










1 kb apart as putative alternative promoters and examined the

correlation of alternative TSS expression as a function of the

distance between TSSs. We found that promoters were significantly

less correlated than TSSs located in close proximity with a small

margin (P = 0.041, Student’s t-test; promoters n = 11, average

r = 0.33, SD = 0.16; TSS n = 186, average r = 0.44 and SD = 0.18;

Fig 2D and E), but the absolute difference in correlation was small.

7,369 TSSs had an expression of at least 100 molecules across all

2,816 cells. Of these, 5,872 TSSs passed the criteria that the peak at

the TSS should be specific. 922 genes had expression of at least two

such TSSs and are listed in Table EV2 for CA1 cells. Of these, a

modest number (197) of TSS pairs expressed more than an average

0.5 molecules per cell per TSS, and only six were potential alterna-

tive promoters (Cox16, Nrxn1, Meg3, Fis1, Grm5, and

2610017I09Rik). Alternative TSSs for Cox16 and 2610017I09Rik

overlapped other genes and can therefore not with certainty be said

to constitute true alternative TSSs.

All genes with potential alternative promoter usage were

expressed from different exons. This was also true for two genes

with alternative TSSs located within 1 kb (Snca and Caly), perhaps

indicating alternative promoters. Of the coding genes, the majority

(Nrxn1, Grm5, Snca, and Caly) are involved in neuronal signaling

and the two other (Cox16 and Fis1) are active in the mitochondria.

Only Nrxn1, Cox16, and Fis1 codes for different protein products.

Four genes with TSS expressed from different exons are shown in

Fig 3A–C.

The FANTOM data contain another class of CAGE peaks, located

in genes and often in the 3ʹ UTR which are not annotated as TSSs

(see Appendix Fig S1). Interestingly, we found that the correlations

between alternative TSSs where one TSS was located in the 3ʹ UTR
was much lower than when TSSs were located in the 5ʹ end. In these

cases, correlation also did not increase with gene expression

(Appendix Fig S13). This indicates that a different mechanism of

regulation controls the appearance of cryptic 3ʹ UTR CAGE peaks.

For this reason, like FANTOM, we have not included these CAGE

peaks as true TSSs. Thus, our data recapitulate the surprising

finding done by CAGE sequencing that low aggregates of molecules

map to internal exons and sometimes rather large aggregates of

molecules map to the 3ʹ UTR (Carninci et al, 2006).

An interesting observation is that genes commonly were

expressed in distinct peaks from multiple genomic nucleotide posi-

tions within an annotated TSS in single cells, which was the case

with, for example, Snap25, Stmn3, and Calm1 (Appendix Figs S1

and S14). However, more often reads were scattered across the TSS

region and rarely a single peak from a single nucleotide position

was seen.

To verify our finding that multiple TSSs are expressed in single

cells, we used a previously published dataset where six single oligo-

dendrocyte cells were sequenced for full-length mRNA using PacBio

long read technology. Due to the low sequencing depth of PacBio

sequencing, not all oligodendrocyte alternative TSS could be veri-

fied. A handful of genes with alternative TSS are shown in

Appendix Fig S15A–C, and for clarity, genes with long distance

between the TSSs were chosen.

Considering the bursty nature of gene expression, the rather low

efficiency of single-cell RNA-seq, and the low TSS mapping, we

assumed that either there would be no correlation between the TSSs

or that they would be anti-correlated due to the bursts. In contrast,

we found a high correlation at the single-cell level even at rather

low levels of average TSS expression. In conclusion, minor TSSs

were generally expressed at a fixed fraction of the major TSS,

regardless of the inter-TSS distance, suggesting that they respond to

common distal regulatory signals. Few genes exhibited a different

expression pattern, and the most prominent of those were Cst3.

Bimodal expression pattern of cystatin C (Cst3)

Cst3 encodes cystatin C (Cst C), which is a member of the cystatin

superfamily and its most abundant and potent inhibitor of the

cysteine cathepsins. Since Cst C can be secreted, it confers cysteine

protease regulation both intra- and extracellularly. Cst C has been

implicated in a number of conditions including apoptosis, antigen

presentation, atherosclerosis and pathogen invasion, and the level

of Cst3 mRNA can be influenced by different stimuli like inflamma-

tory cytokines, pathogens, growth factors, hormones and oxidative

stress (Xu et al, 2015).

For CA1 neurons, cells with more than five expressed Cst3 TSS

molecules (in total 251 cells) could be clearly divided into two

groups: One group had a high major TSS expression (> 2:1 ratio

major/minor, here referred to as Cst3 major high) from the group

with a low major TSS expression (≤ 2:1 ratio major/minor, here

referred to as Cst3 major low), and this separation was consistent in

other cell types as well (Appendix Fig S16A). Interestingly, by this

separation, the vast majority of astrocytes were labeled as Cst3 major

high, and the vast majority of interneurons were labeled Cst3 major

low. Transcription factors with binding sites close to the Cst3 gene

include Myog, Spi1, Ebf1, Foxo1, Stat5a:Stat5b, AR, and AP1. Of

those transcription factors, only androgen receptor (AR) and activa-

tor protein 1 (AP1), which is a transcription factor that is composed

of several proteins from the Jun, Fos, ATF, and JDP families, were

expressed at a level higher than 0.5 molecules per cell in cells

expressing Cst3, and of those, only Fos was significantly differen-

tially expressed between Cst3 major high and Cst3 major low cells

with a fold change > 2 (3.8 molecules in average for Cst3 major high

compared to 1.9 for Cst3 major low, P = 0.02 Welch’s t-test), which

indicates that AP1, which is a transcription factor that regulates gene

expression in response to stress, growth factors and cytokines, may

be responsible for the high expression of Cst3 major TSS in some

cells. However, the significance of the differential expression was

removed after Bonferroni correction for multiple testing.

For CA1 neurons, 7,907 genes were expressed at more than 0.5

molecules per cell among Cst3 major high and major low cells. Of

those, 493 genes were significantly differentially expressed in Cst3

major high (P < 0.05, Welch’s t-test with Bonferroni correction) and

127 higher expressed in Cst3 major low. Gene Ontology terms asso-

ciated with regulation of cell proliferation and developmental

processes, receptor, and transmembrane receptor activities and with

extracellular space and plasma region were significantly enriched

(Table EV3) among these genes. Single-cell expression of Cst3 for

CA1 neurons is shown in Appendix Fig S16B.

Discussion

We have examined the use of alternative TSSs in single cells, using

a large dataset comprising thousands of cells and found that
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alternative TSSs were almost always co-expressed in single cells.

Furthermore, in highly expressed genes, alternative TSSs were

expressed in a correlative manner, and the level of correlation was

highly dependent on expression level indicating that the correlation

in lowly expressed genes was reduced due to noise and would

potentially increase with higher mRNA capture efficiency. mRNA
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Figure 3. TSS pairs expressed from different exons.

A Scatterplot showing total expression (horizontal axis) and major/minor TSS correlation coefficient (vertical). Each dot is a gene. Colors represent genes with “TSS” and
“Promoter” TSSs.

B Examples of TSS expression in single CA1 neuron cells. Plots show the number of mRNA molecules detected from the major and minor TSSs in single cells. Each dot is
a single cell. Pearson correlation values are indicated in red.

C Promoter expression of genes with TSS pairs expressed from different exons using the UCSC genome browser. Expression is shown as bars where the y-axis for single
cells has a limit of five molecules and for all cells combined has a limit of 500 molecules. Major and minor TSSs are marked in red, while other CAGE peaks associated
with a gene are marked in black.
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degradation is likely contributing, but not substantially, to the high

correlation in expression between alternative TSS.

These findings would seem to contradict previous reports on the

highly stochastic and bursty nature of gene expression in mammalian

cells (Raj et al, 2006; Raj & van Oudenaarden, 2008). However, first of

all, these previous studies did not measure TSS-specific gene expres-

sion, and indeed, we found that often whole-gene expression was

noisier than TSS-specific expression, especially for highly expressed

genes (Fig 1G and H, and Appendix Fig S3). Second, we have exam-

ined the entire transcriptome, whereas imaging-based studies have

been limited to studying specific selected genes, which may or may

not have been typical of the average gene. Third, it should be noted

that we have here measured steady-state levels, not new transcription,

and thus, the rate of mRNA degradation will influence our measure-

ments. If the degradation rate is low, any fluctuations in transcrip-

tional rate will tend to be erased by time averaging. Finally, there are

many other possible sources of variation in observed total gene

expression, such as the total number of mRNA molecules per cell

(which varies substantially), and technical differences such as dif-

ferences in sequencing depth or mRNA recovery. Indeed, the expres-

sion level of individual genes is dependent on total mRNA expression

level in a cell (Appendix Fig S10). These other factors would not be

expected to differ for alternative TSSs of the same gene.

There are at least two possible explanations for the high correla-

tion between alternative TSSs: Either gene expression is not as

bursty as previously believed (relative to the degradation rate), or

both TSSs participate in each burst of transcription. Our finding that

TSSs located far apart were less correlated lends some support to

the latter explanation, although the effect was small.

Very few genes were exceptions to the rule that there is a set

ratio between the expression of major and minor TSS. The

most prominent of these genes was Cst3 which codes for the gene

cystatin C, an inhibitor of cysteine proteases. mRNA of Cst3 showed

a bimodal expression pattern where the major and minor TSS were

expressed to a similar degree in some cells, while in other cells, the

major TSS was highly selectively expressed. Genes that were highly

expressed in the latter cells were associated with GO terms for

receptor activity, extracellular space, and the plasma membrane,

possibly indicating response to a stress signal. The immediate-early

transcription factor Fos was associated with selective major TSS

expression of Cst3, is a well-known stress response factor, and is

regulated by neuronal activity in the brain.

For highly expressed genes, the correlation between two different

genes was higher when using only reads mapping to the major TSS

as compared to using reads mapping to the full gene body

(Appendix Fig S3). This is probably due to the fact that reads

mapping to the major TSS only reflect gene expression, while reads

mapping to the gene reflect many processes that may not always be

correlated, including mRNA degradation, alternative TSS expres-

sion, PCR strand invasion, intronic reads, and cryptic 3ʹ expression.
This may have implications for clustering of single cells into cell

types since many clustering methods rely on correlation between

genes.

Surprisingly, few genes expressed alternative promoters (defined

as TSS located more than 1 kb apart), and only three coded for dif-

ferent protein products. One explanation for this may be that there

are few occasions where it would be beneficial for a gene to express

transcripts from multiple promoters within a cell type. The presence

and levels of TFs vary across tissues and developmental time, and

since it is known that specific TFs associate more strongly with

certain promoters it is reasonable to believe that this can influence

the promoter preference for specific genes (Rach et al, 2009). Simi-

larly alternative promoters are known to be expressed across tissues

and developmental stages and can, for example, ensure that house-

keeping genes keep a similar expression level given a different regu-

latory landscape, or they can tune the level of expression between

different cell types (Ayoubi, 2005). However, the need for a single

cell type to express multiple TSS isoforms of a gene may be limited.

In summary, we found a surprising degree of co-expression of

alternative TSSs in single cells. These findings provide strong

constraints on models of transcriptional regulation.

Materials and Methods

Data collection

This study uses previously published data (Zeisel et al, 2015, Gene

Expression Omnibus www.ncbi.nlm.nih.gov/geo under accession

code GSE60361) from 2,816 single cells from the mouse somato-

sensory cortex and hippocampal CA1 region of genetically outbred

(CD-1) mice. Raw reads were remapped to mm10 using Bowtie I,

allowing for three mismatches, and annotated to TSSs as explained

below. Reads were converted into mRNA molecule counts using

UMIs, as previously explained (Kivioja et al, 2012). The UMI

sequence is 6 bp long, and reads with the same UMI sequence were

collapsed and UMIs with only one read were removed. Number of

molecules per cell can be found in Table EV4.

Full-length single oligodendrocyte mRNA sequencing data were

taken from previously published data (Karlsson & Linnarsson, 2017,

Gene Expression Omnibus www.ncbi.nlm.nih.gov/geo under acces-

sion code GSE76026).

This link: http://genome-euro.ucsc.edu/cgi-bin/hgTracks?hgS_do

OtherUser=submit&hgS_otherUserName=Kasper&hgS_otherUser

SessionName=mm10_public_promoters_CA1neurons provides access

to a UCSC track showing promoter expression of 20 single cells as

well as the combined expression for all CA1 neurons.

This link: http://genome-euro.ucsc.edu/cgi-bin/hgTracks?hgS_do

OtherUser=submit&hgS_otherUserName=Kasper&hgS_otherUser

SessionName=mm10_public_promoters_CA1_Oligos provides access

to a UCSC track showing promoter expression of 10 single CA1

neuron cells, 10 single oligodendrocyte cells as well as the combined

expression for all CA1 neurons and all oligodendrocytes.

Analysis

Input data

Transcription start site regions were defined based on an early

access program from the FANTOM 5 project and may therefore dif-

fer slightly from the published FANTOM 5 mouse TSS database

(Forrest et al, 2014). All CAGE tags used are shown in Table EV5.

CAGE tags were curated, and tags without association to a gene

were discarded. CAGE tags were also moved from mm9 to mm10

using liftOver from UCSC. In the cases where two TSS regions

overlapped, the longer TSS region was shortened so there would be

no overlap and the minimum distance between two TSSs was 1 bp.
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The distance between TSSs was calculated as the distance between

the edges of the TSSs, not the distance between the centers of the

TSSs. Molecules were allocated to TSSs using a custom program.

For each single cell, cDNA molecules with their 5ʹ end within the

curated CAGE-defined FANTOM 5 TSSs were counted.

For each gene, the major TSS was defined as the TSS that had

the greatest number of mapped mRNA molecules (UMIs) across the

entire dataset (i.e., counting all cell types). The minor TSS was

defined as the TSS that had the second-largest number of molecules.

Because of this definition, the major TSS need not be the highest

expressed TSS in individual cells or cell types.

The major and minor TSSs of each gene were considered to be

proximal TSS if the distance between the TSSs was < 1 kb; all other

TSS pairs were considered as promoter pairs.

To limit the interference of degradation on the analysis, mapped

reads were calculated in a region of equal size as the TSS next to the

annotated TSS both upstream and downstream (here called a reference

region). If another TSS was located in the area where the reference

region should be, then the reference region was moved outside of that

TSS. If a reference region (either upstream or downstream) contained

more than 20% of the combined reads from the TSS and reference

region, then that particular TSS was removed from the analysis.

Normalization to rpk was done for each cell as follows: mole-

cules per TSS/total expressed TSS molecules × 10,000.

RefSeq genes used for annotation in Fig 1B and G were down-

loaded from the UCSC table browser (21-09-2015), and only the first

isoform by the order of the file of each gene was kept.

We used a slightly modified database to map ERCC reads, and

the modifications are shown in Table EV6. The reason for this is

that we previously have observed that for many ERCC reads, the

5ʹ end is slightly upstream of the ERCC reference sequences. In

Fig 1A, for each ERCC, the median of all mapped reads was used as

the starting position and the percentage of reads deviating from the

starting position is shown.

Transcription factor binding sites were extracted from the UCSC

genome browser based on the ORegAnno database, as well as from

a previously published paper (Huh et al, 1995).

Statistical methods

To calculate the difference in correlation between genes with

alternative TSS and genes with alternative promoters, the non-para-

metrical a two-sided Mann–Whitney U-test was used, implemented

by the R function wilcox.test since the number of genes with alter-

native promoters was too few to ensure normal distribution

(n = 11), but had a similar variance. To calculate the difference in

correlation between the upstream and downstream location of the

major TSSs (compare with Appendix Fig S7), a two-sided Student’s

t-test was used, implemented with the R function t.test, since the

data were normally distributed. The line and associated P-value for

Fig 2E and Appendix Figs S6, S7, and S9 was calculated with the lm

method in R. Correlations were calculated using Pearson correlation

and implemented in python using the stats.linregress function in

scipy or the cor function in R.

To calculate how many cells that significantly deviated from

expected major to minor TSS ratio, the binomial test was performed

for each gene across all cells and implemented with the python

function scipy.stats.binom_test, using number of reads of the major

TSS, the total number of TSS reads, and the percentage of major

TSS reads across all cells in a cell type as the probability of success

and without correction for multiple testing.

To calculate significant alternative TSS usage between cell types,

the minor fraction (molecules on minor TSS divided by the sum of

molecules on both TSSs) for each gene and cell was first calculated.

Cells with no expression in either major or minor TSS were removed

and genes expressed in fewer than 20% of cells in any of the two

cell types were removed to keep only genes with at least modest

expression in the two cell types. Since the data were not normally

distributed, a two-sided non-parametrical Mann–Whitney test was

applied, implemented in python using the function stats.mannwhit-

neyu in scipy, with Bonferroni correction on the minor fraction for

each gene on the two cell types. The data could not assume equal

variance of cell expression between cell types for each gene;

however, the combined sample sizes were large (n ≥ 75) for all

genes with a statistical significant differential usage of minor frac-

tion. The number of cells was more than 800 for some genes and

cell types, so small differences in minor fraction could be deter-

mined as statistically significant. Therefore, we additionally required

a difference of at least 0.3 in minor fraction to find genes with

potential biological significance.

All examples from a single cell type were taken from CA1

neurons since they had a high number of molecules per cell in aver-

age and constituted a large fraction of the total dataset with 876

single cells. Comparisons between cell types were performed

between CA1 neurons and oligodendrocytes, unless otherwise

stated, because there were many oligodendrocyte cells, and they are

a clearly distinct cell type from neurons.

Expanded View for this article is available online.

Acknowledgements
We acknowledge funding from the Swedish Research Council (STARGET) and

the European Research Council (ERC grant 261063, BRAINCELL).

Author contributions
SL conceived the study, PL mapped sequencing reads to the genome, and KK

performed all additional analysis. KK and SL drafted the manuscript with input

from PL.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Akan P, Deloukas P (2008) DNA sequence and structural properties as

predictors of human and mouse promoters. Gene 410: 165 – 176

Ayoubi T (2005) Alternative Promoter Usage. In eLS, Chichester: John Wiley &

Sons Ltd. http://www.els.net

Batut P, Dobin A, Plessy C, Carninci P, Gingeras TR (2013) High-fidelity promoter

profiling reveals widespread alternative promoter usage and transposon-

driven developmental gene expression. Genome Res 23: 169 – 180

Carninci P, Sandelin A, Lenhard B, Katayama S, Shimokawa K, Ponjavic J,

Semple CA, Taylor MS, Engstrom PG, Frith MC, Forrest AR, Alkema WB, Tan

SL, Plessy C, Kodzius R, Ravasi T, Kasukawa T, Fukuda S, Kanamori-

Katayama M, Kitazume Y et al (2006) Genome-wide analysis of

mammalian promoter architecture and evolution. Nat Genet 38: 626 – 635

ª 2017 The Authors Molecular Systems Biology 13: 930 | 2017

Kasper Karlsson et al TSS usage in single mouse brain cells Molecular Systems Biology

9

Published online: May 11, 2017 

https://doi.org/10.15252/msb.20167374
http://www.els.net


Deng Q, Ramskold D, Reinius B, Sandberg R (2014) Single-cell RNA-seq

reveals dynamic, random monoallelic gene expression in mammalian cells.

Science 343: 193 – 196

Forrest AR, Kawaji H, Rehli M, Baillie JK, de Hoon MJ, Haberle V, Lassmann T,

Kulakovskiy IV, Lizio M, Itoh M, Andersson R, Mungall CJ, Meehan TF, Schmeier

S, Bertin N, Jorgensen M, Dimont E, Arner E, Schmidl C, Schaefer U et al (2014)

A promoter-level mammalian expression atlas. Nature 507: 462 –470

Huh C, Nagle JW, Kozak CA, Abrahamson M, Karlsson S (1995) Structural

organization, expression and chromosomal mapping of the mouse

cystatin-C-encoding gene (Cst3). Gene 152: 221 – 226

Islam S, Kjallquist U, Moliner A, Zajac P, Fan JB, Lonnerberg P, Linnarsson S

(2011) Characterization of the single-cell transcriptional landscape by

highly multiplex RNA-seq. Genome Res 21: 1160 – 1167

Islam S, Kjallquist U, Moliner A, Zajac P, Fan JB, Lonnerberg P, Linnarsson S

(2012) Highly multiplexed and strand-specific single-cell RNA 5’ end

sequencing. Nat Protoc 7: 813 – 828

Islam S, Zeisel A, Joost S, La Manno G, Zajac P, Kasper M, Lonnerberg P,

Linnarsson S (2014) Quantitative single-cell RNA-seq with unique

molecular identifiers. Nat Methods 11: 163 – 166

Karlsson K, Linnarsson S (2017) Single-cell mRNA isoform diversity in the

mouse brain. BMC Genom 18: 126

Kivioja T, Vaharautio A, Karlsson K, Bonke M, Enge M, Linnarsson S, Taipale J

(2012) Counting absolute numbers of molecules using unique molecular

identifiers. Nat Methods 9: 72 – 74

de Klerk E, t Hoen PA (2015) Alternative mRNA transcription, processing, and

translation: insights from RNA sequencing. Trends Genet 31: 128 – 139

Leroith D, Roberts CT Jr (1993) Insulin-like growth factors. Ann N Y Acad Sci

692: 1 – 9

Pelechano V, Wei W, Steinmetz LM (2015) Widespread co-translational RNA

decay reveals ribosome dynamics. Cell 161: 1400 – 1412

Rach EA, Yuan HY, Majoros WH, Tomancak P, Ohler U (2009) Motif composition,

conservation and condition-specificity of single and alternative

transcription start sites in the Drosophila genome. Genome Biol 10: R73

Raj A, Peskin CS, Tranchina D, Vargas DY, Tyagi S (2006) Stochastic mRNA

synthesis in mammalian cells. PLoS Biol 4: e309

Raj A, van Oudenaarden A (2008) Nature, nurture, or chance: stochastic gene

expression and its consequences. Cell 135: 216 – 226

Rojas-Duran MF, Gilbert WV (2012) Alternative transcription start site

selection leads to large differences in translation activity in yeast. RNA 18:

2299 – 2305

Shalek AK, Satija R, Adiconis X, Gertner RS, Gaublomme JT, Raychowdhury R,

Schwartz S, Yosef N, Malboeuf C, Lu D, Trombetta JJ, Gennert D, Gnirke A,

Goren A, Hacohen N, Levin JZ, Park H, Regev A (2013) Single-cell

transcriptomics reveals bimodality in expression and splicing in immune

cells. Nature 498: 236 – 240

Tang DT, Plessy C, Salimullah M, Suzuki AM, Calligaris R, Gustincich S,

Carninci P (2013) Suppression of artifacts and barcode bias in high-

throughput transcriptome analyses utilizing template switching. Nucleic

Acids Res 41: e44

Velten L, Anders S, Pekowska A, Jarvelin AI, Huber W, Pelechano V, Steinmetz

LM (2015) Single-cell polyadenylation site mapping reveals 30 isoform

choice variability. Mol Syst Biol 11: 812

Xu Y, Ding Y, Li X, Wu X (2015) Cystatin C is a disease-associated

protein subject to multiple regulation. Immunol Cell Biol 93:

442 – 451

Zeisel A, Munoz-Manchado AB, Codeluppi S, Lonnerberg P, La Manno G,

Jureus A, Marques S, Munguba H, He L, Betsholtz C, Rolny C, Castelo-

Branco G, Hjerling-Leffler J, Linnarsson S (2015) Brain structure. Cell types

in the mouse cortex and hippocampus revealed by single-cell RNA-seq.

Science 347: 1138 – 1142

License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

Molecular Systems Biology 13: 930 | 2017 ª 2017 The Authors

Molecular Systems Biology TSS usage in single mouse brain cells Kasper Karlsson et al

10

Published online: May 11, 2017 


