP(L) is used for loop calling from GM12878 Hi-C data instead
of HICCUPS. (b) - left: Same analysis as (a) with the simulated HiChIP data generated by random shuffling
of ChIP-seq coverage values among all 5kb bins. Peak/non-peak identity of each bin is preserved in order to
study the impact of ChIP enrichment differences rather than genomic locations (e.g., overlap with promoters).
(b) - right: Similar analysis with the simulated HiChIP data generated by random shuffling.
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a
Simulated H3K27ac HiChIP data from Hi-C maps sampled using actual H3K27ac ChIP-seq coverage values
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b Simulated H3K27ac HiChIP data from Hi-C maps sampled using shuffled H3K27ac ChIP-seq coverage values

Simulated
(shuffled)

H3K27ac

Simulated
HiChlP,

H3K27ac
i (shuffled)

HiChIP,

3877 933
(8%) (34%)
—

7246

FitHiChIP(L) GM12878 Hi-C

HiCCUPS GM12878 Hi-C

Supplementary Figure 35: Overlap of loop calls from simulated H3K27ac HiChIP maps with those
from in situ Hi-C and real HiChIP data of GM12878. All studied loops are within 20kb - 2Mb distance
range and all results shown are for chromosome 1 only. HiCCUPS loops are filtered to have at least one
interacting bin overlapping with the reference ChIP-seq peaks (peak-to-all). Loop overlap is computed using
5kb slack as described in Methods and overlap with respect to each set is reported separately for the three-way
comparisons. For all applications FithiChIP(L) uses peak-to-all foreground (i.e., does not assign significance
to pairs of non-peak bins). (a) - left: Three-way overlap between FitHiChIP(L) loops on GM12878 H3K27ac
HiChIP data [20], simulated H3K27ac HiChIP data generated and HiICCUPS Hi-C loops from GM12878. (a) -
right: Similar overlap analysis but here FitHiChIP (L) is used for loop calling from GM12878 Hi-C data instead
of HICCUPS. (b) - left: Same analysis as (a) with the simulated HiChIP data generated by random shuffling
of ChIP-seq coverage values among all 5kb bins. Peak/non-peak identity of each bin is preserved in order to
study the impact of ChIP enrichment differences rather than genomic locations (e.g., overlap with promoters).
(b) - right: Similar analysis with the simulated HiChIP data generated by random shuffling.
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(a) Overlap of FitHiChIP (different settings) and CHiCAGO loops computed from GM12878 promoter capture Hi-C

data, subject to 5 Kb slack. Number of overlapping and exclusive loops are computed with respect to the union set
of loops for the corresponding datasets.
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(d) Dataset: GM12878 PCHIC data.
Reference: FitHiChIP(S+M) loops
from GM12878 H3K27ac HiChIP data

(e) Dataset: GM12878 PCHIC data
analyzed by FitHiChIP and CHiCAGO.
Reference: HiCCUPS loops from
GM12878 Hi-C.

(f) Dataset: GM12878 PCHIC data
analyzed by FitHiChIP and CHiCAGO.
Reference: HiCCUPS loops from
GM12878 H3K27ac HiChlIP.

Supplementary Figure 36: FitHiChIP applied on GM12878 promoter capture Hi-C data [18], shows
high overlap with CHiCAGO loops [3]. (a): Venn diagrams showing the number of loops overlapping
between CHICAGO and each different setting of FitHiChIP when applied on PCHiC data. Loop overlap is
computed using 5kb slack. Percentages of overlap with respect to individual samples are separately shown.
(b)-(d): Recovery plots of loops called from PCHiIC data with different methods when we use either RAD21
ChIA-PET calls or FitHiChIP calls on the cohesin or H3K27ac HiChIP data as a reference set. Only loops
within 20 Kb - 2 Mb are considered similar to HiChIP results. (e-f): Comparison of CHICAGO and FitHiChIP

in recovering reference HICCUPS loops either from Hi-C or H3K27ac HiChIP, when applied on GM12878 PCHiC
data [3].
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Supplementary Figure 37: FitHiChIP supports finding differential HiChIP loops. (a): Categorization
of 1D bins according to their difference in ChIP coverage for GM12878 and K562 H3K27ac ChIP-seq data
(mentioned in Supplementary Table 1). (b): Workflow of finding differential HiChIP loops from GM12878
H3K27ac HiChIP (two replicates) and K562 H3K27ac HiChIP (three replicates) data [20]. Differential loops
(declared by EdgeR) and overlapping with FitHiChIP(S) loops significant in at least one input sample are
reported. Loops exclusive to GM12878 or K562 (significant in only that category) are also shown. (c): (Top)
APA with respect to contact maps of merged HiChIP replicates for the differential loops (up in either GM12878
or K562 according to the log fold change of edgeR) whose interacting bins are both from the category ND.
These loops may or may not overlap with FitHiChIP(S) significant loops. (Middle) The distributions of percent
difference in 5kb binned ChIP-seq coverage values (K562 minus GM12878) for bins involved in loops in each
category. “*” denotes a statistically significant difference for a one sample t-test for mean of the absolute
difference being less than 5%. (Bottom) The distributions of log fold change of contact counts (K562 / GM12878)
of these differential loops with respect to in-situ Hi-C data [23]. “*” denotes a statistically significant difference
for a one sample t-test for mean of the log2 fold change being equal to zero. Error bars (boxplots within violin
plots) represent interquartile range. (d): Same as (c) but for the differential ND-ND loops overlapping with
the FitHiChIP(S) loops significant in at least one input sample. (e): Same as (d) but for HD-HD loops instead
of ND-ND.
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a Qverlap of FitHiChIP loop calls for different settings, b Overlap of FitHIiChIP locp calls for different settings,
for GM12878 Cohesin HIChIP data for GM12878 H3K27ac HiChlP data
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Supplementary Figure 38: Overlap of FitHiChIP loop calls for different settings. (a): A 4-way overlap

of loop counts for different FitHiChIP settings, using zero slack (exact overlap), for GM12878 Cohesin HiChIP
data [19]. A large fraction of FithiChIP(S+M) loops are also identified by all other settings. (b): Same analysis
with respect to FitHiChIP loop calls from GM12878 H3K27ac HiChIP data [20].
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Supplementary Tables

HiChIP Datasets

GEO Accession

Reference ChIP-seq peaks

GM12878 cohesin [19]

GSE80820 - merged replicates:

GSM2138324, GSM2138325, GSM2138326

and GSM2138327

experiments/ENCSR0O00DZP

Peaks: ENCFF686FLD.bed

Align: ENCFF797XWDM.bam
www.encodeproject.org

mES cohesin [19]

GSES80820 - merged replicates:

GSM2138328, GSM2138329, GSM2138340

and GSM2138331

experiments/ ENCSRO00ETL
Peaks: ENCFF001YKF.bed
Www.encodeproject.org

mES cohesin
with varying
cell counts [19]

GSE80820 - merged replicates
10M cells: GSM2138332, GSM2138333;
5M cells: GSM2138334, GSM2138335;
1M cells: GSM2138336, GSM2138337

Same as above.

mES H3K2T7ac
with varying
cell counts [20]

GSE101498 - merged replicates:
50K cells: GSM2705039, GSM2705040;
100K cells: GSM2705037, GSM2705038;
500K cells: GSM2705035, GSM2705036;
25M cells: GSM2705031, GSM2705032,

GSM2705033 and GSM2705034

experiments/ ENCSRO00CCH
Peaks: ENCFF001XZL.bed
www.encodeproject.org

GM12878 H3K27ac [20]

GSE101498 - merged replicates:
GSM2705041, GSM2705042

experiments/ENCSRO00AKC

Peaks: ENCFF465WTH.bed

Align: ENCFF197QHX.bam
www.encodeproject.org

K562 H3K27ac [20]

GSE101498 - merged replicates:
GSM2705043, GSM2705044
and GSM2705045

experiments/ ENCSRO00AKP
Peaks: ENCFF578UBP.bed
www.encodeproject.org

CD4 naive
H3K27ac [20]

GSE101498 - merged replicates:
GSM2705048, GSM2705049,
GSM2705050, GSM2705051

and GSM2705052

MACS2 generated peaks from
GSM772859 ChIP-seq sample
MACS2 options:

-q 0.01 —extsize 147 —nomodel

Supplementary Table 1: A list of published HiChIP datasets and reference ChIP-seq peak files from

matching experiments used in this work.
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GM12878 K562 GM12878 mES
H3K27ac H3K27ac cohesin cohesin
HiChIP HiChIP HiChIP HiChIP
Method Median | Number | Median | Number | Median | Number | Median | Number
distance | of loops | distance | of loops | distance | of loops | distance | of loops
(kb) (kb) (kb) (kb)
HiCCUPS 120 5329 110 1383 165 9564 165 7696
ChIA-PET - - 70 1738 165 10353 125 17540
hichipper (PET | 235 305911 | 295 484804 | 160 52590 130 27765
>2)
hichipper (PET | 100 70519 135 132757 | 100 3654 75 1306
> 12)
hichipper (PET | 280 234279 | 355 337110 | 170 45667 140 22957
>2)+ M
MAPS 165 185167 | 175 245491 | 160 38894 - -
FitHiChIP(L) 150 557145 | 180 721256 | 170 95196 165 115617
FitHiChIP(L+M)| 175 217666 | 210 285042 | 175 49044 170 60391
FitHiChIP(S) 200 109551 | 240 146772 | 255 27217 250 35041
FitHiChIP(S+M) | 210 56732 245 80970 250 15597 250 19910

Supplementary Table 2: Total

numbers are from loop calls within a distance range of 20kb - 2Mb.
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number of loop calls and the median distance (in kb) of such loops
for each method and each HiChIP dataset. HICCUPS loop calls at a mixture of 5kb and 10kb resolution
are gathered as described in Supplementary Table 3. ChIA-PET loops listed in Supplementary Table 4 and
hichipper loops called by several different settings as described in Methods are all mapped to 5kb bins (see
Methods). FitHiChIP is run on data with all replicates merged as described in Supplementary Table 1 and
binned at 5kb resolution using coverage bias correction and peak-to-all pairs as the foreground set. MAPS loops
are computed using all replicates. All of the HiChIP loop calling methods FitHiChIP, hichipper and MAPS
use as input the ChIP-seq peak calls from matching datasets as listed in Supplementary Table 4. The reported




Dataset Source

HiCCUPS loops computed from the HiChIP datasets listed in | Gathered from Mumbach et al. 2016
Supplementary Table 1) and 2017 [19, 20].

HiCCUPS loops computed from GM12878 (primary-+replicate) | Gathered from Rao et al. 2014 [23].
and K562 in-situ Hi-C data

Supplementary Table 3: HICCUPS loops used in the current study. Only the loops within a distance
range of 20kb - 2Mb are considered.

Dataset Source

GM12878 RAD21 ChIA-PET (used to benchmark GM12878 co- | Gathered from Heidari et al. 2014 [9]
hesin HiChIP data)
mES Smcla ChIA-PET (used to benchmark mES cohesin HIChIP | Gathered from Dowen et al. 2014 [5]
data)
K562 H3K27ac ChIA-PET (used to benchmark K562 H3K27ac | Gathered from Heidari et al. 2014 [9]
HiChIP data)
K562 Pol2 ChIA-PET (used to benchmark K562 H3K27ac HiChIP | Gathered from Cao et al. 2017 [4], gen-
data) erated by Li et al. 2012 [15]

Supplementary Table 4: ChIA-PET loops used in the current study. All loops are mapped with
respect to nearest 5kb bin. Only the loops within a distance range of 20kb - 2Mb are considered.

Dataset Source

CD4 naive Promoter Capture Hi-C interactions with ChiCAGO | Gathered from Javierre et al. 2016 [12]
[3] score > 5
GM12878 Promoter Capture Hi-C datasets (fastq files, merged | Gathered from Mifsud et al. 2015 [18]
replicates) from GEO:GSE81503. Data is processed as described
in Methods. Interactions with ChiCAGO score > 5 on the merged
data are used as reference loop calls.

Supplementary Table 5: Promoter capture Hi-C loops and datasets used in the current study. Only
the loops within a distance range of 20kb - 2Mb are considered.
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Supplementary Notes

Supplementary Note 1: Regression on bias values improves FitHiChIP loop calling

In order to normalize for coverage differences across different genomic bins due to known bias factors such as
number and length of restriction fragments, GC content and mappability, FitHiChIP employs a regression model
that learns the dependency of observed contact counts for each equal occupancy bin and bias values computed
either by matrix-balancing-based methods (e.g., ICE [11]) or simply by coverage values normalized separately for
bins that overlap peaks and for bins that do not (See Methods). Compared to not using normalization, using
either set of bias values for regression performs better in terms of recovering reference sets of Hi-C, ChIA-PET
and PCHiC loops, highlighting the importance of accounting for such coverage differences (Fig. 1(b), Sup-
plementary Figure 4). When compared to one another, the two different bias corrections perform similarly
in recovering reference loops and in terms of enrichment scores computed by APA plots (Supplementary Fig-
ures 4 - 5). However, since ICE assumes all regions should have equal visibility regardless of their peak status,
it introduces artifacts for several low coverage non-peak regions of HiChIP data (Supplementary Figure 6).
In order to avoid such artifacts and because computation of coverage bias is much simpler compared to ICE
normalization, we use coverage bias correction throughout this work. Accordingly, the default and suggested
setting of FitHiChIP is to use coverage bias values for achieving normalization.

Supplementary Note 2: Improvement in loop calls using a merging filter

FitHiChIP also supports merge based filtering of adjacent significant loops by applying a connected component
model (see Methods, Supplementary Figure 1 for a detailed description of merging filter algorithm) to
eliminate the indirect contacts from a pair of highly interacting regions with dense distribution of significant
loops to improve our loop detection. Note that this filtering (denoted by +M) is applicable to loop calls from
FitHiChIP as well as other existing methods. When we employ this merging filter, we observe a significant
improvement in specificity for FitHiChIP (both L and S) in terms of recovering loops from in situ Hi-C,
PCHiC, ChIA-PET and the stringent set of HICCUPS loops from HiChIP data (Fig. 1(c), Supplementary
Figures 7- 8). This improvement in specificity with merging filter is also independent of whether ChIP-
seq peaks or peaks inferred from HiChIP data (discussed below) are used for FitHiChIP (Supplementary
Figure 9). The default setting of FitHiChIP is to use the merging filter, which is strongly recommended for
deeply sequenced HiChIP libraries (>300M reads) especially when the loose (peak-to-all) background is used.

Supplementary Note 3: Robustness of 1D peak calling from HiChIP data

FitHiChIP supports either using an external set of peaks inferred from ChIP-seq experiments or inferring peaks
from the reads generated by the HiChIP experiment in question by running MACS2 [26]. Similarly, hichipper
also runs MACS2 for peak calling but, in addition, it introduces a correction for RE site bias in HiChIP read
distribution. Here we first assess the contribution of different read groups from HiChIP data to peak calling by
MACS2 [26]. We use different combinations of 1) dangling end (DE), 2) self-cycle (SC), 3) re-ligation (RE), and
4) CIS short-range (< 1kb) valid (V) reads [2] for peak calling (see Methods). As recommended by an earlier
work [19], hichipper uses DE reads plus SC reads as the input to MACS2. We test several other combinations
of HiChIP reads and compute the recovery of reference ChIP-seq peaks from matching experiments to ask
which combination performs better in recovery. We find that other than using only V reads (as suggested
in [6]), most other combinations perform similarly including DE+SC used by hichipper and DE4+SC+RE+V
used by FitHiChIP as default (Fig. 1(d), Supplementary Figure 10). We also show that the RE site
bias correction introduced by hichipper reduces the number of overall peaks called, but does not lead to better
recovery of ChIP-seq peaks in general (complete overlap with most other settings), except from GM12878
cohesin data (Supplementary Figure 10). The differences between different read combinations in ChIP-seq
peak recovery become even more negligible when peaks are binned at 5kb fixed-size bins to assign a peak vs
non-peak status to such bins (Supplementary Figure 11). The default setting of FitHiChIP when no external
ChIP-seq peaks are provided is to use DE+SC+RE+V reads to find 1D peaks using MACS2 (Methods).

Supplementary Note 4: Assigning peak-bins using either ChIP-seq or HiChIP
peaks

Since FitHiChIP distinguishes between bins that overlap with 1D peaks of ChIP signal, we test whether peaks
inferred from ChIP-seq or from HiChIP data better improve performance of FitHiChIP in recovering loop calls
from other conformation capture assays. As discussed above, ChIP-seq reports a smaller number of peaks most
of which are recovered by peak calls from HiChIP data. Accordingly, loop calls using ChIP-seq peaks tend to
have better specificity in most cases compared to HiChIP peaks (Fig. 1(e), Supplementary Figure 12).
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Therefore, we utilize ChIP-seq peaks in this work since this data is readily available (Supplementary Table 1).
When matching ChIP-seq data is not available, and the users infer peaks from HiChIP data (a larger number
compared to ChIP-seq peaks), we suggest using the stringent (S) background to compensate for the leniency
resulting from the use of a large number of peaks for background estimation.

Supplementary Note 5: FitHiChIP loops show enrichment in Hi-C contact maps

Previous section shows the recovery of loops called from Hi-C and other datasets by FitHiChIP and existing
methods. Here we start from HiChIP loops and ask whether they are supported by Hi-C contact maps. First,
we ask what fraction of loops that are common between FitHiChIP and hichipper, or are specific to one method
are identified as loops from Hi-C data either by a local (HiCCUPS [23]) or a global (FitHiC [1]) model of
background estimation for detecting significant loops from Hi-C. HICCUPS reports a small number of loops
with high specificity, whereas FitHiC calls have better sensitivity but lower specificity. Hence, comparison
against these two reference sets should capture overlap of HiChIP calls with the full spectrum of interactions
from Hi-C data. Supplementary Figure 18 shows that a large fraction of HiChIP loops overlap with FitHiC
calls suggesting enrichment of contact counts for these pairs compared to other locus pairs with the same
genomic distance. This overlap is highest for cohesin HiChIP data and for loops either common to FitHiChIP
and hichipper (yellow and green), or exclusively called by FitHiChIP (blue). For both cohesin and H3K27ac,
the overlap is the lowest for hichipper-specific loop calls (purple). Similar analysis for Hi-C loops identified
by HiCCUPS shows much lower overlaps for all sets reflecting the stringency of HICCUPS (Supplementary
Figure 18). However, the relative trend of overlap being higher for loops called by FitHiChIP (either common
with hichipper or exclusive to FitHiChIP) compared to hichipper remains the same. In agreement with the
recovery analysis and APA plots described below, these results suggest that hichipper loops consistently have
lower support from Hi-C data compared to FitHiChIP. Similar comparison between FitHiChIP and MAPS
shows that loop calls that are specific to MAPS (in comparison to FitHiChIP) are also well supported by
the underlying Hi-C data unlike hichipper (Supplementary Figure 19). These results suggest that both
FitHiChIP and MAPS calls from HiChIP data largely correspond to regions of contact enrichment in Hi-C
maps which are likely to be further amplified by the HiChIP assay.

Next, to further assess the HiChIP loop calls from different methods in terms of support from Hi-C data
while controlling for their differences in stringency, we employ aggregated peak analysis (APA) [22] which
aggregates local contact patterns from Hi-C data around a set of loop calls. For generating APA plots and
scores, we use normalized Hi-C contact counts in 50kb up and downstream of predicted loops that are within
the genomic distance range of 150kb - 1Mb (as suggested in [22]). Other than FitHiChIP, hichipper and MAPS,
we conduct this analysis for HICCUPS loops from Hi-C and HiChIP data as well as loops from matching
ChIA-PET experiments as our reference points. When we perform APA for 6219 loops (150kb - 1Mb) called
by HICCUPS on GM12878 Hi-C data, we get an averaged APA score (top of the figure) of 2.17 (Fig. 3(a)).
This high enrichment is reflective of the fact that these loop calls are from the same Hi-C data the APA
plots are made. When we perform a similar analysis for 5108 HiCCUPS loops from cohesin HiChIP data [19]
and for 5441 loops from RAD21 ChIA-PET data [9], we get APA scores of 1.93 and 1.83, respectively (Fig.
3(b), Supplementary Figure 20). As the number of reference HiIChIP HICCUPS and ChIA-PET loops are
considerably lower, we sample the top-k (k=5441) loops for all HiChIP loop callers to compute the APA scores
for GM12878 cohesin HiChIP data. For this set of loops, all versions of FitHiChIP exhibit higher enrichment of
center pixels (denoted as R) as well as higher averaged APA scores compared to hichipper in different settings
and compared to ChIA-PET (Fig. 3(c), Supplementary Figure 20). In agreement with the previously
mentioned overlap analysis between MAPS and reference Hi-C loops (Supplementary Figure 19), the top-k
MAPS loop calls are also highly supported by Hi-C data with an APA score of 2.02 (Fig. 3(d)). Notably,
cohesin HiChIP loops are stronger in enrichment compared to H3K27ac loops regardless of the loop prediction
method (Figs. 3(b-h) vs Supplementary Figure 21) suggesting that cohesin bound regions are involved
in well-demarcated loops likely marking the TAD/subTAD boundaries compared to H3K27ac loops that are
mainly between specific regulatory elements generally within TADs. For both cohesin and H3K27ac datasets,
the stringent setting of FitHiChIP reports the highest APA scores even though it has the largest median loop
distance compared to other HiChIP loop calling methods, suggesting that higher APA scores are not due to
preference of shorter range loops (Supplementary Figures 20 and 21).

We then further evaluate the top-k loop calls (k = 5441 for GM12878 cohesin; 2629 for GM12878 H3K27ac)
of FitHiChIP, hichipper and MAPS to see whether the loops exclusively predicted by one method show higher
enrichment with respect to Hi-C maps (i.e., higher APA score) (Fig. 3(i)). For FitHiChIP and MAPS, the
top-k loops are selected by higher statistical significance (lower g-values) whereas hichipper loops are filtered
with respect to PET counts as significance is not reported. Considering GM12878 cohesin HiChIP dataset, loops
exclusive to FitHiChIP (for all settings) show higher APA scores than the loops exclusive to hichipper, in spite of
having higher median loop distances particularly for the stringent background (Figs. 3(j-1), Supplementary
Figure 22). The same trend follows for GM12878 H3K27ac HiChIP data (Supplementary Figure 23),
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suggesting that hichipper misses loops highly supported by in-situ Hi-C data. Comparing FitHiChIP without
merging filter (FitHiChIP(L) and FitHiChIP(S)) and MAPS loops for these datasets show that majority (>
80%) of these top-k loops are common to both methods (Supplementary Figures 24 and 25). When
merging filter is employed (FitHiChIP(L+M) and FitHiChIP(S+M)), number of exclusive loops in FitHiChIP
is much higher than those exclusively in MAPS. This is because, MAPS prioritizes loops in clusters (interacting
bins are adjacent) resulting in multiple reports from a local region all with high Hi-C contact enrichment,
while merging filter in FitHiChIP eliminates many among such clustered loops. This results in an asymmetry
in the exclusive loop counts due to the slack given in computing overlap between any given sets of loops.
Compared to FitHiChIP with merging filter, loops exclusive to MAPS have lower APA scores for GM12878
cohesin HiChIP data (Supplementary Figure 24) but have higher scores when H3K27ac HiChIP data is
considered (Supplementary Figure 25). In both cases, the number of method-specific loops are at least 10
times higher for FitHiChIP.

Supplementary Note 6: FitHiChIP identifies independently validated distal loops

To assess whether FitHiChIP connects distal enhancers to their experimentally validated target promoters from
HiChIP data, we compile a list of loci for which functional data (e.g., CRISPRI) is available together with the
HiChIP data for the same cell line [7, 4, 10, 8]. One gene with relatively comprehensive enhancer screening
data is MYC, for which several megabases of surrounding region is tiled with sgRNAs for CRISPRi screen of
cellular proliferation in K562 cells [7]. This screen identified seven distal regions (el-e7) ranging from 160kb to
~2Mb in distance to MY C promoter [7]. All of these regions are identified as interacting with MYC promoter
using RNA Pol IT ChIA-PET [4], hence are likely to inhibit proliferation through long-range regulation of MYC
expression. For the ~400kb region with el-e4, both FitHiChIP and MAPS identify all four enhancer regions
as interacting with MYC promoter from H3K27ac HiChIP data from K562 cells, whereas HICCUPS (applied
to H3K27ac HiChIP) [20] only reports the loop with e2 and hichipper reports a large number loops in this
locus, most of which are short range and not from the MYC promoter (Fig. 4(a)). Note that it is difficult
to rule out the existence of other loops that are structural or are not impacting MYC expression, hence, we
avoid using the term false positive for such hichipper loops even though they are not supported by CRISPRi
results, Hi-C loops, ChIA-PET loops or by HiChIP loops from any of the other three methods. When sorted by
significance, five out of top six FitHiChIP loops either connect the MYC promoter to el, e2 or e3-e4 (within the
same bin) or connect enhancers to each other (el/e2 to e3-e4). For several other H3K27ac peak regions between
MYC and the nearest validated enhancer el, which are much closer in genomic distance to MYC, FitHiChIP
does not report any loop calls highlighting its accuracy in recapitulating functional links. The loops to the
farthest enhancers (e5 or e6-e7 at ~2Mb) are captured by all loop callers as well as by Hi-C (Supplementary
Figure 26).

Another important gene NMU encodes for a neuropeptide that is highly conserved in mammalian brain and
is expressed in other tissues. A recent single-cell CRISPR screen in K562 cells identified a significant decrease
in NMU expression when an enhancer that is ~100kb upstream is inhibited by CRISPRi, similar to MYC
example but using single-cell measurements rather than bulk [8]. When applied to K562 H3K27ac HiChIP
data, FitHiChIP accurately captures this loop, whereas both HICCUPS and MAPS fail to do so (Fig. 4(b)).
The loop calls from hichipper involve other loops in this locus with default settings (> 2 PETs) but are identical
to FithiChIP(S+M) when a more stringent count filter (> 12 PETSs) is used together with our merging filter
(M). HiCCUPS calls on K562 Hi-C data recover a similar loop reported at a lower resolution (10kb bins).

Another example is TP53, for which super-enhancer and broad domain analysis coupled with RNA Pol 11
ChIA-PET data in K562 cells identified two hit regions as potential enhancers: one ~100kb downstream and
one ~150kb upstream of the TP53 promoter [4]. Using EpiSwitch baits, both regions are shown to interact with
the TP58 promoter, in addition to K562, in all CML patients (9/9) and nearly all normal subjects. FitHiChIP
identifies loops from TP53 promoter to both hit regions with a small number of other loops in the domain,
whereas HICCUPS misses both (Fig. 4(c)). On the other hand, hichipper, both with default settings and with
additional filters, as well as MAPS report a large number of other loops in this locus many including the TP5%
promoter. HICCUPS loops from Hi-C data fail to capture either of these loops.

Another two genes for which several CRISPRi and CRISPR KO experiments are carried out in K562 cells
are MYO1D and SMYD3 [10]. For both genes, FitHiChIP reports the loop between the promoter and a hub
enhancer with the highest impact on gene expression. Similar to the previous examples, HICCUPS applied
on HiChIP data fails to capture these loops for both genes and hichipper reports a large number of other
loops involving these two genes even after additional filtering (Supplementary Figures 27, 28). Similar to
HiCCUPS, for the MYO1D locus, MAPS fails to detect the loop involving that promoter (Supplementary
Figure 27) but successfully reports the loops between the SMYDS3 promoter and the large stretch of enhancers
(~200-300kb away from the promoter) within the defined enhancer hub (Supplementary Figure 28). On the
other hand, for SMYD3 locus, HHCCUPS loops from Hi-C data reports a ~450kb-long loop between two CTCF
sites that spans the ~200-300kb promoter-enhancer loops described above. This CTCF loop is not captured by
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any of the HiChIP loop callers and Hi-C does not capture the promoter-enhancer loops reported from H3K27ac
HiChIP data as discussed above, providing an example of different types of loops captured by Hi-C data in
comparison to H3K27ac HiChIP data and vice versa.

Supplementary Note 7: FitHiChIP recovers long range interactions validated by
FISH

We also test FitHiChIP, HICCUPS, MAPS and hichipper on GM12878 cohesin HiChIP data, corresponding
to four sets of loci identified from Hi-C and validated by FISH to have strong CTCF-dependent long-range
loops [23]. Each set contains three loci, namely L1, L2, and L3, where L2 is equidistant from L1 and L3, but
loops occur between L1 and L2, and not between L3 and L2 (negative control). All of these four methods
capture almost all of the validated loops (DNA FISH between L1-L2) from GM12878 cohesin HiChIP data
(aside from one false negative for MAPS on chr13) and almost none of the distance matched negative controls
(aside from one false positive for hichipper on chrl4), which are confirmed to not colocalize by DNA FISH
(Supplementary Figure 29).

Supplementary Note 8: Reproducibility and robustness of FitHiChIP loops

For several HiChIP datasets with technical and biological replicates, we ask the question to what extent loops
identified from different replicates overlap with each other when different loop calling methods are used (Fig.
5(a), Supplementary Figures 30, 31). Considering GM12878 H3K27ac HiChIP data which has two bio-
logical replicates, 92% to 93% of FitHiChIP(L) loops are common, whereas this numbers are between 85% to
88% for FitHiChIP(S), hichipper and MAPS even though hichipper calls at least four times more loops com-
pared to both FitHiChIP(S) and MAPS (Fig. 5(a)). Application of merging filter reduces the number of loop
calls as well as the reproducibility between replicates for FitHiChIP, but has a smaller impact on hichipper in
both aspects (Fig. 5(a)). Similar reproducibility computations for technical replicates of GM12878 cohesin
HiChIP data also show that FitHiChIP and MAPS have higher percentage of reproducible loop calls compared
to hichipper (Supplementary Figure 30). For K562 H3K27ac HiChIP data results with three replicates
83-93%, 67-84%, 77-85% and 63-87% of the loops (percentages computed with respect to each replicate) are
common across all three biological replicates for FitHiChIP(L), FitHiChIP(S), hichipper and MAPS, respec-
tively (Supplementary Figure 31). The relatively lower reproducibility for all methods for cohesin data
compared to H3K27ac can be partially attributed to the lower sequencing depth of replicates for the former.
However, in general, all three HiChIP loop callers have better reproducibility when compared to similar num-
bers from existing conformation capture datasets. For instance, with the same overlap criteria we use here,
the HiICCUPS loop calls from the two replicates of GM12878 Hi-C data, both sequenced to over two billion
reads, have an overlap of 63% (68%) with respect to primary (replicate) sample. For ChIA-PET data with two
replicates, these percentages are 50% (59%) and 62% (63%) for GM12878 RAD21 [9] and for K562 Pol2 [15]
data, respectively. For comparable number of loop calls, such as hichipper and FitHiChIP(L), reproducibility
is generally higher for FitHiChIP. The reduction in reproducibility when merging filter is used correlates with
the reduction it causes in the number of loops reported.

In order to further test the robustness of results discovered by FitHiChIP, we analyze mouse embryonic stem
cell (mES) HiChIP samples generated from varying number of cells as starting material (cohesin with 1M, 5M
and 10M cells, H3K27ac with 50K, 100K, 500K and 25M cells) [19, 20]. Overall, these results show that a
significant fraction of the loops called from the sample with lowest cell number (over 95% for cohesin and over
80% for H3K27ac) are also identified in at least one other replicate suggesting that loop calls from low quality
samples are still informative. However, in most cases, up to 10 times more loops are identified from the samples
with higher cell numbers, which also depends on the sequencing depth, highlighting the importance of library
quality and complexity for achieving a comprehensive set of loops from HiChIP (Supplementary Methods
and Supplementary Figure 32).

Next, we focus on the overlap between FitHiChIP loop calls from different contact map resolutions for the
same data (2.5kb vs 5kb) in order to better understand the impact of window size selection on the resulting
loop set. We first perform an overlap analysis to see what fraction of 2.5kb loops are exclusive to this reso-
lution compared to 5kb and vice versa. Our results for three different HiChIP datasets show that, both for
loose and stringent background models, over 95% of 2.5kb loops are also detected by an overlapping 5kb loop
(Supplementary Figure 33). A substantial fraction of loops detected at 5kb, however, are exclusive to that
resolution (41%-72%) potentially due to increased statistical power attained by higher contact density. Among
the overlapping set, on average 1.2 to 1.6 number of 2.5kb resolution loops overlap with a 5kb loop call sug-
gesting that multiple pairs among the four possible combinations of 2.5kb bin pairs have significant interactions
(Supplementary Figure 33). To further look at the breakdown of such cases, we categorize each 5kb loop
that overlaps/contains at least one 2.5kb loop into five main groups. These groups can be summarized as 5kb
loops that contain: (i) only one 2.5kb loop; two 2.5kb loops (i) with both from one 2.5kb bin on one side or (%ii)
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with loops involving all four bins; (iv) three 2.5kb loops and (v) four 2.5kb loops (Fig. 5(b)). This breakdown
demonstrates that either a single underlying 2.5kb loop (group i) or two 2.5kb loops from one single bin on one
side (group ii) accounts for 85% to 98% of all 5kb loops that overlap with any 2.5kb call (Fig. 5(b)). The
unlikely configuration of having two distinct loops with no overlap on either end (group iii) corresponds to less
than half a percent as expected (Fig. 5(b)). These results suggest that the 2.5kb analysis mainly determines
whether the looping information (or the loop anchor) can be resolved to a smaller bin size on either one side or
both sides but does not result in discovery of new or distinct loops compared to 5kb analysis.

Supplementary Note 9: Simulating HiChIP experiments by non-uniform sampling
of Hi-C contact maps

Unlike Hi-C where each bin/region is expected to have uniform coverage across the genome, HiChIP contact
signal is enriched for regions with the targeted histone mark or bound by the transcription factor of interest.
In order to understand to what extent an actual HiChIP experiment can be recapitulated by non-uniform
sampling of Hi-C contact counts, we generate simulated HiChIP maps using Hi-C and ChIP-seq data such that
bins with higher (lower) ChIP-seq signal have higher (lower) “Hi-C” read coverage after the simulation. Such
non-uniform sampling cannot be achieved by simply scaling the rows and columns of the Hi-C, which would
lead an to asymmetric contact map. Therefore, we adapt the algorithm of scaling strictly positive matrices
into specified row and column sums, as described in [16, 25] for matrix balancing to have rows/columns of our
simulated maps converge to a desired ChIP-seq coverage vector rather than a uniform number (Methods).
This simulation technique also allows us to randomly shuffle the ChIP-seq coverage vector while keeping intact
the peak/non-peak designation of each bin to study the impact of ChIP enrichment on HiChIP data.

Using this approach, we create simulated HiChIP contact maps for chromosome 1 from GM12878 in-situ
Hi-C data [23] as the background and using coverage values from the reference cohesin or H3K27ac ChIP-seq
data (Supplementary Table 1) to model the relative enrichment. In order to study the relationship between
resulting loop calls from simulated HiChIP maps and underlying Hi-C data, we use HICCUPS loop calls as well
as FitHiChIP in peak-to-all mode applied to full set of GM12878 Hi-C data (primary-+replicate). We also use
FitHiChIP loop calls from the real HIChIP maps as another reference. Using these reference sets, we first ask
whether the Hi-C loops are in agreement with the simulated HiChIP data. The simulated cohesin and H3K27ac
HiChIP data recovers 72% and 61% of reference HHCCUPS Hi-C loops, respectively, which are comparable to
82% and 87% achieved by the real HiChIP data (Supplementary Figure 34(a) left panel, Supplementary
Figure 35(a) left panel). Furthermore, 99% (79%) of loops from the simulated cohesin (H3K27ac) map is
supported by the less stringent set of FitHiChIP loop calls from Hi-C data (Supplementary Figure 34(a)
right panel, Supplementary Figure 35(a) right panel). These results suggest that FitHiChIP is able to
recover the strong loops as well as enriched contacts of the underlying Hi-C data from a simulated HiChIP map.
Next, we ask whether the simulation introduces unexpected loops compared to Hi-C and real HiChIP data. Even
though the simulation introduces a large number of new loops (so does real HiChIP data) with respect to the very
small set of HHCCUPS loops, only 1% (9%) of all loops from simulation are not supported by either of FitHiChIP
loops from Hi-C data or from real HiChIP data for cohesin (H3K27ac) (Supplementary Figure 34(a) right
panel, Supplementary Figure 35(a) right panel). From the perspective of loops from the real HiChIP
data, 35% (26%) of the cohesin (H3K27ac) loops do not overlap with any loops of the simulated data suggesting
nearly one third of FitHiChIP loops from HiChIP cannot be explained by either the underlying Hi-C data or by
its combination with the non-uniform ChIP-seq coverage (Supplementary Figure 34(a), Supplementary
Figure 35(a)). The corresponding percentage of loops specific to real HIChIP data are 88% (92%) when
compared to the shuffled simulated maps suggesting that the specific enrichment of ChIP-seq coverage in their
original locations (such as enhancers, promoters, CTCF binding regions) is critical for simulations that are
consistent with real HiChIP experiments (Supplementary Figure 34(b), Supplementary Figure 35(b)).
Accordingly, shuffled simulations for cohesin (H3K27ac) are only able to capture 12% (14%) of HICCUPS loops
and (Supplementary Figure 34(b) left panel, Supplementary Figure 35(b) left panel). These results
suggest that both the statistical power and the recovery of reference loops for FitHiChIP is specific to the case
when real HIChIP data is used or when realistic (i.e., not shuffled) HiChIP maps are simulated from Hi-C data

Supplementary Note 10: FitHiChIP is applicable to other conformation capture
experiments

To test the applicability of FitHiChIP with minimal amount of modifications on other targeted conformation
capture assays, we use GM12878 PCHIC datasets (by combining all replicates) provided in [18]. We use the
capture design file corresponding to HindIII RE fragments (provided in [3]) as our reference “peak” set similar
to use of ChIP-seq peak files for HIChIP. For comparison of our resulting loop calls, we use CHiCAGO loops
with score > 5 for the same dataset as provided in [3].
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Overall, FitHiChIP identified a similar number of loops compared to CHICAGO (~83k) when we use our
stringent background (S:88k, S+M:75k). When we compute loop overlap using 5kb slack, 52% of CHiCAGO
loops are covered by FitHiChIP(S) and at least over 88% by loose (L or L4+M) background settings, which
report 4-6 times higher number of loops (Supplementary Figure 36(a)). We then compare FitHiChIP loops
on PCHIC data to CHICAGO loops in terms their performance in recovering HHICCUPS loops computed from
either GM12878 in situ Hi-C data [23] or GM12878 H3K27ac HiChIP data [20]. In both cases, CHICAGO loops
show marginally higher specificity that is most similar to FitHiChIP(L+M) (Supplementary Figures 36(e-
f)). FitHiChIP with loose background recovers ~ 10% more of reference loops but with several times more loop
calls than CHiCAGO. We see similar trends using GM12878 RAD21 ChIA-PET loops [9] or FitHiChIP(S+M)
calls on GM12878 cohesin and H3K27ac HiChIP datasets as reference (Supplementary Figures 36(b-d)).
It is important to note that for all reference sets, the maximum recovery achieved by either method on PCHiC
data was considerably low (30-40%) compared to recovery plots discussed when we evaluate different methods
on HiChIP data. Overall, comparable performance of FitHiChIP to a PCHiC-specific method suggests that our
framework is useful for analyzing data from other targeted conformation capture assays.

Supplementary Note 11: Differential loop calling for HiChIP data

Next, we develop a pipeline for identifying differential contact enrichment and loop calling between two different
cell lines with replicate HiChIP experiments. Here we use two biological replicates of GM12878 H3K27ac and
three replicates of K562 H3K27ac HiChIP data. As HiChIP contact count signal is heavily dependent on the
ChIP enrichment of the underlying loci, we utilize matching ChIP-seq tracks (H3K27ac) from ENCODE portal
for each cell line (Supplementary Table 1) to segregate the contact-level differences into multiple groups
with respect to changes in ChIP-seq coverage for both loci involved in a given contact. Analysis of both 1D
and 3D changes in finding differential loops is also supported in a recent study [21] which uses Smcl HiChIP on
cancer cell lines, and proposes to find changes in regulatory looping (3D) with or without changes in enhancer
(1D) activities. To achieve this grouping with respect to differences in 1D signal, we first classify each 5kb bin
in the genome into three categories depending on their ChIP-seq coverage differences between GM12878 and
K562 cells. Out of nearly 620k bins, around 25k are classified as having a high difference (HD) defined by a
statistically significant difference from edgeR [24, 17] applied to underlying ChIP-seq tracks (Supplementary
Figure 37(a), Methods). Looping changes involving such loci are likely reflections of the change in “visibility”
by HiChIP rather than changes in the underlying 3D conformation. In order to study this, we also define a
strict set of bins with no difference (ND) as those that are not deemed significant by edgeR and have less than
25% difference in their scaled coverage values between the two cell lines. The remaining bins are labeled as LD
for low difference (Supplementary Figure 37(a)). We first apply edgeR on the union set of all peak-to-all
pairs with non-zero contact in at least one of the five replicates, which results in over a million “differential”
contacts out of the nearly 20M pairs tested for differences (at an absolute fold change greater than 2 and FDR
5%) (Supplementary Figure 37(b)). As expected, contacts that involve a locus with high difference in
ChIP-seq coverage (HD) on at least one end have a much higher fraction of differential contacts (25.9% for
HD-HD and 13.6% for HD-LD/ND) compared to contacts between two bins with no difference in ChIP-seq
(3.6% for ND-ND). Given the very high number of differences many of which may represent changes in the
non-significant and likely non-functional portion of chromatin contacts, we further filter them by overlapping
the edgeR contact differences with the union set of FitHiChIP loop calls (1% FDR for FitHiChIP(S)) on each
replicate of each cell type (Supplementary Figure 37(b)). This resulted in an increased stringency and an
overall reduction of more than 15 fold (~1.67M to ~106k) leaving only 1,131 (out of 17,466) for ND-ND and
18,841 loops (out of 91,697) for HD-HD. Our reasoning for focusing mainly on this subset with differential loops,
rather than other differential contact enrichments without any loop, is that differences restricted to the null
portion (not rejected by FitHiChIP’s test) of HIChIP data in both cell types are less likely to have functional
consequences.

In order to characterize the strength of support for various categories of the differential loops discussed above,
we further analyze the underlying HiChIP data, ChIP-seq data as well as the scaled in situ Hi-C contact counts
for GM12878 and K562 (Methods). First we ask whether the loops in the FitHiChIP overlapping portion of
the ND-ND subset (between two bins with no underlying ChIP-seq change) of edgeR differential calls (ND-ND
edgeR+FitHiChIP) have stronger local enrichment patterns compared to those from the overall subset (ND-ND
edgeR). APA plots made from underlying HiChIP data for all ND-ND differential calls show an enrichment
with respect to local background for the cell type with the higher contact count (APA scores of 2.32 and 3.32)
but not for the other (APA scores of 1.2 and 1.26) (Supplementary Figure 37(c) - top row). When we
repeat the same analysis for the ND-ND edgeR+FitHiChIP set (Supplementary Figure 37(d) - top row),
the gap between APA scores for a given subset (e.g., differential calls with loops exclusive to GM12878) between
the two cell types increases markedly (4.93 and 5.96 versus 1.83 and 2.35). This suggests that differential calls
overlapping with FitHiChIP for ND-ND correspond to regions with enriched contact signals in both cell types but
that enrichment is substantially stronger for the cell type with a significant FitHiChIP loop (Supplementary
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Figure 37(d) - top row). On the other hand, contacts for locus pairs from differential calls with high
difference of ChIP-seq signal on both ends that overlap with FitHiChIP loops (HD-HD edgeR+FitHiChIP)
have very strong local enrichment in one cell type (APA of 6.17 and 4.41), which is completely absent from
the other (APA of 0.65 and 1.03). This is expected as HD-HD differences mainly reflect loops related to cell
type-specific ChIP-seq peaks (Supplementary Figure 37(e) - top row). This is also evident from the plots
showing the distribution of percent difference in ChIP-seq coverage values (Supplementary Figure 37(c-e)
- middle row) for all three cases (ND-ND edgeR, ND-ND edgeR+FitHiChIP, HD-HD edgeR+FitHiChIP).

As the last part of our analysis on these three different sets, we use GM12878 and K562 Hi-C datasets [23]
to compute a log fold change (K562/GM12878) between the scaled Hi-C contact counts corresponding to each
differential call (Methods). We observe some agreement between HiChIP differential calls and the direction of
underlying changes in Hi-C counts for each of the three different sets analyzed (Supplementary Figure 37(c-
e) - bottom row). However, the relationship is far from complete and a substantial portion of Hi-C fold
changes go in the opposite direction suggesting some of the differences seen in HiChIP are not fully explained
by either the ChIP-seq signal (for ND-ND case) or the underlying Hi-C data. Another important observation was
that when 1D categories such ND, LD and HD are determined using HiChIP 1D coverages instead of that from
ChIP-seq, we see a very minimal number of differential loops in the group ND-ND, suggesting that differential
loops also involve differential HiChIP coverage values. Overall, these analyses highlight the importance of
refining differential HiChIP analysis using FitHiChIP loop calls to get a subset of more pronounced differences,
which are also more likely to have functional implications as they specifically link distal regulatory elements
(H3K27ac in this case) in at least one cell type.
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