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Gene expression: log10(transcripts per million)

# 
ge

ne
s

−4 −2 0 2 4
0

200

400

600

800

1000

1200
totalRNA
raRNA
footprints
MS (fractionated)
MS (standard)

footprints
RNA-seq of
ribosome-bound
RNA fragments

raRNA
RNA-seq of 
ribosome-affiliated
RNA captured by
RPL10a-eGFP IP

totalRNA
RNA-seq of all
cellular RNA

MS proteomics
single-injection &
fractionated mass-
spectrometry

cytosol

nucleus
ribosome

RNA

protein

a)

b)



IP
 1

cu
sh

io
n 

1

cu
sh

io
n 

2

Unique Mapped Reads

re
ad
−c

ou
nt

0
50

00
0

10
00

00
20

00
00

30
00

00

IP

cu
sh

io
n 

1

cu
sh

io
n 

2

Intergenic
Intron
NonCodingExon
3'UTR
5'UTR
CDS

Filtered Reads

re
ad
−c

ou
nt

0
50

00
0

10
00

00
20

00
00

30
00

00

IP
 1

cu
sh

io
n 

1

cu
sh

io
n 

2

Unique Mapped Reads

re
ad
−c

ou
nt

0
50

00
0

10
00

00
20

00
00

30
00

00

IP

cu
sh

io
n 

1

cu
sh

io
n 

2

Intergenic
Intron
NonCodingExon
3'UTR
5'UTR
CDS

Filtered Reads

re
ad
−c

ou
nt

0
50

00
0

10
00

00
20

00
00

30
00

00

0

5000

10000

15000

20000 # genes annotated in Gencode21
# genes detected in totalRNA

●

●
● ●

●
● ●

● ●
●

● ● ●

●

●

●
●

% totalRNA genes detected as raRNA

0

10

20

30

40

50

60

70

80

90

100

pro
tei

n_
co

din
g

pro
ce

sse
d_

tra
ns

cri
pt

se
ns

e_
ov

erl
ap

pin
g

tra
ns

cri
be

d_
un

pro
ce

sse
d_

ps
eu

do
ge

ne

tra
ns

cri
be

d_
pro

ce
sse

d_
ps

eu
do

ge
ne

an
tise

ns
e

sn
RNA

sn
oR

NA

se
ns

e_
int

ron
ic

linc
RNA

TEC

pro
ce

sse
d_

ps
eu

do
ge

ne

un
ita

ry_
ps

eu
do

ge
ne

un
pro

ce
sse

d_
ps

eu
do

ge
ne

po
lym

orp
hic

_p
se

ud
og

en
e

miRNA

misc
_R

NA

all genes

log10(TPM)

# 
ge

ne
s

−4 −2 0 2 4

0

200

400

600

800

1000

1200

protein coding genes

log10(TPM)

# 
ge

ne
s

−4 −2 0 2 4

0

200

400

600

800

1000

1200

totalRNA
raRNA
footprints
proteomics (fractionated)
proteomics (standard)

all genes

log10(TPM)

# 
ge

ne
s

−4 −2 0 2 4

0

200

400

600

800

1000

1200

protein coding genes

log10(TPM)

# 
ge

ne
s

−4 −2 0 2 4

0

200

400

600

800

1000

1200

totalRNA
raRNA
footprints
proteomics (fractionated)
proteomics (standard)

# 
ge

ne
s

%
 totalR

N
A genes

c)

b)

d)

a)
Fi

gu
re

 S
1

all genes

protein-coding genes

0

5000

10000

15000

20000 # genes annotated in Gencode21
# genes detected in totalRNA

●

●
● ●

●
● ●

● ●
●

● ● ●

●

●

●
●

% totalRNA genes detected as raRNA

0

10

20

30

40

50

60

70

80

90

100

pro
tei

n_
co

din
g

pro
ce

sse
d_

tra
ns

cri
pt

se
ns

e_
ov

erl
ap

pin
g

tra
ns

cri
be

d_
un

pro
ce

sse
d_

ps
eu

do
ge

ne

tra
ns

cri
be

d_
pro

ce
sse

d_
ps

eu
do

ge
ne

an
tise

ns
e

sn
RNA

sn
oR

NA

se
ns

e_
int

ron
ic

linc
RNA

TEC

pro
ce

sse
d_

ps
eu

do
ge

ne

un
ita

ry_
ps

eu
do

ge
ne

un
pro

ce
sse

d_
ps

eu
do

ge
ne

po
lym

orp
hic

_p
se

ud
og

en
e

miRNA

misc
_R

NA

IP 1

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

cushion 1

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

cushion 2

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

IP 1

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

cushion 1

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

cushion 2

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

IP 1

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

cushion 1

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

cushion 2

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

13 18 23 28 33 38 43 48

L10a IP cushion1 cushion2

IP 1

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

20
00

00

13 18 23 28 33 38 43 48

All reads
Uniquely mapped

cushion 1

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

20
00

00

13 18 23 28 33 38 43 48

cushion 2

read length (nt)

re
ad

 c
ou

nt

0
50

00
0

10
00

00
15

00
00

20
00

00

13 18 23 28 33 38 43 48



0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1 10 50 100 500 1000 2000
EligibleReads

fra
ct

io
n 

tra
ns

cr
ip

ts
 w

ith
 c

or
re

ct
 fr

am
e

log10(nTranscripts)
0
1
2
3

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1 10 50 100 500 1000 2000
EligibleReads

fra
ct

io
n 

tra
ns

cr
ip

ts
 w

ith
 c

or
re

ct
 fr

am
e

log10(nTranscripts)
0
1
2
3

ribosome IPa)

c)

sucrose cushion b)
26 27 28 29 30 31 32 33

2.5
2
1.5
1
0.5
0

read length (nt) re
ad
−m

id
po

in
t −

 n
ea

re
st

 c
od

on
 s

ta
rt 

(n
t)

0 0.51 0 0.3 0 0.08 0 0.27
0.44 0 0.41 0 0.09 0 0.31 0

0 0.35 0 0.13 0 0.46 0 0.46
0.33 0 0.14 0 0.61 0 0.55 0

0 0.14 0 0.57 0 0.46 0 0.27
0.23 0 0.45 0 0.3 0 0.14 0

26 27 28 29 30 31 32 33

2.5
2
1.5
1
0.5
0

read length (nt) re
ad
−m

id
po

in
t −

 n
ea

re
st

 c
od

on
 s

ta
rt 

(n
t)

0 0.59 0 0.07 0 0.02 0 0.34
0.54 0 0.07 0 0.01 0 0.26 0

0 0.23 0 0.03 0 0.38 0 0.49
0.19 0 0.12 0 0.67 0 0.67 0

0 0.18 0 0.9 0 0.59 0 0.17
0.27 0 0.81 0 0.32 0 0.06 0

re
ad

-m
id

 fr
am

e 
of

fs
et

 (n
t)

re
ad

-m
id

 fr
am

e 
of

fs
et

 (n
t)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 1 2
log10(readCount)

fra
ct
io
nC

or
re
ct
Fr
am

es log10(nTranscripts)

0

1

2

3

fr
ac

tio
n 

of
 tr

an
sc

rip
ts

 c
al

le
d 

in
 c

or
re

ct
 fr

am
e IPcushion

5’ 3’
read length % reads in frame  

cushion
% reads in frame  

IP

26nt 44% 54%

27nt 51% 59%

28nt 45% 81%

29nt 57% 90%

30nt 61% 67%

31nt 46% 59%

32nt 55% 67%

ribosome

read length (nt) read length (nt)

fr
ac

tio
n 

of
 tr

an
sc

rip
ts

 c
al

le
d 

in
 c

or
re

ct
 fr

am
e

e)

# eligible mapped reads per transcript# eligible mapped reads per transcript

d)

Fi
gu

re
 S

2

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 1 2
log10(readCount)

fra
ct
io
nC

or
re
ct
Fr
am

es log10(nTranscripts)

0

1

2

3

eligible reads: 
- in CDS 
- >50% in correct frame



0
500

1000

co
un

t

1e−02

1e+00

1e+02

1e+04

0.00 0.25 0.50 0.75 1.00
major transcript fraction

m
aj

or
 tr

an
sc

rip
t e

xp
re

ss
io

n 
− 

lo
g1

0(
TP

M
)

0 1000 2000
count

single transcript

agree

disagree

#genes 0 5000 10000 15000 20000 #genes 0 5000 10000 15000 20000

co
un

t

1e−02

1e+00

1e+02

1e+04

0.00 0.25 0.50 0.75 1.00
major transcript fraction

m
aj

or
 tr

ns
cr

ip
t e

xp
re

ss
io

n 
− 

lo
g1

0(
TP

M
)

0 1000 2000
count

0.0 0.2 0.4 0.6 0.8 1.0

−2
−1

0
1

2
3

minimum major transcript fractionm
in

im
um

 m
aj

or
 tr

an
sc

rip
t e

xp
re

ss
io

n 
− 

lo
g1

0(
TP

M
)

0.0 0.2 0.4 0.6 0.8 1.0

−2
−1

0
1

2
3

minimum major transcript fractionm
in

im
um

 m
aj

or
 tr

an
sc

rip
t e

xp
re

ss
io

n 
− 

lo
g1

0(
TP

M
)

50
60

70
80

90
10

0
%

 g
en

es
 w

ith
 c

on
si

st
en

t d
om

in
an

t t
ra

ns
cr

ip
t

single transcript

agree

disagree

a)

b)

c)

totalRNA raRNA
basic agreement in
major transcript over
3 replicate samples:

totalRNA: 74% genes
raRNA: 81% genes

agreement 
depends on 
transcript dominance
-and- 
transcript expression

using genes with a
major isoform 
expressed ≥5 TPM
and comprising ≥50%
of the overall gene
abundance the
agreement between 
replicate samples 
increses:

totalRNA: 93% genes
raRNA: 97% genes

0
500

1000

Figure 2



0

10000

20000

30000

40000

0.00 0.25 0.50 0.75 1.00
probability of observing/inferring junction from data

nu
m

be
r o

f m
R

N
A 

tra
ns

cr
ip

ts

dataType
RNA_pe
RNA_se
FP
MSMS

Fi
gu

re
 S

3 mean probabilities: 
RNA_pairedEnd = 85% 
RNA_singleEnd = 52% 

footprints = 23% 
mass-spec = 30%



0.00

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00
exonic fraction: totalRNA

ex
on

ic
 fr

ac
tio

n:
 ra

R
N

A

log10(..count..)
0
1
2
3

0

1

2

3

log10(..count..)

0.00

0.25

0.50

0.75

1.00

0.00 0.25 0.50 0.75 1.00
exonic fraction: totalRNA

ex
on

ic
 fr

ac
tio

n:
 p

ol
yA

log10(..count..)
0
1
2
3

0

1

2

3

log10(..count..)

exonic fraction:  36 reads / (36+12 reads) = 0.75

12 reads 6 reads 3 reads 15 reads5 reads 2 reads 5 reads

intron intron intron

exon exonexonexona)

b) c)

Fi
gu

re
 S

4



Figure 3

update ratios

p
ri
o

rs

footprint reads:

example: resolving the isoforms of POLDIP3

isoform ratios

s
te

p
 2

s
te

p
 1

s
te

p
 N

naïve RNA

POLDIP3-001

POLDIP3-002

POLDIP3-202

POLDIP3-203

POLDIP3-201

prior isoform ratios

naïve RNA3’ 5’

E
M

-001 2.8 7.5

-002 2.8 3.4

-202 2.8 0.1

-203 1.8 0

-201 0.8 0

-001 3.1 7.6

-002 3.1 3.3

-202 3.1 0.1

-203 1.4 0

-201 0.3 0

-001 3.67 7.6

-002 3.67 3.3

-202 3.67 0.06

-203 0 0

-201 0 0

numbers of reads
s

te
p

 2
s

te
p

 1
s

te
p

 N

naïve RNA
update ratios

iterate

re-assign

reads

assign reads based on prior isoform ratios

re
s
u
lt

posterior isoform ratios

naïve RNA

footprint reads:

POLDIP3-001

POLDIP3-002

POLDIP3-202

3’ 5’

The biological (RNA) prior supports POLDIP3-001 as the >2-fold dominant 

isoform, while the naïve prior gets stuck with three equally likely isoforms:



FP:Naive FP:Total FP:L10a MS:Naive MS:L10a MS:raRNA+FP

●

●

●

●

●

●

●
●

●
●

●
●

● ●

● ●

● ●

● ●

● ●

● ●

● ●

● ●

● ●

●

●

●

●

●

●

●
●

● ●

● ●

● ●

● ●

● ●

● ●

● ●

● ●

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

PO
LD

IP3−001
PO

LD
IP3−002

PO
LD

IP3−202
PO

LD
IP3−203

PO
LD

IP3−201

prior after prior after prior after prior after prior after prior after
stage

tra
ns
cr
ip
tF
ra
ct
io
n

transcript_name
●

●

●

●

●

POLDIP3−001
POLDIP3−002
POLDIP3−202
POLDIP3−203
POLDIP3−201

transcript_biotype
● protein_codingFi

gu
re

 S
5

POLDIP3-001 (coding) 
POLDIP3-002 (coding) 
POLDIP3-003 (NMD) 
POLDIP3-202 (coding) 
POLDIP3-203 (coding) 
POLDIP3-201 (coding) 
POLDIP3-006 (processed) 
POLDIP3-005 (NMD) 
POLDIP3-004 (processed)

totalRNA

raRNA

footprints

a) 330

360

3

b)

FLAM_C (Alu SINE)



RNA-seq prior 
(optional)

RNA-seq + footprint prior 
(optional)

aligned spectra 
(.xml)

MS/MS spectra 
(.mzxml)

protein isoform  
quantifications (.exprs)

map spectra 

(X!Tandem)

transcriptome  
alignments (.bam)

transcriptome  
alignments (.bam)

footprint  
reads (.fq)

RNA-seq 
reads (.fq)

a) ribosome footprint EM

naïve prior

G
en

co
de

 
an

no
ta

ti
on assign to transcripts using 

miBAT
footprint transcript 

quantifications (.exprs)

RNA-seq prior 
(optional) G

en
co

de
 

an
no

ta
ti

on

b) mass-spec proteomics EM

transcript 
quantifications (.xprs)

naïve prior

align reads 

(STAR)

align reads 

(STAR)

quantify 

(eXpress)

transcriptome  
alignments (.bam)

RNA-seq 
reads (.fq)

G
en

co
de

 
an

no
ta

ti
on

assign to transcripts using 
miBAT

G
en

co
de

 
an

no
ta

ti
on transcript 

quantifications (.xprs)

align reads 

(STAR)

quantify 

(eXpress)

footprint transcript 
quantifications (.exprs)

Fi
gu

re
 S

6

-or-



naïve raRNA raRNA+FP

�

�

�
�

�

�

�
�

�
�

�

�

�

�

�
�

�
�

�
�

�

�

� �

�
�

� �

�

�

�
�

� �

� �

�

�

� �

� �

� �

�

�

� �

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

cluster3 (N=314)
cluster5 (N=120)

cluster1 (N=28)
cluster7 (N=92)

cluster6 (N=109)
cluster2 (N=332)

cluster8 (N=76)
cluster4 (N=141)

prior after prior after prior after

FP:naïve FP:totalRNA FP:raRNA MS:naïve MS:raRNA MS:raRNA+FP

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

PO
LDIP3

ALDH2
PDHB

CO
PE

M
O

G
S

prior after prior after prior after prior after prior after prior after

tra
ns

cr
ip

tF
ra

ct
io

n

ALDH2−001
ALDH2−003

COPE−001
COPE−002
COPE−004
COPE−201

MOGS−001
MOGS−002
MOGS−007
MOGS−201

POLDIP3−001
POLDIP3−002
POLDIP3−202

transcript
name

PDHB−001
PDHB−005
PDHB−008

product
size (nt)

563
476
614

482
341

268
-
214

604
451
-
-

449
-
-
123

naïve totalRNA raRNA

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�
�

�
�

�

�

�
�

�
�

�

�

�

�

�

�

� �

�
�

�
�

�
�

� �

�

�

�

�

� �

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

0.00
0.25
0.50
0.75
1.00

cluster5 (927)
cluster4 (1066)

cluster3 (1211)
cluster7 (591)

cluster2 (1546)
cluster6 (767)

cluster8 (434)
cluster1 (108)

prior after prior after prior after

m
aj

or
 is

of
or

m
 fr

ac
tio

n 
of

 g
en

e 
ex

pr
es

sio
n

a) b)
Fi

gu
re

 4

d)

FP MS/MS c)

100



c)

d)

a)
Fi

gu
re

 S
7

naïve EM

# 'best' isoforms per gene

# 
ge

ne
s

0 2 4 6 8 10

0
50

0
10

00
15

00
20

00
25

00 Footprints (58.2% ambiguous multi−isoform genes)
MS peptides (58.1% ambiguous multi−isoform genes)

FP: naïve EM

majorIsoform / secondIsoform

# 
ge

ne
s

1 2 3 4 5

0
50

0
10

00
15

00
20

00
25

00
30

00
35

00

MS: naïve EM

majorIsoform / secondIsoform

# 
ge

ne
s

1 2 3 4 5

0
10

0
20

0
30

0
40

0
50

0

FP: totalRNA prior

majorIsoform / secondIsoform

# 
ge

ne
s

1 2 3 4 5

0
10

00
20

00
30

00
40

00

major isoform dominance:
2−fold dominant:83%
10−fold dominant:57.9%
100−fold dominant:43.2%

FP: raRNA prior

majorIsoform / secondIsoform

# 
ge

ne
s

1 2 3 4 5

0
10

00
20

00
30

00
40

00

major isoform dominance:
2−fold dominant:82.5%
10−fold dominant:58.1%
100−fold dominant:44.2%

MS: raRNA prior

majorIsoform / secondIsoform

# 
ge

ne
s

1 2 3 4 5

0
10

0
20

0
30

0
40

0
50

0

major isoform dominance:
2−fold dominant:78.1%
10−fold dominant:45.5%
100−fold dominant:26.3%

MS: raRNA+FP prior

majorIsoform / secondIsoform

# 
ge

ne
s

1 2 3 4 5

0
10

0
20

0
30

0
40

0
50

0

major isoform dominance:
2−fold dominant:83.8%
10−fold dominant:63.3%
100−fold dominant:46.9%

b)



raRNA after

raRNA prior

totalRNA after

totalRNA prior

naïve after

naïve prior

0 0.2 0.4 0.6 0.8 1

isoform Fraction

raRNA+FP after

raRNA+FP prior

raRNA after

raRNA prior

naïve after

naïve prior

3 31 7 6 8 6 2 5 43

a)

b)

cluster ID

4 cluster ID6 7 1 2 3 5 8

Figure S8
fo

ot
pr

in
ts

M
S/

M
S



Figure S9
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