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Single-cell analyses of human islet cells
reveal de-differentiation signatures
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Abstract
Human pancreatic islets containing insulin-secreting β-cells are notoriously heterogeneous in cell composition. Since
β-cell failure is the root cause of diabetes, understanding this heterogeneity is of paramount importance. Recent
reports have cataloged human islet transcriptome but not compared single β-cells in detail. Here, we scrutinized
ex vivo human islet cells from healthy donors and show that they exhibit de-differentiation signatures. Using single-
cell gene expression and immunostaining analyses, we found healthy islet cells to contain polyhormonal transcripts,
and INS+ cells to express decreased levels of β-cell genes but high levels of progenitor markers. Rare cells that are
doubly positive for progenitor markers/exocrine signatures, and endocrine/exocrine hormones were also present. We
conclude that ex vivo human islet cells are plastic and can possibly de-/trans-differentiate across pancreatic cell fates,
partly accounting for β-cell functional decline once isolated. Therefore, stabilizing β-cell identity upon isolation may
improve its functionality.

Introduction
The dysfunction of human pancreatic β-cells that reside

in the islets is the root cause of diabetes. These insulin-
secreting β-cells are notoriously heterogeneous in cellular
composition1–4 and function5. While several groups per-
formed microarray or RNA sequencing (RNA-Seq) on
FACS-purified human islet cell populations6–8, these
transcript analyses of cells in bulk do not resolve any
heterogeneity present at the single-cell level. Hence,
single-cell studies on human β-cells are of paramount
importance. Recent reports on single human islet cell
transcriptome data1,2,9–11 have not delved into islet cells of
“mixed” or “conflicted” identity (such as cells expressing
both endocrine and exocrine transcripts) even though
they were detected on numerous occasions. These cells
have typically been excluded for further analyses. Wang

et al.12 did indeed observe some single cells (doublets
ruled out based on stringent criteria) with conflicted
identity and indicated that these rare cells could have
interesting properties12. However, these cells were not
further characterized or verified at the protein level.
Here, we combined single-cell quantitative PCR (qPCR)

and immunostaining analyses to evaluate the expression
profile of ex vivo human islet cells. We found INS+ cells
to express decreased levels of β-cell gene transcripts but
high levels of progenitor markers. Some single human
islet cells contained polyhormonal transcripts and pro-
genitor markers, indicative of de-differentiation sig-
natures. We conclude that ex vivo human islet cells may
not be fixed in a permanent cell state and that gradual cell
fate transitions may occur, at least ex vivo. Uncovering
ways to stabilize the β-cell identity may ultimately
improve its functionality in isolated human islets.

Results
System for single-cell analysis of human islets
To study the heterogeneity of human islets at the single-

cell level, we performed single-cell gene expression
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analyses of six different batches of human islets via the
Fluidigm microfluidic platform (Fig. 1a and Supplemen-
tary Fig. 1A). Human islets and the reciprocal non-islet
fractions were isolated in Canada and shipped to Singa-
pore as soon as possible. On average, they were analyzed
after being ex vivo in CMRL or MIAMI media for
3–6 days, nearly immediately upon arrival to reduce
prolonged impact of ex vivo culture on islet tran-
scriptome. We began our gross quality control by
analyzing bulk transcript expression from the islet and
non-islet fractions of five batches of human islets. qPCR
analyses for mature pancreatic endocrine cell markers
INS, GCG, SST, GHR, PPY, GCK, PCKS1, PCKS2, CHGA,
CHGB, SYP, and KCNJ11 clearly demonstrated higher
transcript expression in islets as compared to the non-islet
fractions (Supplementary Fig. 1B). FACS analyses on
human islets confirmed the presence of ~59.8% of INS+

cells (INS antibody tested using MIN6 mouse β-cell line
(Supplementary Fig. 1C), a low percentage (12.3%) of
GCG+ cells, 8.5 of SST+ cells and a relatively high per-
centage (24.4%) of PPY+ cells (Supplementary Fig. 1D).
Subsequently, ~300 human islets were picked, trypsinized
into single cells and stained for live cell (using calcein-
AM) prior to cell capture in the microfluidic chip (Fig. 1a).
For each chip, 48 randomly chosen live cells were ana-
lyzed by nested quantitative reverse transcription PCR
(RT-qPCR) analyses (Fig. 1a).

Polyhormonal signatures in single human islet cells
The five pancreatic endocrine cell types, β, α, δ, ε, and

PP cells express and secrete INS, GCG, SST, GHR, and
PPY hormones, respectively. Concordant with earlier
FACS analyses (Supplementary Fig. S1D), we detected
~63% INS+ cells and ~9% GCG+ cells in our single-cell
gene expression analyses (Fig. 1b). As expected, a low
percentage (~5%) of GHR+ cells were detected. Surpris-
ingly, ~40% SST+ and ~27% PPY+ cells were detected,
consistent across six different batches of human islets
where we analyzed a total of 281 single cells (Fig. 1b).
Congruent with our data, Wang et al.12 also observed
high-expression levels of SST and PPY transcripts
although they were expected to be in very low abun-
dance12. This reproducibility provided confidence that the
phenomenon was real at the single islet cell level.
Next, we evaluated the proportion of islet cells that were

either not expressing endocrine hormonal transcripts or,
containing one or more transcripts per islet cell. Twenty
percent of the cells were found not to express any of the
five hormonal transcripts and only 34% were found to be
monohormonal positive. Surprisingly, a total of 46% of the
islet cells were found to express two or more hormonal
transcripts per cell (Fig. 1c). These data were strikingly
consistent with Katsuta et al.13 that reported 45% of
rodent β-cells to express multihormonal transcripts13. In

addition, Chiang and Melton14 have also reported the
detection of multiple endocrine-expressing cells such as
Gcg+Ppy+ cells in adult rodent islets14. Indeed, Wang
et al.12 also recently reported the presence of endocrine
cells, albeit rare, to have conflicted expression profiles12.
To better understand this human islet cell hetero-

geneity, we parsed the single-cell data into single-hor-
mone, double-hormone, and triple-hormone transcript-
positive cells (Fig. 1d–f). From the heatmap, it can be
appreciated that there is a small proportion of INS+GCG+

cells (due to the small percentage of GCG+ cells) but a far
greater proportion of INS+SST+, INS+PPY+, and
INS+SST+PPY+ cells (Fig. 1e, f). Similarly, Katsuta et al.13

reported a small proportion (11%) of Ins+Gcg+ cells but a
greater proportion (29%) of Ins+Sst+ cells and (29%)
Ins+Ppy+ cells among the single rodent β-cells13. To verify
these polyhormonal signatures at the protein level, we
performed co-immunostaining for C-pep (surrogate for
secreted INS), GCG and SST in human islet sections.
Gratifyingly, we detected several C-pep+GCG+ and
C-pep+SST+ cells (Fig. 1g), confirming our single-cell
gene expression analyses. These antibodies have also been
validated in human pancreas sections (Supplementary
Fig. S1E). The co-expression of INS and GCG in a
single-cell is not all that surprising since ~1% of
INS+GCG+ cells have been observed in the adult human
pancreas15.
As human fetal pancreata have been reported to harbor

multihormone-containing cells16,17, speculatively, it may
be possible that these multihormonal transcripts either (1)
represent historical signatures when the islet cells were
immature or (2) a sign of de-differentiation into other
hormonal cell types. Since these are fully differentiated
and mature human islet cells, these polyhormonal cells
could possibly suggest an inter-conversion and transition
from one cell type to the other during 3–6 days of ex vivo
culture. After β-cell ablation in rodents, α-18 or δ-cells19

can actually convert to β-cells. Conversely, β-cell de-dif-
ferentiation into multipotent precursor cell states20 or
into a new non-physiological state21 is also possible (at
least in rodents). This speculative β-cell de-differentiation
may imply altered gene expression and/or function,
eventually leading to decreased functional β-cell mass
and/or impaired glucose-stimulated insulin secretion
(GSIS).

Loss of β-cell features
We then sought to thoroughly review the β-cell profile

for its functional machinery signature. Although there was
excellent overlap for INS+ (~63%) and KCNJ11+ (~74%)
cells (the KCNJ11 gene encodes subunits of the KATP

channel in β-cells to facilitate the exocytosis of INS under
hyperglycemic conditions) (Fig. 2a), there was a very low-
percentage of GCK+ (glucose sensor; two different pairs
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ID INS+ GCG+ SST+ GHR+ PPY+

H1847 56 19 60 2 31

H1851 50 6 69 21 65

H1852 56 8 15 0 10

H1864 63 4 15 0 11

H1868 70 9 41 4 33

H1876 84 7 38 2 9

Average 63 9 40 5 27

Proportion of endocrine cells in human islets (%)
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transcripts / cell
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(n = 281)

1 34 %
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Fig. 1 Presence of some polyhormonal signatures in single human islet cells. a Workflow for single-cell gene expression analyses of human
islets. b The proportion of endocrine cells in human islets as determined by single-cell count. Blue arbitrarily indicates high % and red arbitrarily
indicates low %. c The proportion of human islet cells expressing one or more hormone transcripts. Heatmap showing human islet cells being d
single-hormone transcript positive, e double-hormone transcript positive or f triple-hormone transcript positive. x-axis indicates individual single cells.
Ct value not detected within 30 cycles is indicated as not expressed. g Co-immunostaining for C-pep and GCG or SST in intact human islet cells. DAPI
stains for nuclei. Scale Bar: 50 μm
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ID INS+ IAPP+ GCK+ PCSK1+ PCSK2+ CHGA+ CHGB+ SYP+ GLUT1+ KCNJ11+

H1847 56 15 4 NA NA 17 21 8 15 69

H1851 50 NA 2 NA 0 6 10 15 10 67

H1852 56 NA 0 NA 0 25 10 4 4 50

H1864 63 7 2 9 7 7 11 2 9 85

H1868 70 15 11 17 13 20 28 15 39 89

H1876 84 56 3 7 2 53 31 13 62 84

Average 63 23 4 11 4 21 19 10 23 74

Human pancreatic β cell functional machinery signature (%)

ID INS+ HLXB9+ PDX1+ NKX6.1+ MAFA+

H1847 56 19 17 17 27

H1851 50 27 13 31 27

H1852 56 2 3 13 13

H1864 63 2 0 4 37

H1868 70 9 5 15 26

H1876 84 13 13 47 27

Average 63 12 9 21 26

Human pancreatic β cell transcription factor signature (%)

0

0.4

0.8

1.2

1.6
PDX1

0

0.4

0.8

1.2
MAFA

0

0.4

0.8

1.2

1.6
NKX6.1

0

0.4

0.8

1.2

1.6
HLXB9

Is
le

ts
N

on
-is

le
ts

Is
le

ts
N

on
-is

le
ts

Is
le

ts
N

on
-is

le
ts

Is
le

ts
N

on
-is

le
ts

noisserpxe
evitale

R (
desila

mro n
) st elsi

ot

C-pep CHGA C-pep/CHGA/DAPI

B C

D

C-pep PDX1 C-pep/PDX1/DAPI

A

H1852
H1858

H1868

H1851

H1854

Fig. 2 Signs of loss of β-cell features. a The proportion of human islet cells expressing transcripts relevant for β-cell functional machinery. b qPCR
analyses on HLXB9, PDX1, NKX6.1, and MAFA transcripts in islet and non-islet fractions. c The proportion of human islet cells expressing β-cell
transcription factor transcripts. Pink arbitrarily indicates moderately low % and red arbitrarily indicates low %. d Co-immunostaining for C-pep and
CHGA or PDX1 in human islet cells. DAPI stains for nuclei. Scale Bar: 50 μm
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of qPCR primers used), PCSK1+ and PCSK2+ (convert
proinsulin to INS intermediates) cells (Fig. 2a). Some
CHGA+, CHGB+ (secretory granule genes), SYP+

(synaptic vesicle gene), and GLUT1+ (major glucose
transporter in human β-cell) cells were detected but they
only comprised a fraction of the ~63% of INS+ cells
(Fig. 2a). The heatmap for these transcripts mapped upon
INS+ and INS− cells (Supplementary Fig. S2A) also
reflected a general loss of gene expression involved in β-
cell functional machinery.
We then evaluated the expression profile of a few car-

dinal β-cell transcription factors. In general, HLXB922,
PDX123, NKX6.1, and MAFA transcripts were expressed
at a higher level when comparing human islet versus non-
islet fractions (Fig. 2b). However, they only comprised a
small percentage of the INS+ cells (Fig. 2c and Supple-
mentary Fig. S2B). Despite using two different pairs of
qPCR primers for PDX1, its percentage remained con-
sistently low (Fig. 2c). The loss of Nkx6.1 results in
decreased Pdx1 and MafA expression, and an acquisition
of a δ-cell-like fate24,25. This could partly explain the high
proportion of INS+SST+ cells in these analyses (Fig. 1e, f).
MafA is required for mature β-cell function and the
expression of Pdx1, Nkx6.1, and Pcsk126,27. The loss of
MafA is also known to result in the de-differentiation of
β-cells28. Hence, the low frequency of MAFA+ cells could
also contribute to the “gradual loss of β cell identity”. We
note that there are some INS− cells that continue to
express some β-cell-specific transcription factors (Sup-
plementary Fig. S2B). They could be “empty β cells” that
no longer contained INS but still retained some β-cell
transcriptional footprint.
Following our transcriptional analyses, co-

immunostaining for C-pep and CHGA confirmed the
presence of C-pep+ β cells that no longer co-express
CHGA secretory granule protein (Fig. 2d). Some C-pep+

cells were also found to be negative for β-cell transcrip-
tion factor PDX1 (Fig. 2d; antibodies validated in human
pancreas sections (Supplementary Fig. S1E)). Collectively,
our single-cell transcript and protein analyses indicate the
loss of β-cell features in ex vivo human islet cells.

Analyses of select α- and δ-cell markers
Next, we briefly evaluated several known α- and δ-cell

markers. α-cell transcription factors IRX2 and ARX8,29 are
expressed at higher levels in islet as compared to non-islet
fractions (Fig. 3a), suggestive of α-cell-specificity. Brn4
may play some roles in α-cell specification30,31 but its lack
of human islet fraction-specificity suggests that its role is
not exclusive to α-cells (Fig. 3a–c). While β- to α-cell de-
differentiation is a prevailing ideology in the pancreatic
islet cell field32, the very low proportion of GCG+, IRX2+,
or ARX+ cells (Fig. 3b, c) do not seem to support the case
for any extensive β- to α-cell de-differentiation, at least in

normal ex vivo human islets. δ-cell marker CCKBR33,34

appeared to be more specific to the islet fraction as
compared to HHEX35 transcript expression (Fig. 3d).
Nonetheless, the proportion of CCKBR+ or HHEX+ cells
is still lower than SST+ δ-cells (Fig. 3e, f).

Pancreatic progenitor profile in islet cells
Many pancreatic transcription factors are known to play

multiple roles during pancreatic development. However,
their relative abundance (measured by qPCR analyses) in
mature single human islet cells is yet unclear. Our pro-
filing revealed a high proportion of cells expressing
HNF4A, HNF1A, and GATA636 transcripts as compared
to FOXO1, KLF11, PAX4, PAX6, GATA4, or RFX6 pan-
creatic transcription factors (Supplementary Fig. S3A).
The higher percentage of HNF1A+ as compared to
HNF4A+ cells could suggest a more predominant role for
HNF1A in mature human islet cells. HNF4A and HNF1A
transcripts were also confirmed to be expressed at higher
levels in islets as compared to non-islet fractions37

(Supplementary Fig. S3B).
Next, we evaluated pancreatic progenitor (HNF1B and

SOX9) and endocrine progenitor (NGN3 and NEUROD1)
markers in the islet and non-islet fractions (Supplemen-
tary Fig. S3B). HNF1B and SOX9 are known to be
expressed in pancreatic ducts38,39. Hence their transcripts
can be detected at higher levels in the non-islet fractions
(Supplementary Fig. S3B). In contrast, NGN3 and NEU-
ROD1 are expressed at higher levels in the islet fractions,
in accordance with their pro-endocrine roles in islet dif-
ferentiation40 (Supplementary Fig. S3B). Importantly and
surprisingly, we found a high percentage of HNF1B+,
SOX9+, NGN3+, and NEUROD1+ cells in our single-cell
gene expression analyses (Fig. 4a). This is unprecedented
given that these progenitor transcription factors are not
known to be highly expressed in mature human islet cells.
Correspondingly, this led us to hypothesize that the

ex vivo culture of human islet cells could have resulted in
some form of “de-differentiation” and a “re-expression” of
progenitor markers such as HNF1B, SOX9, NGN3, and
NEUROD1. This phenomenon was recently observed in
cultured human islets41. To determine whether there was a
correlation between the expression of pancreatic pro-
genitor transcription factor signatures and that of the
hormonal transcripts, we compiled the data and expressed
them in a heatmap. Many INS+, SST+, and PPY+ cells were
found to co-express five to six of the pancreatic progenitor
transcription factors PDX1, PTF1A, HNF1B, SOX9, NGN3,
and/or NEUROD1 (Fig. 4b). This was also true for the co-
expression of three to four of these transcription factors
(Supplementary Fig. S3C). Co-immunostaining for C-pep+

β cells and SOX9 or NEUROD1 then revealed some rare
double-positive cells (Fig. 4c; antibodies validated in human
pancreas sections (Supplementary Fig. S1E)). Collectively,
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these data are strongly suggestive of a state of transition of
the human islet cells, re-expressing pancreatic progenitor
signatures and possibly contributing to the presence of
multihormonal transcripts. The large percentage of SST+

cells could suggest a transition between δ- and β-cells as
reported in Chera et al.19.

Overlap in exocrine and progenitor signatures
Subsequent characterization of pancreatic exocrine pro-

file first confirmed that PTF1A42, MIST143, NR5A244,45,
KRT19, AMY (amylase), and PRSS1 (trypsin) transcripts
were expressed at higher levels in the non-islet as com-
pared to the islet fraction (Supplementary Fig. S4A), in
agreement with the known functions of these pancreatic

exocrine genes. Our single-cell gene expression analyses
surprisingly revealed a high percentage of PTF1A+,
MIST1+, NR5A2+, KRT19+, AMY+, and PRSS1+ cells
(Fig. 4d), consistent across six different batches of human
islets. Similarly, we questioned whether there was a cor-
relation between the expression of pancreatic exocrine
genes and pancreatic progenitor transcription factor sig-
natures. Heatmap analyses clearly indicated that there were
many single human islet cells co-expressing five to six
pancreatic exocrine genes with pancreatic progenitor
transcription factors HNF1B, SOX9, NGN3, and NEU-
ROD1 (Supplementary Fig. S4B). Co-immunostaining for
NEUROD1+PRSS1+ and NEUROD1+AMY+ cells inter-
estingly revealed some double-positive cells in the non-islet

A
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H1847 19 6 8 75
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Average 9 5 1 64

Human pancreatic α cell signature (%)

E

ID SST+ CCKBR+ HHEX+

H1847 60 10 40

H1851 69 13 17

H1852 15 2 23

H1864 15 9 2

H1868 41 7 28

H1876 38 18 49

Average 40 10 27

Human pancreatic δ cell signature (%)

BRN4+
ARX+
IRX2+
GCG+

0

0.4

0.8

1.2 ARX

0

1

2

3 BRN4

0

0.4

0.8

1.2 IRX2noisser pxe
evitale

R (n
or

m
al

is
ed

to
 is

le
ts

)

Is
le

ts
N

on
-is

le
ts

Is
le

ts
N

on
-is

le
ts

Is
le

ts
N

on
-is

le
ts

C

HHEX+
CCKBR+
SST+

D

0

0.4

0.8

1.2

1.6
CCKBR

0

0.5

1

1.5

2
HHEXnois serpx e

evit ale
R (n

or
m

al
is

ed
to

 is
le

ts
)

Is
le

ts
N

on
-is

le
ts

Is
le

ts
N

on
-is

le
ts

F

H1852
H1858

H1868

H1851

H1854

Expressed Not expressed

B

Expressed Not expressed
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expressing α-cell-relevant transcripts. c Heatmap showing the co-expression of α-cell-relevant transcripts with GCG. d qPCR analyses on CCKBR and
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ID HNF1B+ SOX9+ NGN3+ NEUROD1+

H1847 63 73 56 79

H1851 42 65 60 60

H1852 25 42 35 52

H1864 9 65 67 76

H1868 50 83 74 83

H1876 76 91 64 78

Average 44 70 59 71

Human pancreatic progenitor 
transcription factor signature (%)

ID PTF1A+ MIST1+ NR5A2+ KRT19+ AMY+ PRSS1+

H1847 69 46 NA NA 75 NA

H1851 54 35 46 33 42 81

H1852 33 25 48 23 54 81

H1864 50 33 24 9 59 91

H1868 70 37 39 33 80 91

H1876 69 42 76 38 73 98

Average 58 36 47 27 74 88

Human pancreatic exocrine gene signature (%)

A B

D E

F

C

C-pep NEUROD1 C-pep/NEUROD1/DAPI
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Co-expression of 7-10 pancreatic 
endocrine and exocrine signatures (n=48)

Expressed

Not expressed

Expressed

Not expressed

AMY/INS/DAPIINSAMY

Fig. 4 Evidence of a high proportion of pancreatic progenitor transcription factor and exocrine gene signature. a The proportion of human
islet cells expressing pancreatic progenitor transcription factor transcripts. b Heatmap showing the co-expression of 5–6 pancreatic progenitor
transcription factor transcripts with endocrine hormonal transcripts. c Co-immunostaining for C-pep and SOX9 or NEUROD1 in human islet cells. d
The proportion of human islet cells expressing pancreatic exocrine transcripts. Blue arbitrarily indicates high %. e Heatmap showing the co-expression
of 7–10 pancreatic exocrine transcripts with endocrine hormonal transcripts. x-axis indicates individual single cells. Ct value not detected within 30
cycles is indicated as not expressed. f Co-immunostaining for AMY and INS in human islet cells using confocal microscopy. DAPI stains for nuclei.
Scale Bar: 50 μm
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fractions (Supplementary Fig. S4D; antibodies validated in
human pancreas sections (Supplementary Fig. S1E)).
Altogether, these data suggest a possible progression from
a transient progenitor state toward pancreatic exocrine cell
fate or vice versa.

Overlap in endocrine and exocrine signatures
The presence of pancreatic progenitor and exocrine

gene profile raised the possibility of human islet cells co-
expressing transcripts of both endocrine and exocrine
“mixed” identity as compared to “contaminating” exocrine
cells in the islet fraction. To evaluate this hypothesis, we
clustered single human islet cells expressing hormonal
transcripts with those that expressed pancreatic exocrine
genes and presented the data in a heatmap (Fig. 4e and
Supplementary Fig. S4C). Specifically, we found ~21%
(48/233) of cells to co-express seven to ten pancreatic
endocrine and exocrine genes, and ~49% (115/233) of
cells to co-express four to six endocrine and exocrine
genes. Subsequent co-immunostaining analyses revealed
some rare INS+AMY+ cells in the human islet sections
(Fig. 4f). However, we struggled to find INS+ cells in the
non-islet fractions (data not shown). Our analyses on at
least two different batches of islet/non-islet fractions did
not reveal cells double-positive for INS and PRSS1
(Supplementary Fig. S4D).
While this is conceptually troubling, INS+AMY+ cells

have actually been reported in adult human pancreases46.
Wang et al.12 also acknowledged the presence of cells of a
“conflicted endocrine/exocrine nature” but only attributed
this phenomenon to islet samples from children and did not
investigate further12. Based on our data and the above-
mentioned studies, we believe that this phenomenon is
indeed genuine in adult human islet samples. These cells
could be acinar β-cells, pancreatic exocrine cells transiting
into INS+ cells or INS+ cells converting into a mixed exo-
crine state. Nonetheless, among the INS+ cells, there are
~22% (52/233) of INS+AMY− cells that are presumptively
the “normal and good” human β-cells remaining after
3–6 days of ex vivo culture. In summary, we report the
presence of de-differentiation signatures (rare poly-
hormonal cells, decreased β-cell and increased progenitor
identity) in ex vivo human islets (Fig. 5).

Discussion
The recent articles reporting on the single-cell tran-

scriptome of human islet cells have now provided a wealth
of knowledge. While there has been considerable overlap in
terms of the general findings, there are certain incon-
sistencies that remain to be resolved. In particular, some
studies identified human islet or β-cell heterogeneity1–3,12,
whereas others did not9,10,11. Based on our findings, the de-
differentiation signatures reflect heterogeneity in our
ex vivo human islets.

Our single-cell gene expression analysis is also distinct
from the recently published human islet transcriptome
resource as we relied upon direct gene/transcript-specific
reverse transcription and qPCR primers to capture the
expression of specific genes. This allowed us to evaluate
the relationship between specific genes in the single cells.
In particular, we were able to reveal that there is a low
percentage of transcripts involved in β-cell functional
machinery as well as cardinal β-cell transcription factors
although there were ~63 % of INS+ cells. Immunostaining
analyses then confirmed that some C-pep+ cells no longer
expressed important proteins such as CHGA and PDX1.
Altogether, these are signs of a loss of β-cell identity in
isolated islets cultured ex vivo for a few days.
The presence of human islet cells expressing multi-

hormonal transcripts is consistent with some reports12–14.
However, an inability to perform single islet cell func-
tional study due to current technical challenges renders it
difficult to ascertain the biological meaning, if any.
Speculatively, the downregulation of β-cell functional
genes results in a loss of β-cell function and multi-
hormonal cells may no longer be functional. Currently,
glucose-stimulated insulin secretion (GSIS) β-cell func-
tional assays are performed with a minimum of a few
human islets containing a few hundred to a thousand
single islet cells each. α-cell glucagon secretion assays are
a little rarer and we are not aware of reliable secretion

Human pancreas

Human islets 
ex vivo

De-differentiation signatures in human pancreatic cells

1) Rare polyhormonal cells
2) ↓ Beta cell identity
3) ↑ Progenitor identity

Human islets 
in vivo

Fig. 5 Summary figure highlighting de-differentiation signatures
in human pancreatic cells. Single-cell gene expression analyses
performed on six batches of isolated human islets ex vivo reveal
instances of polyhormonal expression, decreased expression of genes
representative of β-cell identity and increased expression of
pancreatic progenitor genes. Altogether, these data suggest that the
pancreatic cells are undergoing cell fate transitions as opposed to
being in fixed stable states. Red cells represent INS+ β-cells. Green and
blue cells represent the other endocrine cells. Yellow cells represent
rare polyhormonal cells
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functional assays for δ-, ε-, or PP cells. In view of these
technical difficulties in determining the function of these
single islet cells, the conclusions on current single islet
cell high-throughput analyses remain descriptive and
conservative. Future microfluidic or single islet cell-based
engineering devices need to be developed to facilitate
single-cell hormone stimulation coupled with ultra-
sensitive enzyme-linked immunosorbent assays to detect
hormone secretion. These developments need to take
place to provide functional readouts of the single human
islet cells that we described.
In our experiments, there is a possibility of having

doublets that are vertically stacked and cannot be easily
distinguished visually in the Fluidigm C1 chip. However,
even with the rigorous pipeline to delineate doublets from
single cells, Wang et al.12 continued to observe single
human islet cells of mixed identity12. In addition, the
expression level of pancreatic progenitor markers such as
NGN3 and NEUROD1 is unexpectedly high although they
are supposed to be pancreatic endocrine developmental
genes. Last but not least, our data across six different
batches of human islet samples were also very consistent
in terms of the high proportion of cells expressing pan-
creatic progenitor and exocrine transcripts.
In our experiments, we acknowledge that the human

islet cells have been ex vivo for a few days prior to single-
cell gene expression analyses. This may have contributed
to a decrease in β-cell transcription factor identity and
possibly a transition toward a more progenitor-like cell
state. While there appears to be significant co-expression
of endocrine and exocrine transcripts, immunostaining
analyses demonstrate that these are rare events at the
protein level.
Collectively, we demonstrate that human islet cells are

plastic and that de-differentiation signatures can be
readily detected via single-cell gene expression analyses.
Gutierrez et al.47 recently concurred that the β-cell
identity is maintained when critical β-cell genes are acti-
vated, whereas non-β-cell identities are suppressed47. In
view that several important β-cell transcription factors are
downregulated and non-β-cell genes are upregulated, it
appears that the human β-cells are indeed in a plastic
state, possibly exhibiting decreased β-cell function with
time. Our findings indicate that human islets that have
been isolated and cultured ex vivo prior to transplantation
or use in research are actively undergoing cell fate tran-
sitions. Hence, stabilizing human β-cell identity may
ultimately improve its robustness and functionality in
isolated human islets.

Materials and methods
Human islets
Human islets and the non-islet portion from the Clin-

ical Islet Laboratory, University of Alberta Hospital,

Edmonton, were received in Singapore 3–6 days post-
isolation. Cell viability was typically 73.5–98%. Approxi-
mately 300 human islets were manually picked, dis-
sociated into single cells using 0.25% trypsin and
neutralized with 5.5 mM low-glucose media containing
10% FBS. The single human islet cells were then washed
with Dulbecco's Phosphate-Buffered Saline (DPBS) before
being filtered with a 40 µm cell strainer to ensure single
cells.

Study approval
The use of human islets is approved by the NUS Insti-

tutional Review Board (NUS-IRB) B-14–149. Informed
consent was obtained from next-of-kin of the donor.

Single-cell targeted gene expression workflow
Single-cell targeted gene expression was performed for

six different batches of human islets (Supplementary
Fig. S1A) on the 10–17 µm C1 Single-Cell Auto Prep
Integrated Fluidic Circuit (IFC) microfluidic chips (Flui-
digm) similarly used by9–11. In all, 2 μM calcein-AM dye
was used for LIVE/DEAD cell viability assay. See Supple-
mentary Materials and Methods for details.
On the IFC, cell lysis was carried out at 25 °C for 5 min.

After cell lysis, the released RNA was reverse transcribed
at 25 °C for 10 min and 42 °C for 60min, and the reaction
was stopped by inactivating the enzymes at 85 °C for 5
min. Gene-specific primers used for reverse transcription
are listed in Supplementary Table S1. Finally, PCR pre-
amplification was performed using the following condi-
tions: 95 °C for 10min and thermocycling for 18 cycles at
95 °C for 15 s and 60 °C for 4 min. The amplified PCR
product from each capture site was harvested in a total of
28 µl of C1 Harvest Reagent.
Microfluidics (nested) qPCR to determine single-cell

gene expression levels was performed in Dynamic Array
IFCs (Fluidigm) on the Biomark HD System (Fluidigm). A
chip run consisted of 30 cycles of on-chip qPCR (60 s at
95 °C, 30 cycles of 5 s at 96 °C and 20 s at 60 °C). Anything
not detected by then is indicated as not expressed. qPCR
primers used are listed in Supplementary Table S1.

qRT-PCR analyses
The method for qRT-PCR analyses of bulk control cells

has been described previously48.

Flow cytometry analyses
MIN6 mouse β-cells or human islets were dispersed

into single cells using 0.25% Trypsin-EDTA or TrypLE™
Express, and passed through a 70 µm cell strainer. They
were fixed with 4% PFA in DPBS for 20 min at room
temperature. Fixed cells were washed thrice with DPBS,
blocked and permeabilized using FACS buffer (5% FBS in
DPBS) with 0.1% Triton X-100 for 1 h on ice. Cells were
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stained with primary antibodies (see Supplementary
Table 2) for 1 h at 4 °C and washed twice with FACS
buffer. They were then stained with the appropriate
fluorophore-conjugated secondary antibody (see Supple-
mentary Table 2) diluted at 1:2000 in FACS buffer with
0.1% Triton X-100 for 1 h at 4 °C, washed twice with
FACS buffer and twice with ice-cold DPBS. Stained cells
were measured using BD LSR II flow cytometer and
analyzed using FlowJo 7.0 software.

Immunostaining analyses
Approximately 250 human islets (ID H1854, H1858)

were picked, washed with DPBS and fixed with 4% PFA in
DPBS for 30min at room temperature. Fixed islets were
then washed twice with DPBS and embedded in 1% low
melting point agarose. These islets were then embedded
in paraffin wax and sectioned. Non-diabetic human pan-
creas sections were obtained from the SingHealth Tissue
Repository. Immunostaining was performed by the
Advanced Molecular Pathology Laboratory (AMPL),
IMCB, A*STAR. Briefly, paraffin-embedded islet samples
were sectioned onto Leica Microsystems BOND Plus
slides, dewaxed, rehydrated and subjected to antigen
retrieval by being incubated in citrate buffer pH 6 for 40
min at 121 °C. The slides were washed thrice with Tris
Buffered Saline with Tween® 20 (TBST) (0.05% Tween 20)
and blocked in 10% animal serum for 30min at room
temperature before being incubated with primary anti-
body (see Supplementary Table S2) for overnight at 4 °C.
The antibodies were then washed off under gentle run-
ning tap for 10 min, rinsed in TBST for 5 min prior to
staining with fluorophore-conjugated secondary antibody
(see Supplementary Table S2) diluted at 1:500 for 30 min
at 4 °C. The slides were washed under gentle running tap
for 10min, rinsed in TBST for 5 min prior to nuclei stain
using Vectashield™ Hard Set mounting medium with
DAPI, and mounted with a coverslip. Slides were exam-
ined under Zeiss Axiovert M200 inverted microscope and
imaged using Axiovision M2 software, or Olympus
Fluoview FV1000 confocal microscope and imaged using
FV10-ASW microscopy software.

Acknowledgements
A.K.K.T. is supported by the Institute of Molecular and Cell Biology (IMCB),
A*STAR, NHG-KTPH SIG/14033, the NUHS-CG Metabolic In-Vitro Core Seed
Funding, the JCO Career Development Award (CDA) 15302FG148, A*STAR, and
the NMRC Open Fund-Young Individual Research Grant (OF-YIRG). We thank
AMPL for their histoservices. Sponsors had no involvement in the conduct of
the research and/or preparation of the article.

Author details
1Stem Cells and Diabetes Laboratory, Institute of Molecular and Cell Biology,
Proteos, Singapore, Singapore. 2School of Biological Sciences, Nanyang
Technological University, Singapore, Singapore. 3Department of Biochemistry,
Yong Loo Lin School of Medicine, National University of Singapore, Singapore,
Singapore. 4Lee Kong Chian School of Medicine, Nanyang Technological

University, Singapore, Singapore. 5Microfluidics Systems Biology Laboratory,
Institute of Molecular and Cell Biology, Proteos, Singapore, Singapore.
6Department of Biomedical Engineering, National University of Singapore,
Singapore, Singapore. 7Clinical Islet Laboratory, University of Alberta Hospital,
Edmonton, AB, Canada. 8Laboratory of Bioimaging Probe Development,
Singapore Bioimaging Consortium, Helios, Singapore, Singapore

Author contributions
Conceptualization, A.K.K.T.; Validation, A.K.K.T., C.S.L., and L.F.C.; Formal analysis,
A.K.K.T. and L.F.C.; Investigation, A.K.K.T., C.S.L., L.F.C., and H.H.L.; Resources, A.K.K.
T., T.K., J.A.S., N.Y.K., and W.B.; Writing—original draft, A.K.K.T.; Writing—review
and editing, A.K.K.T. and L.F.C.; Visualization, A.K.K.T., C.S.L., and L.F.C.;
Supervision, A.K.K.T.; Project Administration, A.K.K.T.; Funding acquisition, A.K.K.
T., L.F.C., and W.B.

Competing interests
The authors declare that they have no competing interests.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at https://doi.org/
10.1038/s41420-017-0014-5.

Received: 9 October 2017 Revised: 18 November 2017 Accepted: 26
November 2017

References
1. Muraro, M. J. et al. A single-cell transcriptome atlas of the human pancreas. Cell

Syst. 3, 385–394 (2016). e383.
2. Segerstolpe, A. et al. Single-cell transcriptome profiling of human

pancreatic islets in health and type 2 diabetes. Cell Metab. 24, 593–607
(2016).

3. Dorrell, C. et al. Human islets contain four distinct subtypes of beta cells. Nat.
Commun. 7, 11756 (2016).

4. Wang, Y. J. et al. Single-cell mass cytometry analysis of the human endocrine
pancreas. Cell Metab. 24, 616–626 (2016).

5. Johnston, N. R. et al. Beta cell hubs dictate pancreatic islet responses to
glucose. Cell Metab. 24, 389–401 (2016).

6. Nica, A. C. et al. Cell-type, allelic, and genetic signatures in the human pan-
creatic beta cell transcriptome. Genome Res. 23, 1554–1562 (2013).

7. Blodgett, D. M. et al. Novel observations from next-generation RNA sequen-
cing of highly purified human adult and fetal islet cell subsets. Diabetes 64,
3172–3181 (2015).

8. Dorrell, C. et al. Transcriptomes of the major human pancreatic cell types.
Diabetologia 54, 2832–2844 (2011).

9. Xin, Y. et al. RNA sequencing of single human islet cells reveals type 2
Diabetes Genes. Cell Metab. 24, 608–615 (2016).

10. Li, J. et al. Single-cell transcriptomes reveal characteristic features of human
pancreatic islet cell types. Embo. Rep. 17, 178–187 (2016).

11. Lawlor, N. et al. Single-cell transcriptomes identify human islet cell signatures
and reveal cell-type-specific expression changes in type 2 diabetes. Genome
Res. 27, 208–222 (2017).

12. Wang, Y. J. et al. Single-cell transcriptomics of the human endocrine pancreas.
Diabetes 65, 3028–3038 (2016).

13. Katsuta, H. et al. Single pancreatic beta cells co-express multiple islet hormone
genes in mice. Diabetologia 53, 128–138 (2010).

14. Chiang, M. K. & Melton, D. A. Single-cell transcript analysis of pancreas
development. Dev. Cell 4, 383–393 (2003).

15. Riedel, M. J. et al. Immunohistochemical characterisation of cells co-producing
insulin and glucagon in the developing human pancreas. Diabetologia 55,
372–381 (2012).

16. De Krijger, R. R. et al. The midgestational human fetal pancreas contains cells
coexpressing islet hormones. Dev. Biol. 153, 368–375 (1992).

Teo et al. Cell Death Discovery  (2018) 4:14 Page 10 of 11

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41420-017-0014-5
https://doi.org/10.1038/s41420-017-0014-5


17. Polak, M., Bouchareb-Banaei, L., Scharfmann, R. & Czernichow, P. Early
pattern of differentiation in the human pancreas. Diabetes 49, 225–232 (2000).

18. Thorel, F. et al. Conversion of adult pancreatic alpha-cells to beta-cells after
extreme beta-cell loss. Nature 464, 1149–1154 (2010).

19. Chera, S. et al. Diabetes recovery by age-dependent conversion of pancreatic
delta-cells into insulin producers. Nature 514, 503–507 (2014).

20. Talchai, C., Xuan, S., Lin, H. V., Sussel, L. & Accili, D. Pancreatic beta cell ded-
ifferentiation as a mechanism of diabetic beta cell failure. Cell 150, 1223–1234
(2012).

21. Weir, G. C., Aguayo-Mazzucato, C. & Bonner-Weir, S. beta-cell dedifferentiation
in diabetes is important, but what is it? Islets 5, 233–237 (2013).

22. Flanagan, S. E. et al. Analysis of transcription factors key for mouse pancreatic
development establishes NKX2-2 and MNX1 mutations as causes of neonatal
diabetes in man. Cell Metab. 19, 146–154 (2014).

23. Stoffers, D. A., Zinkin, N. T., Stanojevic, V., Clarke, W. L. & Habener, J. F. Pancreatic
agenesis attributable to a single nucleotide deletion in the human IPF1 gene
coding sequence. Nat. Genet. 15, 106–110 (1997).

24. Schaffer, A. E. et al. Nkx6.1 controls a gene regulatory network required for
establishing and maintaining pancreatic Beta cell identity. PLoS Genet. 9,
e1003274 (2013).

25. Taylor, B. L., Liu, F. F. & Sander, M. Nkx6.1 is essential for maintaining the
functional state of pancreatic beta cells. Cell Rep. 4, 1262–1275 (2013).

26. Zhang, C. et al. MafA is a key regulator of glucose-stimulated insulin secretion.
Mol. Cell. Biol. 25, 4969–4976 (2005).

27. Wang, H., Brun, T., Kataoka, K., Sharma, A. J. & Wollheim, C. B. MAFA controls
genes implicated in insulin biosynthesis and secretion. Diabetologia 50,
348–358 (2007).

28. Nishimura, W., Takahashi, S. & Yasuda, K. MafA is critical for maintenance
of the mature beta cell phenotype in mice. Diabetologia 58, 566–574
(2015).

29. Collombat, P. et al. Opposing actions of Arx and Pax4 in endocrine pancreas
development. Genes Dev. 17, 2591–2603 (2003).

30. Heller, R. S. et al. The role of Brn4/Pou3f4 and Pax6 in forming the pancreatic
glucagon cell identity. Dev. Biol. 268, 123–134 (2004).

31. Hussain, M. A., Miller, C. P. & Habener, J. F. Brn-4 transcription factor expression
targeted to the early developing mouse pancreas induces ectopic glucagon
gene expression in insulin-producing beta cells. J. Biol. Chem. 277,
16028–16032 (2002).

32. Valdez, I. A., Teo, A. K. & Kulkarni, R. N. Cellular stress drives pancreatic plasticity.
Sci. Transl. Med. 7, 273ps272 (2015).

33. Li, W. et al. In vivo reprogramming of pancreatic acinar cells to three islet
endocrine subtypes. Elife 3, e01846 (2014).

34. Morisset, J., Wong, H., Walsh, J. H., Laine, J. & Bourassa, J. Pancreatic CCK(B)
receptors: their potential roles in somatostatin release and delta-cell pro-
liferation. Am. J. Physiol. Gastrointest. Liver Physiol. 279, G148–G156 (2000).

35. Zhang, J., McKenna, L. B., Bogue, C. W. & Kaestner, K. H. The diabetes gene
Hhex maintains delta-cell differentiation and islet function. Genes Dev. 28,
829–834 (2014).

36. Ketola, I. et al. Transcription factor GATA-6 is expressed in the endocrine
and GATA-4 in the exocrine pancreas. Mol. Cell. Endocrinol. 226, 51–57
(2004).

37. Lau H.H., Ng N.H.J., Loo L.S.W., Jasmen J. & Teo A.K.K. The molecular functions
of hepatocyte nuclear factors in and beyond the liver. J. Hepatol. e-pub ahead
of print 23 November 2017; https://doi.org/10.1016/j.jhep.2017.11.026.

38. De Vas, M. G. et al. Hnf1b controls pancreas morphogenesis and the gen-
eration of Ngn3 + endocrine progenitors. Development 142, 871–882 (2015).

39. Kopp, J. L. et al. Sox9 + ductal cells are multipotent progenitors throughout
development but do not produce new endocrine cells in the normal or
injured adult pancreas. Development 138, 653–665 (2011).

40. Gasa, R. et al. Proendocrine genes coordinate the pancreatic islet
differentiation program in vitro. Proc. Natl Acad. Sci. USA 101, 13245–13250
(2004).

41. Negi, S. et al. Analysis of beta-cell gene expression reveals inflammatory sig-
naling and evidence of dedifferentiation following human islet isolation and
culture. PLoS ONE 7, e30415 (2012).

42. Krapp, A. et al. The bHLH protein PTF1-p48 is essential for the formation of the
exocrine and the correct spatial organization of the endocrine pancreas. Genes
Dev. 12, 3752–3763 (1998).

43. Pin, C. L., Rukstalis, J. M., Johnson, C. & Konieczny, S. F. The bHLH transcription
factor Mist1 is required to maintain exocrine pancreas cell organization and
acinar cell identity. J. Cell Biol. 155, 519–530 (2001).

44. Hale, M. A. et al. The nuclear hormone receptor family member NR5A2
controls aspects of multipotent progenitor cell formation and acinar differ-
entiation during pancreatic organogenesis. Development 141, 3123–3133
(2014).

45. von Figura, G., Morris, J. P. T., Wright, C. V. & Hebrok, M. Nr5a2 maintains acinar
cell differentiation and constrains oncogenic Kras-mediated pancreatic neo-
plastic initiation. Gut 63, 656–664 (2014).

46. Yu, L. et al. Insulin-producing acinar cells in adult human pancreas. Pancreas
43, 592–596 (2014).

47. Gutierrez, G. D. et al. Pancreatic beta cell identity requires continual repression
of non-beta cell programs. J. Clin. Invest. 127, 244–259 (2017).

48. Teo, A. K. et al. Early developmental perturbations in a human stem cell model
of MODY5/HNF1B pancreatic hypoplasia. Stem Cell Rep. 6, 357–367 (2016).

Teo et al. Cell Death Discovery  (2018) 4:14 Page 11 of 11

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1016/j.jhep.2017.11.026

	Single-cell analyses of human islet cells reveal de-differentiation signatures
	Introduction
	Results
	System for single-cell analysis of human islets
	Polyhormonal signatures in single human islet cells
	Loss of β-cell features
	Analyses of select α- and δ-cell markers
	Pancreatic progenitor profile in islet cells
	Overlap in exocrine and progenitor signatures
	Overlap in endocrine and exocrine signatures

	Discussion
	Materials and methods
	Human islets
	Study approval
	Single-cell targeted gene expression workflow
	qRT-PCR analyses
	Flow cytometry analyses
	Immunostaining analyses

	ACKNOWLEDGMENTS




