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LETTER TO EDITOR

Integrated single-cell RNA sequencing analyses suggest
developmental paths of cancer-associated fibroblasts with
gene expression dynamics

Dear Editor,
The origin and the phenotypic heterogeneity of cancer-

associated fibroblasts (CAFs) are suggested by various
models, but not completely understood.1–3 We used six
publicly available single-cell RNA sequencing (scRNA-
seq) datasets of five cancer types (except breast cancer)
on CAFs and corresponding normal fibroblasts (NFs) (Fig-
ure 1A)4–6 and established a comprehensivemodel for CAF
development and gene expression dynamics over time. The
fibroblast fraction constituted less than 10% of all cellular
components in each dataset (Figure 1B). This relatively low
fraction may be ascribed to our two-step, strict procedure
for defining fibroblasts.
Based on the global gene expression patterns, breast

cancer CAFs were markedly different from CAFs from
other organs (Figure 1C). K-means clustering with optimal
k number calculated using the sum of squared error for
each sample and subsequent principal component anal-
yses revealed the presence of several CAF and NF clus-
ters (Figure S1). Based on the recent discovery of PRRX1
as a critical regulator of the fibroblast-specific key tran-
scriptional network,7 we examined PRRX1 expression in
each cluster. None of the NFs exhibited PRRX1 activity,
whereas certain CAF clusters showed significantly high
PRRX1 expression (Figure 1E). Furthermore, the known
CAF-related genes in various functional categories were
upregulated only in the CAF clusters with high PRRX1
activity (Figure 1F). Thus, we labeled these CAFs as “per-
petually activated CAFs” (paCAFs), which were consti-
tuted approximately 50%–80% of all CAFs in each dataset
(Figure 1D).
Bone marrow-derived mesenchymal stem cells (BM-

MSCs) or local tissue-resident (tr)-fibroblasts were sug-
gested as the primary source of CAFs; therefore, we exam-
ined BM-MSC markers.2,8 CAFs generally express higher
levels of BM-MSC markers than NFs (Figure S2). Sub-
group analysis revealed that the CAF clusters with higher
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BM-MSCmarker expression only comprised paCAFs (Fig-
ures 2A and 2B). Meanwhile, since one NF cluster from
each set also showed high BM-MSC marker expression,
we named these “tr-MSC-like fibroblasts” (tr-MSCFs) (Fig-
ures 2C and 2D). We confirmed that both tr-MSCFs and
paCAFs showed lack of expression of hematopoietic stem
cell markers (Figure S3), implying that they were derived
from BM-MSCs. Owing to the relatively low transcrip-
tional activities in the remaining NFs (Figure S4), they
were named tr-resting fibroblasts (tr-RFs). These cellswere
considered terminally differentiated mature tissue fibrob-
lasts with no phenotypical plasticity. However, they may
have originated from tr-MSCFs, at least partly. In the
paCAF group investigation, one paCAF cluster showed
a myofibroblastic (my)CAF signature (Figures 2E and
2F), whereas the other showed an inflammatory (i)CAF
signature.9 Further subgroup analysis using unsupervised
k-means clustering on colon and lung cancer dataset
paCAFs revealed two subclusters with a myCAF or iCAF
signature (Figures 2G-2I, and S5A).
Next, to trace the origin of paCAFs, we performed all

possible pairwise correlation analyses. In colon and lung
cancers, paCAFs showed exclusive correlation with tr-
MSCFs, whereas tr-RFs were associated with non-paCAFs
(Figures 3A and S6A). Trajectory inference analyses indi-
cated the progressive differentiation of tr-MSCFs into
paCAFs (Figure 3B). This suggested that the paCAFs can
be originated from tr-MSCFs in the adjacent normal tissue,
although the split trajectories in these datasets also sug-
gested that some paCAFsmay have originated from tr-RFs
or non-paCAFs.Analyses of the transition between the two
paCAF subclusters revealed a significantly longer pseu-
dotime in myCAFs than in iCAFs, indicating serial gene
expression transition (Figure 3C). RNA velocity analysis
also supported the paths of the tr-MSCF-iCAF-myCAFaxis
(Figure 3D). These findings were reproduced in indepen-
dent “colon set 2″ (Figure 3E). In lung cancer,myCAFs and
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F IGURE 1 Overall study design and identification of perpetually activated cancer-associated fibroblast (paCAF) groups. (A) Single-cell
RNA sequencing dataset used in this study and the overview of the procedure for fibroblast identification. (B) Summary of fibroblasts
identified in each dataset. (C) Principal component analysis (PCA) demonstrating the clustering of CAFs according to the organs, indicating
that the batch effect was unremarkable. Based on global gene expression patterns, only CAFs in breast cancer were found to be distinctively
different from the CAFs from other organs. (D) Number and proportion of fibroblast clusters identified in each dataset using K-means
clustering. (E) PRRX1 expression (median) in each fibroblast group. High PRRX1 expression was observed only in certain fibroblast groups
from each cancer tissue, whereas it was not observed in any of the fibroblast groups from normal tissues. (F) Expression of known
CAF-related genes (median) in CAF clusters. High expression of these genes was observed only in the CAF cluster(s) with high PRRX1
activity. Therefore, these CAFs were defined as paCAFs in this study

iCAFs showed narrow pseudotime zones, and the transi-
tion from iCAFs to myCAFs was unremarkable, probably
owing to the low number of fibroblasts (Figure S6B). The
tr-MSCFs were also exclusively correlated with paCAFs
in the stomach and ovaries (Figure 3F). In addition,
trajectory analysis revealed that tr-MSCFs, iCAFs, and
myCAFs were on a continuous progression with increas-
ing pseudotime in stomach cancer (Figures 3G-3I), indi-
cating that tr-MSCFs are first transformed into iCAFs and

then to myCAFs (Figure 3J). In ovarian cancer, two dis-
tinct paths of tr-MSCF progression, related to the peri-
toneum and omentum, were observed (Figure 3K). The
iCAFs in ovarian cancer were located halfway along the
trajectory from the tr-MSCFs to myCAFs, and the tr-
MSCFs and iCAFs were mixed in the front end of the
continuous line of increasing pseudotime (Figures 3L
and 3M), suggesting two different routes of development:
(1) tr-MSCFs to myCAFs via iCAFs, or (2) direct transi-



LETTER TO EDITOR 3 of y

CAF group with

MSC properties 

non-paCAF group

FB (CAF) Groups
1 2 3 4

Colon 1

Colon 2

Stomach

Ovary

Lung

Tumor tissueA

paCAF group

tr-MSCF group

tr-RF group

*** FWER<0.001

**  FWER<0.01

*   FWER<0.05

na, not applicable

(median value = 0)

1 2 3 4
FB Groups

Normal tissue

Colon 1

Colon 2

Stomach

Ovary

Lung

C

ITGB1 (CD29) NT5E (CD73) THY1 (CD90) ENG (CD105)

Bone marrow derived mesenchymal stem cell markers

B

1 2

0
2

4

1 2

0
.0

1
.5

1 2

0
2

4

1 2

0
.0

1
.5

1 2
0

2

1 2

0
.0

1
.0

2
.0

1 2

0
2

1 2

0
.0

1
.0

2
.0

1 2 3 4

0
2

4

1 2 3 4

0
.0

1
.5

1 2 3 4

0
2

4

1 2 3 4

0
.0

1
.5

1 2 3 4

0
2

4

1 2 3 4

0
.0

2
.0

1 2 3 4

0
2

4

1 2 3 4

0
2

4

1 2

0
2

4

1 2

0
.0

1
.0

1 2

0
2

4

1 2

0
.0

1
.5

3
.0

C
o

lo
n

 1
L

u
n

g
O

v
a

ry
S

to
m

a
c
h

C
o

lo
n

 2

T
u

m
o

r 
ti
s
s
u

e
s

na
*** na

***

na

*** ***

***

na

*** ***

*** na ***
na

***

na

*** na

ns
D

1 2

0
2

4

1 2

0
.0

1
.5

1 2

0
2

4

1 2

0
.0

1
.5

3
.0

1 2

0
.0

1
.5

3
.0

1 2

0
.0

1
.0

2
.0

1 2

0
.0

2
.0

1 2

0
.0

1
.5

1 2

0
1

2
3

1 2

0
.0

1
.0

1 2

0
2

4

1 2

0
.0

1
.5

1 2 3 4

0
2

1 2 3 4

0
.0

2
.0

1 2 3 4

0
2

4

1 2 3 4

0
2

1 2

0
2

1 2

0
.0

1
.0

1 2

0
2

4

1 2

0
1

2
3

C
o

lo
n

 1
L

u
n

g
O

v
a

ry
S

to
m

a
c
h

C
o

lo
n

 2

N
o

rm
a

l 
ti
s
s
u

e
s

*** *** ***

*** ***

na

***

na

na
na

na
na

***

na

na *

ns

ns na

na

ITGB1 (CD29) NT5E (CD73) THY1 (CD90) ENG (CD105)

F

ACT
A2

TAG
LN

0
1

2
3

4
5

6

E
x
p

re
s
s
io

n
 (

lo
g

2
)

0
1

2
3

4
5

6
0

1
2

3
4

5
6

0
1

2
3

4
5

6
0

1
2

3
4

5
6

PDG
FRA CFD CXC

L12

0
1

2
3

4
5

6

E
x
p

re
s
s
io

n
 (

lo
g

2
)

0
1

2
3

4
5

6
0

1
2

3
4

5
6

0
1

2
3

4
5

6
0

1
2

3
4

5
6

0
1

2
3

4
5

6
0

1
2

3
4

5
6

**
**

*** *** ***

paCAF 1

paCAF 2

0
.0

1
.0

2
.0

3
.0

m
y
C

A
F

 s
ig

n
a

tu
re

paCAF 1

paCAF 2

0
.0

0
.5

1
.0

1
.5

iC
A

F
 s

ig
n

a
tu

re

paCAF 1

paCAF 2

0
.0

1
.0

2
.0

3
.0

m
y
C

A
F

 s
ig

n
a

tu
re

paCAF 1

paCAF 2

0
.0

0
.5

1
.0

1
.5

2
.0

iC
A

F
 s

ig
n

a
tu

re

Stomach cancer Ovary cancer

*** ***
***

***

E

*** p<0.001

**  p<0.01

*   p<0.05

myCAF-related genes iCAF-related genes

*** p<0.001

**  p<0.01

*   p<0.05

paCAF1

paCAF2

paCAF (CAF group 2)

(Colon 1 set)

paCAF (CAF group 1)

(Colon 2 set)myCAF iCAF

1 2

0
1

2
3

paCAF subgroup

S
ig

n
a

tu
re

1 2

0
.0

0
.5

1
.0

1
.5

S
ig

n
a

tu
re

myCAF iCAF

1 2

0
1

2
3

paCAF subgroup

S
ig

n
a

tu
re

1 2

0
.0

0
.5

1
.0

1
.5

2
.0

S
ig

n
a

tu
re

1 2

0
.0

1
.0

2
.0

3
.0

paCAF subgroup

S
ig

n
a

tu
re

1 2

0
.0

0
.5

1
.0

1
.5

S
ig

n
a

tu
re

myCAF iCAF

paCAF (CAF group 2)
(Lung)

paCAF subgroup 1

paCAF subgroup 2

G H I

*** ***
*** ***

*** *

paCAF subgroup 2

paCAF subgroup 1 paCAF subgroup 1

paCAF subgroup 2
*** p<0.001
*   p<0.05

*** p<0.001 *** p<0.001

−15 −10 −5 0 5 10 15 20

−
1

5
−

1
0

−
5

0
5

1
0

PC1 (4.7%)

P
C

2
 (

2
.5

%
)

−
1

0
−

5
0

5
1

0
1

5

−15 −10 −5 0 5 10 15 20

PC1 (3.3%)

P
C

2
 (

2
.4

%
)

−10 0 10 20

−
2
0

−
1
0

0
1

0

PC1 (9.9%)

P
C

2
 (

7
.8

%
)

F IGURE 2 Characteristics of cancer-associated fibroblasts (CAFs) and their heterogeneous subtypes. (A and B) Assessment of bone
marrow-derived mesenchymal stem cell (BM-MSC) markers in CAF clusters. The CAF clusters expressing high levels of BM-MSC markers
only comprised perpetually activated cancer-associated fibroblasts (paCAFs). (C and D) Assessment of BM-MSC markers in normal fibroblast
(NF) groups. One NF cluster in each organ exhibited high expression of BM-MSC markers, named tissue resident-MSC-like fibroblasts
(tr-MSCFs). The remaining fibroblasts among NFs were named tr-resting fibroblasts (tr-RFs). (E and F) One of the CAF cluster represented
the myofibroblastic (my)CAF signature, whereas the other group represented the inflammatory (i)CAF signature in both stomach and
ovarian cancers (Wilcoxon rank-sum test). myCAFs exhibited high ACTA2 and TAGLN expression, whereas iCAFs exhibited high PDGFRA,
CFD, and CXCL12 expression. (G-I) The subclusters of the paCAF group of colon set 1, colon set 2, and lung set identified by further subgroup
analyses also represented the myCAF or iCAF signature

tion of tr-MSCFs to myCAFs (Figure 3N). We validated
the trajectory analyses of CAFs using Slingshot (Figure
S6C). The gene expression profiles of tr-MSCFs were
more similar to those of iCAFs compared with myCAFs
(Figures 3O and S7A).

In addition, using publicly available BM-MSC data
(GSE147287),10 we identified that BM-MSCs, like tr-
MSCFs, showed higher iCAF-related genes expressions
(Figure 3P). Correlation analysis between BM-MSCs and
the fibroblasts (colon set1) showed that subset of BM-MSCs
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F IGURE 3 Developmental paths of perpetually activated cancer-associated fibroblasts (paCAFs). (A) With respect to global gene
expression, paCAFs are almost exclusively correlated with tissue resident-mesenchymal stem cell-like fibroblasts (tr-MSCFs) among
neighboring normal fibroblasts (NFs). Meanwhile, non-paCAFs are closely correlated with tr-resting fibroblasts (tr-RFs) (Spearman’s
correlation test). (B) Trajectory and pseudotime analyses indicated the dynamic changes in tr-MSCFs, iCAFs, and myCAFs. (C) The myCAF
signature had a longer pseudotime than the iCAF signature. (D) RNA velocity analysis suggested the serial path of tr-MSCF–iCAF–myCAF in
the pseudotime line. (E) Correlation, trajectory, and pseudotime analyses performed in independent colon set 2, which yielded similar results.
(F) With respect to global gene expression in the stomach and ovary, paCAFs were also exclusively correlated with tr-MSCFs among
neighboring NFs (Spearman’s correlation test). The trajectory and pseudotime analyses revealed dynamic changes in tr-MSCFs, iCAFs, and
myCAFs in the stomach set (G-J) and ovary set (K-N). (O) tr-MSCFs showed higher levels of iCAF signature than myCAF signature levels in
all cancer types (Wilcoxon rank-sum test). (P) BM-MSCs also showed higher levels of iCAF signature than myCAF signature levels. (Q) The
best correlated BM-MSC with fibroblasts between tr-MSCFs and paCAFs (colon set 1) (Spearman’s correlation test). (R and S) Trajectory
analysis among BM-MSCF, tr-MSCF, and paCAF indicating the potential developmental paths of paCAF
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F IGURE 4 Summary of the suggested developmental paths of perpetually activated cancer-associated fibroblasts (paCAFs)
Abbreviations: BM-MSC, bone marrow-derived mesenchymal stem cells; iCAF, inflammatory CAF; myCAF, myofibroblastic CAF; tr-MSCF,
tissue resident-mesenchymal stem cell-like fibroblasts; tr-RF, tissue resident-resting fibroblasts.

were best correlated with tr-MSCFs (Figure 3Q) and were
indicated as a source of tr-MSCFs as well as paCAFs by tra-
jectory analysis (Figure 3R) after batch correction (Figure
S7B), which suggested the developmental paths of CAFs,
starting from BM-MSCs to myCAFs (Figure 3S). Addition-
ally, we extracted "genuine CAF signature” based on our
model in colon cancer and was associated with poorer
prognosis independent of the stage (Figure S8 and Table
S1).
Collectively, during cancer development, tr-MSCFs

migrate to the cancer site and transform into paCAFs (first
to iCAFs and then to myCAFs). BM-MSCs are simultane-
ously recruited to cancer sites in response to signaling cues
from cancer cells and then transform into iCAFs, or sub-
sequently into myCAFs. Meanwhile, with the increase in
neoplasms, the dominant cancer niche gradually engulfs
the tr-RF territory. As tr-RFs are terminally differentiated
mature fibroblasts, they do not transform into paCAFs
at the cancer site and constitute a group of NF-like cells
among CAFs (Figure 4).
There were several drawbacks to this study. First, owing

to the strict procedures for defining fibroblasts, we may
have eliminated potential fibroblast populations. Second,
as paCAFs were identified based on the expression of
PRRX1 and other CAF-related markers, the results did not
fully reflect the activation status of heterogeneous CAFs.
However, we believe that our findings provide valuable
insights for future studies.
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