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My lab develops computational methods and uses computational 
approaches to study epigenetics and transcriptional regulation

• Stat/math/physics
/machine learning 
models

• Algorithms
• Software tools

• Multi-modal data 
integration

• Innovative models
• New biology

ATAC-seq in cancer

ATAC-seq in others

Clustered TFBS Other TFBS

TFBS in cancer

Hi-C in cancer
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Learning Objectives

• Be able to read common plots for presenting genomics data

• Understand essential elements in genomics data visualization

• Get some tips for data presentation
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High-throughput short-read sequencing (Illumina)
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Single-end Paired-end

RNA-seq
ChIP-seq
ATAC-seq
Hi-C
CUT&RUN
CUT&Tag
single-cell…



Original sequence reads are not easy to visualize
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Scale
chr19:

500 bases hg19
15,308,000 15,308,100 15,308,200 15,308,300 15,308,400 15,308,500 15,308,600 15,308,700 15,308,800 15,308,900 15,309,000 15,309,100 15,309,200

User Supplied Track



Signal tracks are sequence reads piled up
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• bedGraph:

chr4 10344200 10344250 5
chr4 10344250 10344300 10
chr4 10344300 10344350 25
chr4 10344350 10344400 15
chr4 10344400 10344450 8

• wiggle:
track type=wiggle_0
variableStep chrom=chr4 span=50
10344200 5
10344250 10
10344300 25
10344350 15
10344400 8

• bigWig: indexed binary format 



Essential elements in genome browser tracks

• Chromosomal locations
• Track label
• Track scale

x: resolution?
y: normalization?
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How to integrate patterns observed on signal tracks?
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Adli et al. Nat Methods 2010



Stacked “ripple” heatmap
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Essential elements in a ripple heatmap

• Heatmap presents 3-dimensional data
• x: What loci/anchor is each row? Range?
• y: What are the rows? How many? How are 

they ranked?
• h: Data title/label (what signal?) color scale?

12



Multiple datasets visualization by ripple heatmap
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Composite curve plots
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Essential elements in a composite curve plot

• Data title/label/legend
• Data source (average of what?)
• x: anchor, scale
• y: scale, normalization
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Buenrostro et al. Nat Methods 2013



Common misinterpretations of composite plots

• Caveat 1: A peak in a composite plot may be contributed by only a 
tiny fraction of regions (not representative of the global picture)

• Caveat 2: A higher peak does not necessarily mean stronger 
signal or more region coverage
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Venn diagram presents yes/no relations between sets
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Heatmaps and scatter plots are more informative
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Volcano plot for differential gene expression

• Scatter plot
• 2 dimension:

x: signal strength (e.g., log2 fold change)
y: statistical significance (e.g., -log10P)

• Set cutoffs on 2 axes
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Shan et al. Nature Immunology 2022



Differential gene expression visualization by heatmap
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Co-expressed gene clusters
control treated

up-regulated

down-regulated

Differential expression

Wang et al. Nature 2022



Hi-C contact heatmap for 3D genome interactions
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Rao et al. Cell 2014



Hi-C contact heatmap for 3D genome interactions
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Rao et al. Cell 2014



Essential elements in a Hi-C contact heatmap

• Scale, scale, scale
• Resolution
• Normalization
• Blocks, stripes, loops (2d peaks)
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Circos plot integrates multiple types of genomics data
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Dixon et al. Nat Genet 2018



Single-cell data: clustering vs. t-SNE/UMAP visualization
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Bubble plots: NGS-based applications (-seq) 
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Reuter et al. Mol Cell 2015



27https://www.youtube.com/watch?v=jbkSRLYSojo
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Summary
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Genome browser track Composite curve Venn diagram Volcano plot tSNE/UMAP scatter plot

Heatmap Ripple heatmap Hi-C contact map Bubble plot Circos plot
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Some tips
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Scatter plot

• The density of the data points matters!
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Choose the appropriate scale for plotting
(linear or logarithm)

31



Bar chart?

32

dose of 10 mg/kg for 7 days. Consistent with the adenoviral
experiments, recombinant Metrnl protein increased adipose
expression of thermogenic, b-oxidation, and anti-inflammatory
genes, including UCP-1, DIO2, Acox1, and IL-10 (Figure 3I).
The magnitude of these changes was weaker than those
observed with the viral-mediated expression, presumably re-
flecting the suboptimal pharmacokinetics seen with this Metrnl
fusion protein. Nevertheless, these increases in thermogenic
gene expression were accompanied by a small but significant
reduction in body weight, compared to controls (Figure 3J).
Overall, these results identify Metrnl as a hormone that can pro-
mote an increase in a broad beige/brown fat thermogenic gene
program in vivo.

Metrnl Increases Whole-Body Energy Expenditure and
Improves Glucose Tolerance
Increase in adipose tissue thermogenesis or browning of white
fat can be accompanied by increases in whole-body energy
expenditure and improved glucose homeostasis in vivo (Bos-
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Figure 4. Metrnl Expression Increases
Energy Expenditure and Improves Glucose
Tolerance
(A–E) HFD-fed C57/BL6 mice were injected with

Lac Z or Metrnl adenovirus (i.v.) (n=7), and energy

expenditure—(A) oxygen consumption and (B)

Carbon dioxide production—was measured. (C)

Quantification of oxygen consumption between

day 5 and 6 and (D) respiratory exchange ratio

(RER). (E) Under the same experimental setting

as in (A), IP-glucose tolerance test was performed

at day 6 (n = 8). *p < 0.05, **p < 0.001, and ***p <

0.0001.

All data are presented as mean ± SEM. See also

Figure S4.

tröm et al., 2012; Cederberg et al.,
2001). We therefore studied these meta-
bolic parameters after delivering Metrnl-
expressing adenoviral vectors to mice.
Viral vectors were used for these experi-
ments because they require less frequent
handling of the mice than protein injec-
tions. We first measured energy expendi-
ture using a comprehensive laboratory
animal monitoring system (CLAMS) and
observed a highly significant increase
in energy expenditure in Metrnl-injected
mice compared to Lac Z controls (Figures
4A–4C). Notably, the increase in oxygen
consumption and carbon dioxide produc-
tion was observed 5 days postinjection,
which is consistent with the time course
of thermogenic gene expression. This
suggests that the action of Metrnl may
not directly regulate thermogenesis but
might regulate various biological pro-
cesses that promote remodeling of the
adipose tissue in a way conducive for

increased browning of the white fat. Importantly, there was no
change in respiratory exchange ratio (RER), indicating that
Metrnl did not stimulate any substantial shift from carbohydrate
to fat-based fuels (Figure 4D). Importantly, these changes in en-
ergy expenditure were independent of food intake or locomotor
activity (Figures S4A and S4B).
Next, intraperitoneal glucose tolerance tests (GTT) were per-

formed in obese mice; Metrnl expression significantly improved
glucose tolerance when compared to control mice injected with
Lac Z (Figure 4E). Collectively, these data illustrate that increases
in circulatingMetrnl cause an increase in energy expenditure and
an improvement in glucose homeostasis in obese/diabetic mice.

Metrnl Induces IL-4/IL-13 Cytokine Expression and
Promotes AlternativeMacrophage Activation in Adipose
Tissue In Vivo
The mechanisms underpinning these effects of Metrnl were
first studied by applying recombinant Metrnl-Fc protein directly
to the stromal vascular fraction (SVF) of subcutaneous white

1284 Cell 157, 1279–1291, June 5, 2014 ª2014 Elsevier Inc.

Plots from Cell 2014

cardiac-restricted IGF-1 overexpression (Reiss et al., 1996). We
found that IGF-1 mRNA and IGF-1 expression are increased
2.3-fold (p < 0.05; Figure 6A) and 39-fold (p < 0.05; Figures
6B–6F), respectively, in P15 relative to P10 hearts. Activation
of IGF-1-R requires phosphorylation that activates phosphati-
dylinositol-3 kinase (PI3K), which phosphorylates and activates
Akt. PTU suppressed both phospho-Tyr1161-IGF-1-R/glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) (Figure 6G and
6H) and phospho-Ser473-Akt/total Akt levels (Figure 6I), indi-
cating the involvement of T3 in activating the IGF-1-R/Akt
pathway in P15 ventricles.

Akt phosphorylates multiple substrates implicated in cell
survival and heart growth. In CMs, nuclear localization of Akt is
functionally important. Expression of constitutively activated
Akt results in CM hypertrophy (Condorelli et al., 2002), but
nuclear overexpression increases CM numbers (Rota et al.,
2005). Akt was mostly localized to CM nuclei in P15 hearts (Fig-
ures 6J–6N); in P10 hearts, its localization was cytoplasmic.
Consistent with the distribution of mitotic CMs (Figures 3E and
3F), Akt+ CM nuclei were predominantly in the subendocardium
of the P15 LV wall (Figure 6N) and were not detected in the RV.

Figure 5. Disparity in the Relationship
between Heart and Body Growth with CM
Proliferation Requires a T3 Surge
(A) Temporal change in heart-to-body weight

ratios of wild-type (WT) mice showing that heart

growth exceeds body growth between P10

and P18.

(B and C) Increase in LV a/b-MHC mRNA ratio (B)

and a-MHC expression (western blot above;

quantitation below) (C) from P10 and P14, and

blockade of the increase inmRNA ratio by PTU (B).

(D) Expression of ANP mRNA is not significantly

changed between P10 and P14.

(E) 3,30,5-Triiodo-L-thyronine (T3) levels increase

markedly between P10 and P12 and remain stable

thereafter. The increase in T3 is abrogated by PTU

(red dot and green bar).

(F and G) Increase in heart-to-body weight ratio

from P10 to P14, P15, and P18, and inhibition of

these increases by PTU (F). PTU also prevents the

increase in CPN between P10 and P18 (G).

(H) Treatment of cultured cardiomyocytes isolated

from P14 mice with T3 for 7 days increased the

percentage of BrdU+ CMs (cTnT+).

Data shown are the means ± SEM. The number of

individual animals studied is shown by n. *p < 0.05;

**p < 0.01; ***p < 0.001. See Figures S5, S6, and S7

and Table S2.

Collectively, these findings support a
role for T3 in triggering the P15 CM hy-
perplastic burst.

Cardiac Function after Myocardial
Infarction in Neonatal and Early
Postnatal Hearts
Extensive cardiac regeneration after
injury, leading to restoration of the ven-

tricular wall without scar formation, is observed in P1, but not
P7 or P14, mice (Porrello et al., 2011, 2013). This is consistent
with the prevailing view that CMs permanently exit the cell cycle
by the end of the neonatal period (at !P5). However, prominent
CM proliferation at P15, as shown above, might allow cardiac
regeneration. We thus evaluated the early regenerative potential
of P15 mouse hearts by subjecting them to myocardial infarction
and comparing their response to those of P2 and P21 animals.
Figure 7A shows examples of P2- and P15-injured hearts at 7
or 21 days postinfarction (dpi). Despite no significant differences
in infarct sizes at 1 dpi (Figure 7B), P21 infarct sizes were 6.8-fold
greater (p < 0.001) at 7 dpi than P2 infarct sizes, while infarct size
was intermediate in P15 hearts; infarct size was also 2.4-fold
greater (p < 0.01) at 7 dpi in P21 versus P15 hearts (Figure 7B).
We next compared levels of DNA synthesis in CMs within the
remote (nonischemic) and border zones, as compared to control
regions in age-matched sham-operated mice. We gave BrdU
intraperitoneally at 1 and 3 dpi and determined the number of
BrdU+ CMs in LVmyocardium at 7 dpi by immunohistochemistry
and confocal microscopy. There was robust cell-cycle activity
throughout the LV myocardium in both sham-operated and

802 Cell 157, 795–807, May 8, 2014 ª2014 Elsevier Inc.

or branched linkages (Figures S6E and S6F), showing that
branched chains do not improve substrate recognition by all ef-
fectors of ubiquitin-dependent signaling.
We next compared the distinct chain types in extracts, a sys-

tem that had allowed the discovery of K11-linked chains and
Ube2S (Jin et al., 2008; Williamson et al., 2009). Extracts that
either contained K11- or K48-specific APC/C-E2 supported the
degradation of anaphase substrates with comparable efficiency
(Figures S6G and S6H). However, neither E2 by itself was able to
promote degradation of a substrate with low affinity for the APC/
C or trigger substrate turnover under conditions of low APC/C
activity (Figures 5F and S6I). In contrast, combination of K11-
and K48-specific APC/C-E2s rapidly induced degradation even
under challenging conditions (Figures 5F and S6I). As this was
not observed with mixtures of ubiR11 and ubiR48, the improved
proteolytic capacity of combined APC/C-E2s required the for-
mation of branched chains.
To analyze signaling by branched chains in vivo, we compared

stable cell lines that expressed Ube2S to produce K11-linked
chains, Ube2G2CTP and siRNAs against Ube2S to synthesize
K48-linked chains, or both K11- and K48-specific APC/C-E2s
to assemble K11/K48-branched chains. To exclude overexpres-
sion artifacts, we selected cells that expressed less Ube2G2CTP

than endogenous Ube2S, and we generated cell lines that con-
tained an extra copy of Ube2S as controls. Confirming our
in vitro analyses, either K11- or K48-specific E2 promoted sub-
strate degradation during anaphase, a time of high APC/C activ-
ity (Figures S7A–S7C). Still, branched chains appeared to be
stronger signals: in normal cells, ubiquitylated substrates remain
temporarily bound to the APC/C. By contrast, in cells assembling
K11/K48-branched chains, in addition to the physiological-
branched conjugates, such proteins were only detected on the
APC/C if the proteasome was inhibited, suggesting that an
increased formation of branched chains facilitated substrate
extraction from APC/C and degradation by the proteasome (Fig-
ure 6A). Accordingly, the levels of a model substrate were
reduced upon coexpression of endogenous Ube2S and
Ube2G2CTP (Figure S7D). For Nek2A, the same results were ob-
tained with physiological E2s: under conditions that supported
formation of branched chains, Nek2A was rapidly extracted
from the APC/C in a proteasome-dependent manner (Figures
6B and 6C). By contrast, if Ube2S was depleted and formation
of branched chains was inhibited, Nek2A remained bound to
the APC/C (Figure 6B), coinciding with its stabilization and
hyperphosphorylation of an APC/C subunit (Figures 1B and Fig-
ures 6B–6D).

Figure 5. Branched Chains Enhance Pro-
teasomal Degradation
(A) Ub-cyclin A was modified by the APC/C and

Ube2S or Ube2G2CTP with either K11- or K48-

linked chains. Reaction products were incubated

with immobilized MBPS5a either alone or together

and analyzed by western blot.

(B) Proteins decorated with K11/K48-linked

branched chains bind more efficiently to S5a than

those modified with single chains. Ub-cyclin A

modified with K11-linked or K11/K48-branched

chains were incubated with MBPS5a under strin-

gent conditions, and binding was monitored by

western blot.

(C) Preferential binding of branched chains is

independent of chain length. 35S-labeled cyclin A

was modified by APC/C, low levels of Ube2C,

Ube2S and/or Ube2G2CTP, and ubiquitin, ubiK11,

or ubiK48 to assemble K11-linked, K48-linked,

or K11/K48-branched chains and incubated

with S5a.

(D) Branched chains increase the affinity of Nek2A

for the proteasomal receptor S5a. 35S-labeled

Nek2A272-445 was modified by APC/C, Ube2C,

and Ube2S with homogenous or branched chains

(using ubiK11 or wild-type ubiquitin) and incubated

with MBPS5a. Reactions were analyzed by auto-

radiography.

(E) Branched chains improve the efficiency

of proteasomal degradation in vitro. 35S-HA-

Nek2A272-445 was modified with branched or

homogenous K11-linked chains and added to

increasing concentrations of 26S proteasomes. Five independent titrations were monitored by autoradiography and quantified using ImageJ (n = 5; data are

average ± SD; **p < 0.002 in paired t test; ***p < 0.001). The asterisk marks background degradation by proteasomes that copurify with APC/C.

(F) Branched chains promote degradation more efficiently. Prometaphase extracts with endogenous Ube2S were treated with Ube2G2CTP in the presence of

ubiquitin mutants. The stability of geminin wasmonitored bywestern blot. Geminin was stable in extracts containingmixtures of ubiR11 and ubiR48, a condition that

allows Ube2S and Ube2G2CTP to assemble mixed, but not branched, chains.

See also Figure S6.

Cell 157, 910–921, May 8, 2014 ª2014 Elsevier Inc. 917
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dose of 10 mg/kg for 7 days. Consistent with the adenoviral
experiments, recombinant Metrnl protein increased adipose
expression of thermogenic, b-oxidation, and anti-inflammatory
genes, including UCP-1, DIO2, Acox1, and IL-10 (Figure 3I).
The magnitude of these changes was weaker than those
observed with the viral-mediated expression, presumably re-
flecting the suboptimal pharmacokinetics seen with this Metrnl
fusion protein. Nevertheless, these increases in thermogenic
gene expression were accompanied by a small but significant
reduction in body weight, compared to controls (Figure 3J).
Overall, these results identify Metrnl as a hormone that can pro-
mote an increase in a broad beige/brown fat thermogenic gene
program in vivo.

Metrnl Increases Whole-Body Energy Expenditure and
Improves Glucose Tolerance
Increase in adipose tissue thermogenesis or browning of white
fat can be accompanied by increases in whole-body energy
expenditure and improved glucose homeostasis in vivo (Bos-
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Figure 4. Metrnl Expression Increases
Energy Expenditure and Improves Glucose
Tolerance
(A–E) HFD-fed C57/BL6 mice were injected with

Lac Z or Metrnl adenovirus (i.v.) (n=7), and energy

expenditure—(A) oxygen consumption and (B)

Carbon dioxide production—was measured. (C)

Quantification of oxygen consumption between

day 5 and 6 and (D) respiratory exchange ratio

(RER). (E) Under the same experimental setting

as in (A), IP-glucose tolerance test was performed

at day 6 (n = 8). *p < 0.05, **p < 0.001, and ***p <

0.0001.

All data are presented as mean ± SEM. See also

Figure S4.

tröm et al., 2012; Cederberg et al.,
2001). We therefore studied these meta-
bolic parameters after delivering Metrnl-
expressing adenoviral vectors to mice.
Viral vectors were used for these experi-
ments because they require less frequent
handling of the mice than protein injec-
tions. We first measured energy expendi-
ture using a comprehensive laboratory
animal monitoring system (CLAMS) and
observed a highly significant increase
in energy expenditure in Metrnl-injected
mice compared to Lac Z controls (Figures
4A–4C). Notably, the increase in oxygen
consumption and carbon dioxide produc-
tion was observed 5 days postinjection,
which is consistent with the time course
of thermogenic gene expression. This
suggests that the action of Metrnl may
not directly regulate thermogenesis but
might regulate various biological pro-
cesses that promote remodeling of the
adipose tissue in a way conducive for

increased browning of the white fat. Importantly, there was no
change in respiratory exchange ratio (RER), indicating that
Metrnl did not stimulate any substantial shift from carbohydrate
to fat-based fuels (Figure 4D). Importantly, these changes in en-
ergy expenditure were independent of food intake or locomotor
activity (Figures S4A and S4B).
Next, intraperitoneal glucose tolerance tests (GTT) were per-

formed in obese mice; Metrnl expression significantly improved
glucose tolerance when compared to control mice injected with
Lac Z (Figure 4E). Collectively, these data illustrate that increases
in circulatingMetrnl cause an increase in energy expenditure and
an improvement in glucose homeostasis in obese/diabetic mice.

Metrnl Induces IL-4/IL-13 Cytokine Expression and
Promotes AlternativeMacrophage Activation in Adipose
Tissue In Vivo
The mechanisms underpinning these effects of Metrnl were
first studied by applying recombinant Metrnl-Fc protein directly
to the stromal vascular fraction (SVF) of subcutaneous white

1284 Cell 157, 1279–1291, June 5, 2014 ª2014 Elsevier Inc.

Plots from Cell 2014

cardiac-restricted IGF-1 overexpression (Reiss et al., 1996). We
found that IGF-1 mRNA and IGF-1 expression are increased
2.3-fold (p < 0.05; Figure 6A) and 39-fold (p < 0.05; Figures
6B–6F), respectively, in P15 relative to P10 hearts. Activation
of IGF-1-R requires phosphorylation that activates phosphati-
dylinositol-3 kinase (PI3K), which phosphorylates and activates
Akt. PTU suppressed both phospho-Tyr1161-IGF-1-R/glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) (Figure 6G and
6H) and phospho-Ser473-Akt/total Akt levels (Figure 6I), indi-
cating the involvement of T3 in activating the IGF-1-R/Akt
pathway in P15 ventricles.

Akt phosphorylates multiple substrates implicated in cell
survival and heart growth. In CMs, nuclear localization of Akt is
functionally important. Expression of constitutively activated
Akt results in CM hypertrophy (Condorelli et al., 2002), but
nuclear overexpression increases CM numbers (Rota et al.,
2005). Akt was mostly localized to CM nuclei in P15 hearts (Fig-
ures 6J–6N); in P10 hearts, its localization was cytoplasmic.
Consistent with the distribution of mitotic CMs (Figures 3E and
3F), Akt+ CM nuclei were predominantly in the subendocardium
of the P15 LV wall (Figure 6N) and were not detected in the RV.

Figure 5. Disparity in the Relationship
between Heart and Body Growth with CM
Proliferation Requires a T3 Surge
(A) Temporal change in heart-to-body weight

ratios of wild-type (WT) mice showing that heart

growth exceeds body growth between P10

and P18.

(B and C) Increase in LV a/b-MHC mRNA ratio (B)

and a-MHC expression (western blot above;

quantitation below) (C) from P10 and P14, and

blockade of the increase inmRNA ratio by PTU (B).

(D) Expression of ANP mRNA is not significantly

changed between P10 and P14.

(E) 3,30,5-Triiodo-L-thyronine (T3) levels increase

markedly between P10 and P12 and remain stable

thereafter. The increase in T3 is abrogated by PTU

(red dot and green bar).

(F and G) Increase in heart-to-body weight ratio

from P10 to P14, P15, and P18, and inhibition of

these increases by PTU (F). PTU also prevents the

increase in CPN between P10 and P18 (G).

(H) Treatment of cultured cardiomyocytes isolated

from P14 mice with T3 for 7 days increased the

percentage of BrdU+ CMs (cTnT+).

Data shown are the means ± SEM. The number of

individual animals studied is shown by n. *p < 0.05;

**p < 0.01; ***p < 0.001. See Figures S5, S6, and S7

and Table S2.

Collectively, these findings support a
role for T3 in triggering the P15 CM hy-
perplastic burst.

Cardiac Function after Myocardial
Infarction in Neonatal and Early
Postnatal Hearts
Extensive cardiac regeneration after
injury, leading to restoration of the ven-

tricular wall without scar formation, is observed in P1, but not
P7 or P14, mice (Porrello et al., 2011, 2013). This is consistent
with the prevailing view that CMs permanently exit the cell cycle
by the end of the neonatal period (at !P5). However, prominent
CM proliferation at P15, as shown above, might allow cardiac
regeneration. We thus evaluated the early regenerative potential
of P15 mouse hearts by subjecting them to myocardial infarction
and comparing their response to those of P2 and P21 animals.
Figure 7A shows examples of P2- and P15-injured hearts at 7
or 21 days postinfarction (dpi). Despite no significant differences
in infarct sizes at 1 dpi (Figure 7B), P21 infarct sizes were 6.8-fold
greater (p < 0.001) at 7 dpi than P2 infarct sizes, while infarct size
was intermediate in P15 hearts; infarct size was also 2.4-fold
greater (p < 0.01) at 7 dpi in P21 versus P15 hearts (Figure 7B).
We next compared levels of DNA synthesis in CMs within the
remote (nonischemic) and border zones, as compared to control
regions in age-matched sham-operated mice. We gave BrdU
intraperitoneally at 1 and 3 dpi and determined the number of
BrdU+ CMs in LVmyocardium at 7 dpi by immunohistochemistry
and confocal microscopy. There was robust cell-cycle activity
throughout the LV myocardium in both sham-operated and
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or branched linkages (Figures S6E and S6F), showing that
branched chains do not improve substrate recognition by all ef-
fectors of ubiquitin-dependent signaling.
We next compared the distinct chain types in extracts, a sys-

tem that had allowed the discovery of K11-linked chains and
Ube2S (Jin et al., 2008; Williamson et al., 2009). Extracts that
either contained K11- or K48-specific APC/C-E2 supported the
degradation of anaphase substrates with comparable efficiency
(Figures S6G and S6H). However, neither E2 by itself was able to
promote degradation of a substrate with low affinity for the APC/
C or trigger substrate turnover under conditions of low APC/C
activity (Figures 5F and S6I). In contrast, combination of K11-
and K48-specific APC/C-E2s rapidly induced degradation even
under challenging conditions (Figures 5F and S6I). As this was
not observed with mixtures of ubiR11 and ubiR48, the improved
proteolytic capacity of combined APC/C-E2s required the for-
mation of branched chains.
To analyze signaling by branched chains in vivo, we compared

stable cell lines that expressed Ube2S to produce K11-linked
chains, Ube2G2CTP and siRNAs against Ube2S to synthesize
K48-linked chains, or both K11- and K48-specific APC/C-E2s
to assemble K11/K48-branched chains. To exclude overexpres-
sion artifacts, we selected cells that expressed less Ube2G2CTP

than endogenous Ube2S, and we generated cell lines that con-
tained an extra copy of Ube2S as controls. Confirming our
in vitro analyses, either K11- or K48-specific E2 promoted sub-
strate degradation during anaphase, a time of high APC/C activ-
ity (Figures S7A–S7C). Still, branched chains appeared to be
stronger signals: in normal cells, ubiquitylated substrates remain
temporarily bound to the APC/C. By contrast, in cells assembling
K11/K48-branched chains, in addition to the physiological-
branched conjugates, such proteins were only detected on the
APC/C if the proteasome was inhibited, suggesting that an
increased formation of branched chains facilitated substrate
extraction from APC/C and degradation by the proteasome (Fig-
ure 6A). Accordingly, the levels of a model substrate were
reduced upon coexpression of endogenous Ube2S and
Ube2G2CTP (Figure S7D). For Nek2A, the same results were ob-
tained with physiological E2s: under conditions that supported
formation of branched chains, Nek2A was rapidly extracted
from the APC/C in a proteasome-dependent manner (Figures
6B and 6C). By contrast, if Ube2S was depleted and formation
of branched chains was inhibited, Nek2A remained bound to
the APC/C (Figure 6B), coinciding with its stabilization and
hyperphosphorylation of an APC/C subunit (Figures 1B and Fig-
ures 6B–6D).

Figure 5. Branched Chains Enhance Pro-
teasomal Degradation
(A) Ub-cyclin A was modified by the APC/C and

Ube2S or Ube2G2CTP with either K11- or K48-

linked chains. Reaction products were incubated

with immobilized MBPS5a either alone or together

and analyzed by western blot.

(B) Proteins decorated with K11/K48-linked

branched chains bind more efficiently to S5a than

those modified with single chains. Ub-cyclin A

modified with K11-linked or K11/K48-branched

chains were incubated with MBPS5a under strin-

gent conditions, and binding was monitored by

western blot.

(C) Preferential binding of branched chains is

independent of chain length. 35S-labeled cyclin A

was modified by APC/C, low levels of Ube2C,

Ube2S and/or Ube2G2CTP, and ubiquitin, ubiK11,

or ubiK48 to assemble K11-linked, K48-linked,

or K11/K48-branched chains and incubated

with S5a.

(D) Branched chains increase the affinity of Nek2A

for the proteasomal receptor S5a. 35S-labeled

Nek2A272-445 was modified by APC/C, Ube2C,

and Ube2S with homogenous or branched chains

(using ubiK11 or wild-type ubiquitin) and incubated

with MBPS5a. Reactions were analyzed by auto-

radiography.

(E) Branched chains improve the efficiency

of proteasomal degradation in vitro. 35S-HA-

Nek2A272-445 was modified with branched or

homogenous K11-linked chains and added to

increasing concentrations of 26S proteasomes. Five independent titrations were monitored by autoradiography and quantified using ImageJ (n = 5; data are

average ± SD; **p < 0.002 in paired t test; ***p < 0.001). The asterisk marks background degradation by proteasomes that copurify with APC/C.

(F) Branched chains promote degradation more efficiently. Prometaphase extracts with endogenous Ube2S were treated with Ube2G2CTP in the presence of

ubiquitin mutants. The stability of geminin wasmonitored bywestern blot. Geminin was stable in extracts containingmixtures of ubiR11 and ubiR48, a condition that

allows Ube2S and Ube2G2CTP to assemble mixed, but not branched, chains.

See also Figure S6.
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Bar charts should always start from 0, and on the linear scale.
If difference is small, box plots or original dots are better.
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Scatter plot? Group them if needed
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However, grouping should be even

synthesis upon a pulse of the metabolic precursor 4-thio-uracil
and estimates of absolute mRNA levels (Miller et al., 2011).
Half-lives determined by these methods were in modest or
poor agreement overall and at the level of individual genes.
Most genes in yeasts and higher eukaryotes give rise to an

extraordinarily large number of different mRNA isoforms (Moqta-
deri et al., 2013; Pelechano et al., 2013). In yeast, this extraordi-
nary heterogeneity is mediated through extensive variation of
alternative 50 and 30 ends, whose utilization is largely indepen-
dent (Pelechano et al., 2013). The numerous alternative 30 ends
(i.e., cleavage and polyadenylation sites) are present in varying
abundance, with major species rarely making up more than
half of all transcripts in any given gene (Moqtaderi et al., 2013).
Previous work has also shown that genes with multiple mRNA

isoformssometimesexhibit different half-livesdependingonenvi-
ronmental conditions (Mayr and Bartel, 2009; Ulitsky et al., 2012).
In a few instances, these stability differences mapped to 30 end
elements, some of which were demonstrated to be targets of sta-
bility-influencing RNA-binding proteins (Allen et al., 2013). How-
ever, the extent to which mRNA isoform stability plays a role in
the overall level of nuclear gene expression regulation remains
unknown. Here, we combine conditional depletion of Pol II and
direct RNA sequencing (DRS) (Ozsolak et al., 2009) to measure
mRNA isoform stability on a genome-wide scale in S. cerevisiae.
We identify mRNA stabilizing and destabilizing elements on a
genome-wide scale and provide evidence for a new role of the
poly(A) tail and secondary structure in mRNA stability.

RESULTS

Half-Life Measurements Using the ‘‘Anchor-Away’’
Approach
To measure mRNA isoform half-lives in yeast, we used the
‘‘anchor-away’’ approach (Haruki et al., 2008) to perform condi-
tional depletion of Rpb1, the largest Pol II subunit, from the
nucleus (Fan et al., 2010). Rapamycin addition causes rapid
export of the desired protein (tagged with FRB) from the nucleus
into the cytoplasm,where it is stably anchored via FKBP-Rpl13A.
In the absence of rapamycin, the strain expressing the Rbp1-
FRB fusion has no apparent growth defect when compared to
the parental strain expressing wild-type (WT) Rpb1. Addition of
rapamycin causes a rapid drop in Pol II occupancy at coding re-
gions, typically with <15% of the initial occupancy level after
20 min (Figure 1A). RNA isolated from cells prior to and at
20 min intervals after rapamycin treatment was subjected to
DRS (Ozsolak et al., 2009). Half-lives of mRNAs were calculated
by a nonlinear least-squares model, taking into account the
limited transcription that occurs shortly after rapamycin addition.

Figure 1. Half-Lives of Yeast mRNAs
(A) Average Pol II occupancy (mean ± SEM) at 35 genes during the time course

(minutes after rapamycin addition) as determined by ChIP.

(B) Distribution of the mRNA half-lives in the present study compared to dis-

tributions from three previous studies.

(C) GO categories of genes with unusually short or long half-lives.

(D) Half-life is inversely correlated with ORF length. Stabilities for the 1 kb

group are shorter than predicted, most likely due to the many short-lived

ribosomal protein genes.

See also Figure S1 and Table S1.

Cell 156, 812–824, February 13, 2014 ª2014 Elsevier Inc. 813
Cell 2014

38



39
https://twitter.com/HarenLaurence



Scale bar matters!
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Take-Home Messages

• Always read the axes and pay attention to the scales on a figure. 

• Bar charts should always start from zero on the linear scale. 

• Data point density on a scatter plot is important. 

• Group the data points if needed, but do it in an even way. 
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Having the data is not enough;
presentation and interpretation matter

RNA-seq
ChIP-seq
DNase/ATAC-seq
Hi-C
Single-cell 
resolution…
…

Gene expression
Protein factors
Chromatin
3D genome
Multi-omics
…

Transcriptional 
regulation,
Chromatin 
organization,
…

New insight? New biology! Overfitting, 
overinterpretation...





Thank you very much!

zang@virginia.edu
zanglab.org
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