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ABSTRACT
Objective Metaplasia arises from differentiated cell 
types in response to injury and is considered a precursor 
in many cancers. Heterogeneous cell lineages are present 
in the reparative metaplastic mucosa with response to 
injury, including foveolar cells, proliferating cells and 
spasmolytic polypeptide- expressing metaplasia (SPEM) 
cells, a key metaplastic cell population. Zymogen- 
secreting chief cells are long- lived cells in the stomach 
mucosa and have been considered the origin of SPEM 
cells; however, a conflicting paradigm has proposed 
isthmal progenitor cells as an origin for SPEM.
Design Gastric intrinsic factor (GIF) is a stomach tissue- 
specific gene and exhibits protein expression unique 
to mature mouse chief cells. We generated a novel 
chief cell- specific driver mouse allele, GIF- rtTA. GIF- GFP 
reporter mice were used to validate specificity of GIF- rtTA 
driver in chief cells. GIF- Cre- RnTnG mice were used to 
perform lineage tracing during homoeostasis and acute 
metaplasia development. L635 treatment was used to 
induce acute mucosal injury and coimmunofluorescence 
staining was performed for various gastric lineage 
markers.
Results We demonstrated that mature chief cells, rather 
than isthmal progenitor cells, serve as the predominant 
origin of SPEM cells during the metaplastic process after 
acute mucosal injury. Furthermore, we observed long- 
term label- retaining chief cells at 1 year after the GFP 
labelling in chief cells. However, only a very small subset 
of the long- term label- retaining chief cells displayed the 
reprogramming ability in homoeostasis. In contrast, we 
identified chief cell- originating SPEM cells as contributing 
to lineages within foveolar cell hyperplasia in response to 
the acute mucosal injury.
Conclusion Our study provides pivotal evidence for cell 
plasticity and lineage contributions from differentiated 
gastric chief cells during acute metaplasia development.

INTRODUCTION
Metaplasia in the stomach, the appearance of 
abnormal mucous cell lineages, is commonly induced 
by environmental factors such as chronic infection 
and hormonal stimulation as well as responses to 
injury.1–4 Metaplastic cells are also considered 
precursors to many cancers.2 5–8 Intestinal- type 
gastric cancer is the most common type of gastric 
cancer and usually develops within fields of meta-
plasia. Metaplastic glands in the stomach corpus 
are composed of heterogeneous cell populations 
including foveolar (surface) cells, proliferating cells 

and spasmolytic polypeptide (TFF2) expressing 
metaplasia (SPEM) cells.9–11 SPEM cells are 
located at the base of the metaplastic glands after 
injury and are defined by coexpression of multiple 
markers, such as GSII- lectin, Tff2, Muc6, CD44v9 
and AQP5.3 6 12 The SPEM cells appear quickly in 
response to acute injury after acid- secreting pari-
etal cell loss in the stomach corpus mucosa. It has 
been suggested that the SPEM cells may not only 
contribute to the epithelial regeneration in response 
to injury, but can also enter a pro- carcinogenic 
programme leading to dysplasia.3 5 13 14

Chief cells are a differentiated cell lineage, which 
produce zymogen granules in the stomach mucosa, 
and a subpopulation of the chief cells also func-
tions as ‘reserve’ stem cells in the stomach corpus 
mucosa.15–17 Over the past several decades, many 
studies have reported that zymogen- secreting 
mature chief cells present in the stomach corpus are 
the origin of SPEM cells through a transdifferentia-
tion process, suggesting that the fully differentiated 
gastric chief cells can be reprogrammed into other 
cell types.6 15 18–20 However, a conflicting paradigm 

Significance of this study

What is already known on this subject?
 ► Metaplasia arises from differentiated cell types 
in response to injury.

 ► Mature chief cells have been considered the 
origin of spasmolytic polypeptide- expressing 
metaplasia (SPEM) cells, a key metaplastic cell 
population.

 ► A conflicting paradigm has proposed isthmal 
progenitor cells as an origin for SPEM.

What are the new findings?
 ► Mature chief cells, rather than isthmal 
progenitor cells, serve as the predominant 
origin of SPEM cells.

 ► SPEM cells display lineage conversion capability 
to produce foveolar cells in response to acute 
injury.

How might it impact on clinical practice in the 
foreseeable future?

 ► Our studies using a novel chief cell- specific 
driver mouse model clarify a number of 
conflicting questions relevant to the origin 
of metaplastic cells, which are precursors of 
gastric cancer.
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of SPEM cell origin has recently been suggested, proposing that 
gastric isthmal progenitor cells serve as the origin of SPEM 
cells.21–23 These conflicting results require more definitive 
analyses using a more representative chief cell- specific driver 
mouse model to resolve disparate interpretations between the 
conflicting paradigms of SPEM cell origin. In this study, we 
have generated a novel chief cell- specific driver mouse allele 
with a doxycycline (Dox) (tetracycline)- inducible rtTA system, 
inserted into the gastric intrinsic factor (GIF) locus (GIF- rtTA). 
Using the GIF- rtTA mouse allele, we defined the role of chief 
cells during metaplasia development as the predominant cellular 
origin of SPEM cells and described a new role for SPEM cells as 
a precursor to foveolar cell lineages within metaplastic glands.

RESULTS
SPEM cells arise predominantly from transdifferentiation 
of chief cells and not from the expansion of proliferating 
isthmal progenitor cells
The GIF- rtTA transgenic mouse allele was generated by inser-
tion of a DNA fragment of P2A- rtTA sequences at the end of the 
coding region of the GIF locus in C57BL/6 mice via a CRISPR/
Cas9 approach (online supplemental figure S1A). To function-
ally validate the authenticity and efficiency of chief cell- specific 

targeting, we first crossed the GIF- rtTA allele mouse with the 
TetO- nucleusGFP (GIF- GFP) allele mouse (figure 1A). The GFP 
expression was assessed in the stomach mucosa of both the corpus 
and antrum of GIF- GFP reporter allele mice at 1 week after Dox 
administration (figure 1B and online supplemental figure S1C). 
GFP- expressing cells were observed in 89% of corpus glands 
(online supplemental figure S1E). The GFP- expressing cells were 
present only at the base of the glands where the mature chief 
cells are located (online supplemental figure S1C) and were only 
copositive with a chief cell marker, GIF, in the corpus (figure 1D). 
Further, the GFP- expressing cells were not copositive for any 
other cell lineage markers such as surface cell marker (UEAI), pari-
etal cell marker (H/K- ATPase), mucous neck cell marker (GSII) 
(figure 1C) or proliferating cell/isthmal progenitor marker (Ki67) 
(figure 1D). Seventy- one per cent of GIF + chief cells were copos-
itive for GFP and those GIF +GFP+ cells were located at the very 
base of glands indicating that fully mature chief cells express GFP 
(figure 1H). It should be noted that we also observed GFP+ deep 
antral gland cells in 34% of antral glands (online supplemental 
figure S1C,E). However, the GFP was not observed in other 
organs such as liver, pancreas, intestine and lung, confirming the 
stomach tissue- specific expression of rtTA in the GIF- rtTA driver 
mouse allele (online supplemental figure S1B).

Figure 1 Observation of GFP- positive chief cells during metaplasia initiation. (A) Diagram of the GIF- GFP allele used in this study. (B) Scheme of 
L635 treatment study in GIF- GFP mice. To first express GFP in chief cells, mice were administered doxycycline (Dox) water for 1 week before and 
throughout the L635 treatment. The GIF- GFP mice were treated with 1 dose of L635 following 1 week of Dox treatment to initiate the metaplastic 
process in the stomach mucosa. (C, D) Sections of the stomach tissues from GIF- GFP mice treated with Dox for 1 week were immunostained with 
antibodies against (C) GFP (green), GSII (mucus neck cells, red), UEAI (surface cells, blue) and H/K- ATPase (parietal cells, white) or (D) GFP (green), GIF 
(chief cells, red), Ki67 (proliferative cells/isthmal progenitor cells, blue). N=3 mice per group. (E–G) Sections of the stomach tissues from GIF- GFP mice 
treated without (untreated) or with 1 dose of L635 (initiation) at 1 week after the Dox treatment were immunostained with antibodies against (E) GFP 
(green) and Ki67 (red), (F) GFP (green), GIF (red) and GSII (white) or (G) GFP (green), Ki67 (red) and UEAI (white). Nuclei were counterstained with 
Hoechst (blue). Yellow arrows indicate cells copositive for GIF, GSII and GFP in panel F and cells copositive for UEAI and Ki67 in panel G. Dotted boxes 
depict regions enlarged. White dotted lines depict top and bottom of glands and yellow dotted lines depict the GFP + cell zone. n=3 mice per group. 
(H) Quantitation of GIF and GFP copositive cells in GIF- GFP untreated mouse stomachs. The graph displays the percentage of GIF+/GFP+ (green) or 
GIF+/GFP− (red) cells per ×20 field. (I) Quantitation of GFP + cells in GIF- GFP untreated or L635 1D mouse stomachs. The graph displays the number 
of GFP + cells per gland. (J) Quantitation of K67 + cells in GIF- GFP untreated or L635 1D mouse stomachs. The graph displays the number of Ki67 + 
cells per gland. (K) Quantitation of GFP/GSII copositive cells in GIF- GFP untreated or L635 1D mouse stomachs. The graph displays the percentage of 
GFP+/GSII- (green) or GFP+/GSII + cells (orange) per gland. (L) Quantitation of Ki67/UEAI copositive cells in GIF- GFP untreated or L635 1D mouse 
stomachs. The graph displays the percentage of Ki67+/UEAI+ (red) or of Ki67+/UEAI− cells (grey) per gland. Statistical significances were determined 
by unpaired Welch’s test (N=3 per group). (M) Schematic diagram of metaplasia initiation. Ggreen dotted lines depict the GFP + chief cell zones 
and black dotted lines depict the proliferating cell zones in glands at the normal or metaplasia initiating stage. GIF, gastric intrinsic factor; n.s, not 
significant.
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To examine whether SPEM cells arise from either chief cells or 
isthmal progenitor cells, we used the GIF- GFP reporter mouse 
allele and an acute atrophic injury model by administering the 
parietal cell toxic drug L635 to the GIF- GFP mice.24 25 We first 
administered Dox to GIF- GFP mice for 1 week to label chief cells 
with GFP and the GIF- GFP mice were then treated with 1 dose 
of L635 by oral gavage to induce parietal cell loss and initiate the 
metaplastic process (figure 1B). The GFP- positive cells distrib-
uted in the basal zone of transdifferentiating chief cells distinct 
from proliferating isthmal progenitor cells (figure 1E, yellow 
dotted lines). Although Ki67 +isthmal progenitor cells rapidly 
expanded on parietal cell loss after L635 treatment for one dose 
(figure 1E), similar numbers of GFP+ cells were still present at 
the base of L635- treated glands compared with the numbers in 
untreated glands (figure 1E–G,I). Notably, 17% of the GFP+ 
cells were copositive for GSII indicating that those copositive 
chief cells had already entered the transdifferentiation process 
(figure 1F,K). Although the number of Ki67 + cells increased 
2.7- fold in the stomach mucosa of mice treated with 1 dose of 
L635 for (figure 1J), none of the Ki67- positive cells were copos-
itive for GFP. Additionally, 60% of the Ki67- positive cells were 
proliferating ulex europaeus agglutinin I (UEAI)- lectin positive 
surface cells, which is an indication that the contribution of 
proliferating cells is supporting the expansion of the foveolar 
(surface cell) cell zone, rather than SPEM cells (figure 1G, yellow 
arrows, and 1 L). Thus, these results demonstrated that SPEM 
cell transdifferentiation in response to the injury arises predom-
inantly from GFP- expressing chief cells, rather than from the 
expansion of proliferating isthmal progenitor cells (figure 1M).

Chief cells are long-lived gastric epithelial cells in the 
homoeostatic condition
Chief cells are considered a long- lived cell population in the 
stomach mucosa and several previous reports have also suggested 
that a small subset of the chief cells functions as ‘reserve’ stem 
cells.16 17 26–28 We, therefore, performed a lineage tracing study 
from chief cells using a lineage tracing model, the GIF- Cre- 
RnTnG mouse allele, to examine the longevity of chief cells in 

homoeostasis and determine whether GFP marks all types of 
chief cells and if the GFP + cells are also capable of self- renewal 
(figure 2). We first administered Dox to GIF- Cre- RnTnG mice 
for 1 week to label chief cell nuclei with GFP and the mice were 
sacrificed at 2 weeks and 2 to 12 months after Dox treatment. 
At 2 weeks after Dox treatment, we observed chief cells labelled 
with GFP. The GFP- labelled chief cells at 2 and 12 months were 
still present and copositive for GIF (figure 2A), indicating the 
presence of long- term label- retaining chief cells up to 1 year 
after the Dox treatment. While GFP- labelled cells were observed 
in about 80% of glands at 2 weeks, GFP- labelled cells were 
present in about 27% of glands at 2 months and the numbers 
of GFP- labelled cells were decreased (figure 2B). Only about 1.6 
GFP- labelled cells per gland were present and those cells were 
restricted to the very base of glands (figure 2C). This distribution 
was similar to GFP- labelled cells observed at a year after the Dox 
treatment. Additionally, we observed that GIF- negative GFP- 
labelled cells were first present in about 1.7% of corpus glands 
at 2 months and scattered labelled cells were present in the neck 
region of corpus glands at 6 months (online supplemental figure 
S2A,B, arrows). The GIF- negative GFP- labelled cells were widely 
distributed in about 4% of corpus glands at 12 months after the 
Dox treatment (figure 2B and online supplemental figure S2A, 
arrows). Those GFP- labelled cells showed reprogramming into 
cells that were copositive for Ki67 (proliferating cells), UEAI 
(surface cells), GSII (mucus neck cells) and H/K- ATPase (pari-
etal cells) (online supplemental figure S2C,D, arrows). These 
results confirm the long life of mature chief cells in the mucosal 
homoeostasis, but only a very small subset of mature chief cells 
functions as ‘reserve’ stem cells and is able to differentiate into 
various types of gastric cell lineages.

Chief cells directly give rise to SPEM cells during drug-
induced metaplasia development
We next examined whether the chief cells directly give rise to 
SPEM cells using a lineage tracing model: the GIF- Cre- RnTnG 
mouse allele (figure 3A). Lineage tracing of chief cells with GFP 
was analysed 2 weeks after the 1 week Dox treatment to ensure 

Figure 2 Lineage tracing of GIF- expressing chief cells in normal stomachs. (A) Immunostaining for GFP (green), GIF (red) and Ki-67 (blue) at 2 
weeks, 2 months and 12 months following Dox treatment in GIF- Cre- RnTnG mouse stomachs. GFP +GIF+ cells represent long- lived chief cells and 
GFP +GIF cells indicate a lineage derivation from mature chief cells (****p<0.0001). The dotted boxes indicate the enlarged region. N=3 mice per 
group. (B) Quantitation of GFP + glands. (C) Quantitation of GFP + cells per gland. One hundred glands from proximal corpus were counted to 
perform the quantitative analyses (n=3, ****p<0.0001). GIF, gastric intrinsic factor.
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the full maturation of the GFP- labelled chief cells.19 26 GFP- 
labelled cells were present in 71% of corpus glands and 20% 
of antral glands (online supplemental figure S1D,F). The GIF- 
Cre- RnTnG mice were then treated with L635 for either one or 
three doses to track the fate of the GFP- labelled chief cell lineage 
derivation during the metaplastic process (figure 3B, C). Lineage 
tracing of GFP- labelled chief cells in untreated mice revealed that 
nearly 100% of the GFP- labelled cells were located at the gland 
base. Additionally, all GFP- labelled cells were copositive for GIF 
(figure 3D), but not copositive for Ki67, confirming that no 
GIF transcription activity occurs in the isthmal progenitor cells 
(online supplemental figure S3A). The majority of GFP- labelled 
cells after 1 dose of L635 treatment, the initiation step of the 
metaplastic process, were still observed at the base of glands and 
were copositive for GIF (figure 3D,E). Also, the GFP- labelled 
cell zone remained distinct from the expanded isthmal progen-
itor cell zone (online supplemental figure S3A).

The GFP- labelled cells were visualised after three doses of 
L635 treatment, which represents the completion step of the 
metaplastic process, and extended from the base into the pit 
region of the metaplastic glands (figure 3D,E and figure 5A 
yellow dotted lines). The GFP- labelled cells located at the base 
of the glands were copositive for various SPEM markers such 

as GSII, CD44v9, TFF2 and GIF (figure 4A and online supple-
mental figure S3B). In addition, we also examined the expression 
of GPR30 protein, a new chief cell marker,29 after three doses of 
L635 treatment. In untreated normal corpus glands, the GPR30 
protein was strongly expressed in chief cells and copositive for 
GFP (figure 4B). While it is known that the GPR30 transcrip-
tional activity was quickly downregulated when metaplasia is 
developed in the stomach mucosa,29 the GPR30- expressing cells 
remained in the metaplastic glands (figure 4B,C) and were still 
copositive for GFP as well as two SPEM cell markers, GSII and 
CD44v9. This result supports the concept that the chief cells 
did not die after induction of parietal cell loss, but rather trans-
differentiated into SPEM cells in response to the acute mucosal 
injury. Interestingly, GFP- labelled cells copositive for Ki67 were 
observed at the completion step (figure 5A) and 48% of the GFP- 
labelled cells were copositive for both GSII and Ki67, indica-
tive of proliferating SPEM cells (online supplemental figure 
S3B,C). However, none of the GFP- labelled cells located close 
to the expanded proliferative cell zone were copositive for Ki67 
at the initiation step (online supplemental figure S3A, white 
arrows). These data indicate that chief cells initiate the meta-
plastic process by transdifferentiating into SPEM cells, and then 
complete the metaplastic process by re- entering cell division. 

Figure 3 Lineage tracing of GFP- labelled chief cells in metaplasia development. (A) Diagram of the GIF- Cre- RnTnG allele used in this study. (B) 
Scheme of L635 treatment study in GIF- Cre- RnTnG mice. To lineage label chief cells with GFP, mice were administered with Dox for 1 week on, 2 
weeks off before the L635 treatment to fully mature the GFP- labelled chief cells. The GIF- Cre- RnTnG mice were treated without (untreated, N=4) or 
with one or three doses of L635 (initiation or completion, N=3). (C) H&E- stained stomach sections from GIF- Cre- RnTnG mice, untreated, L635- treated 
for one or three doses. (D) Sections of the stomach tissues from untreated, or L635 treated GIF- Cre- RnTnG mice were immunostained with antibodies 
against GFP (green), GIF (red) and H/K- ATPase (white). Nuclei were counterstained with Hoechst (blue). White arrows denote magnified insets. (E) 
Analysis of the distribution of GFP- labelled cells in different regions of glands in untreated or L635- treated GIF- Cre- RnTnG mouse stomachs. The 
corpus glands are illustrated on the left to show GFP- labelled cell position in different regions of glands (top, neck and base). A corpus gland stained 
for GFP (green) and Hoechst (blue) is at the centre. White dotted lines delineate a gland. Bar graphs display the percentage of GFP- labelled cells in 
different regions of gland. GIF, gastric intrinsic factor.
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These steps reflect that the chief cells reprogram to complete 
the metaplastic conversion in response to injury30 31 and offer 
direct evidence for chief cells as the predominant origin of SPEM 
cells.16 19 25 32–34

Chief cell plasticity contributes to the foveolar cell 
hyperplasia in metaplastic glands
The lineage tracing of mature chief cells with GFP also revealed a 
dynamic contribution of SPEM cells during metaplasia develop-
ment. At the completion step, GFP- labelled cells, which migrated 
into the pit area in metaplastic glands, were copositive for UEAI, 
a surface cell marker (figure 5B, white arrows). In normal 
glands, the GFP- labelled cells displayed a regional restriction 
to the base of glands and a homogeneous cell type. More than 
99% of cells were negative for both UEAI and GSII (figure 5B,C, 
Green) and only a few GFP- labelled cells were copositive for 
GSII and were located in the upper area of the GFP + cell zone, 
likely representing transitioning chief cells that may not be fully 
mature (figure 5C, blue and figure 5D). On the other hand, the 
GFP- labelled cells in metaplastic glands displayed regional redis-
tribution to the top of glands and a variety of mucous cell types, 
copositive for GSII and/or UEAI (figure 5C,D, online supple-
mental figure S4A). 44% of GFP- labelled cells were copositive 
only for GSII (GFP +GSII+UEAI−, blue), indicating SPEM 
cells, and were located only in the base and neck areas. Inter-
estingly, 22% of GFP- labelled cells located in the neck and pit 
area were copositive for UEAI (GFP +GSII- UEAI+, red) and 
Muc5ac (online supplemental figure S4B), indicating surface 
cells which were derived from GFP- labelled cells. Additionally, 
5% of GFP- labelled cells were copositive for both GSII and UEAI 
(GFP +GSII+UEAI+, grey). This population was widely distrib-
uted throughout the gland and suggests that a minor SPEM 
cell population may undergo a cell type conversion to surface 
mucous cells. It is important to note that 29% of GFP- labelled 
cells were negative for both GSII and UEAI (GFP +GSII- UEAI−, 
green) and those cells were only present at the base of glands, 
indicating a subset of chief cells which did not undergo transdif-
ferentiation.35 These results clearly reveal the dynamic activity 
and plasticity of SPEM cells derived from mature chief cells, 
and a gradual expansion of those SPEM cells from the bottom 
of glands towards the surface area after the completion of the 
chief cell transdifferentiation process (figure 5E). The SPEM 
cells which display a heterogeneous contribution in metaplastic 
glands, demonstrate features similar to the ulceration- associated 
cell lineage (UACL), a metaplastic lineage which arises from the 
bases of intestinal crypts identified in the human gastrointestinal 

track in response to severe damage, especially in the setting of 
Crohn’s disease.36 37 Our results indicate that that SPEM cells, 
similar to the pattern observed for UACL, can give rise to a 
different cell lineage, surface cells, and contribute to the cellular 
heterogeneity of metaplastic glands. Consequently, our lineage 
tracing studies suggest a new paradigm of a lineage contribution 
of SPEM cells to the foveolar hyperplasia. Since it is not yet 
clear whether the non- proliferative or proliferating SPEM cells 
are responsible for the SPEM cell conversion into surface cells, 
further studies to define the independent roles of the subsets of 
SPEM cells are required.

SPEM cells emerge from the chief cell transdifferentiation in 
response to ulceration
To address whether the chief cell transdifferentiation is a 
common feature of the emergence of metaplastic cells in 
response to acute injury in the stomach mucosa, we examined 
the GFP- labelled cells after acetic acid- induced ulceration in the 
stomach corpus. Ulcer healing in this acute mucosal injury model 
is also associated with a metaplastic reaction.13 We first adminis-
tered Dox to the GIF- Cre- RnTnG mice for 1 week to label chief 
cells with GFP and induced acute mucosal ulceration 2 weeks 
after the Dox treatment, through application of acetic acid to the 
serosal surface of the mouse stomachs (figure 6A). H&E staining 
revealed that the stomach mucosa had ulceration with a distinct 
ulcer margin at the edge of a denuded mucosal area in the GIF- 
Cre- RnTnG mouse stomachs 3 days after acetic acid- ulcer injury 
(figure 6B, red dotted line). In uninjured mucosa, GFP- labelled 
chief cells were not copositive for any SPEM markers, such as 
CD44v9, TFF2 and GSII, as well as a parietal cell marker, H/K- -
ATPase, as expected (figure 6C,D). However, in the ulcerated 
mucosa, the GFP- labelled cells were still present at the bases of 
glands closely located adjacent to the ulcer margin and they were 
copositive for SPEM markers, including CD44v9, TFF2 and 
GSII (figure 6C,D), confirming that the SPEM cells, in response 
to the ulceration, were also derived from the chief cell transdif-
ferentiation. Therefore, our results suggest that the chief cells 
are the predominant origin of SPEM cells emerging during the 
metaplastic process in response to acute injury.

DISCUSSION
Although GIF is one of the most abundant and representative 
chief cell- specific markers in the mouse corpus, there has been 
no driver mouse model using the GIF locus in the field, which 
allows for cell type- specific lineage mapping. For this reason, 

Figure 4 Immunofluorescence staining for SPEM markers in metaplastic glands. (A) Sections of the stomach tissues from GIF- Cre- RnTnG mice 
treated without (untreated) or with L635 for three doses (completion) were immunostained with antibodies against GFP (green), CD44v9 (red), TFF2 
(blue) and H/K- ATPase (white). White arrows indicate enlarged area in panel. (B) Sections of the stomach tissues from GIF- Cre- RnTnG mice treated 
without (untreated) or with L635 for three doses (completion) were immunostained with antibodies against GFP (green), GPR30 (red), CD44v9 (blue) 
and GSII (white). White arrows indicate enlarged area in panel (C). GIF, gastric intrinsic factor; SPEM, spasmolytic polypeptide- expressing metaplasia.
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the current conflicting paradigms of SPEM cell origin in the 
stomach have not been resolved. The GIF- rtTA mouse model 
which we generated is a true chief cell- specific driver allele in the 
stomach corpus and both the GIF- GFP reporter mouse and the 

GIF- Cre- RnTnG lineage tracing mouse exhibit a distinct chief 
cell population at the base of glands in normal stomach mucosa. 
In particular, the lineage tracing results revealed the longevity 
of chief cells without further reprogramming in homoeostasis 

Figure 5 Lineage contribution of GFP- labelled chief cells in metaplastic glands. (A) Sections of the stomach tissues from untreated (normal) or 
L635- treated (three doses, metaplastic) GIF- Cre- RnTnG mice were immunostained with antibodies against GFP (green) and Ki67 (red). Nuclei were 
counterstained with Hoechst (blue). Dotted boxes depict enlarged regions. white dotted lines delineate mucosa regions and yellow dotted lines define 
the GFP + cell zones. White arrows indicate GFP and Ki67 copositive cells. N=3 mice per group. (B) Sections of the stomach tissues from untreated 
or L635- treated (three doses, metaplastic) GIF- Cre- RnTnG mice were immunostained with antibodies against GFP (green), UEAI (red), GSII (blue) and 
p120 (membrane marker, white). White dotted boxes depict enlarged regions. White arrows indicate GFP and UEAI copositive cells. N=3 mice per 
group. (C) Analysis of relative distribution of GFP + cells in untreated (normal) and L635 treated (three doses, metaplastic) mouse stomach mucosa. 
The distribution histograms display each GFP + cells coimmunostained for UEAI and GSII in the corpus gland shown in B. GFP +GSII- UEAI+ cells (red) 
indicate GFP- labelled surface cells. GFP +GSII+UEAI+ cells (grey) indicate transitioning cells from SPEM cells to surface cells. The y- axis represents 
the corpus gland divided into 10% increments (1=top and 0=base). The x- axis represents the number of cells in each region per gland. more than 50 
glands were analysed in each group. (D) Bar graphs display the percentage of GFP + cells coimmunostained for UEAI and GSII in the corpus gland 
shown in B. N=3 mice per group. (E) Schematic diagram of lineage contribution of GFP- labelled chief cells in metaplasia development. GIF, gastric 
intrinsic factor; SPEM, spasmolytic polypeptide- expressing metaplasia.
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up to 1 year after the GFP labelling. Only about 4% of the long- 
term label- retaining chief cells showed self- renewal capacity and 
differentiated into other types of gastric cell lineages, such as 
parietal cells and surface cells.

We have previously shown that the isthmal progenitor cells 
are distinct from the process of chief cell transdifferentiation 
and only contribute to the foveolar hyperplasia in response to 
Kras activation.38 Our results using both the GIF- GFP reporter 
and the GIF- Cre- RnTnG lineage tracing mouse alleles demon-
strated that a conserved response to acute injury, where chief 
cells undergo transdifferentiation into SPEM cells. The lineage 
tracing also showed that the GFP- labelled cells migrate upwards 
to the foveolar/surface cell zone after the acute injury suggesting 
that chief cells also contribute to foveolar lineages in metaplastic 
glands as part of the phenotype of pyloric metaplasia.3 There-
fore, our present study clearly confirms that chief cell transdif-
ferentiation results in development of metaplasia through the 
expansion of the SPEM cell and surface cell compartments. 
However, since the GFP was prelabelled in chief cells before the 
acute injury, it is not clear whether the foveolar cells positive for 
GFP in the metaplastic glands originated from the SPEM cell 
differentiation or direct reprogramming of chief cells. It is also 
possible that chief cells may acquire the stem cell ability during 

the transdifferentiation process since there is a subpopulation in 
chief cells functioning as ‘reserve’ stem cells.

It has previously been reported that the mucosal recovery after 
gastric ulceration is associated with SPEM development, and 
SPEM cells may be responsible for wound healing after gastric 
injury.13 In the GIF- Cre- RnTnG mouse stomachs, about 30% of 
chief cells labelled with GFP in a gland did not transdifferentiate 
in response to the mucosal injury. However, we were not able 
to address whether the GFP- labelled SPEM cells also contrib-
uted to the ulcer recovery, because the GFP + cells between the 
GFP +SPEM cell progeny and the GFP + chief cells that did not 
undergo transdifferentiation were not distinguished in the recov-
ered mucosa. A new SPEM cell marker, AQP5, has been identi-
fied which specifically labels SPEM cells in metaplastic glands in 
both mouse and human stomach corpus,12 and we believe the 
AQP5- CreERT driver mouse allele would be useful for further 
examination of the SPEM cell plasticity during the recovery 
phase after acetic acid- induced ulceration in the stomach corpus. 
In addition, mucus neck cells are progenitor cells of chief cells 
and not proliferative in homoeostatic glands. Since mucus neck 
cell hyperplasia is also observed in the setting of metaplasia 
development,39 we cannot rule out the possibility of neck cell 
contribution to the phenotype of SPEM cells in glands with 

Figure 6 Lineage contribution of GFP- labelled chief cells in acetic acid- induced ulceration. (A) Scheme of acetic acid- induced ulceration in GIF- 
Cre- RnTnG mice. To first lineage label chief cells with GFP, mice received Dox for 1 week, followed by 2 weeks off before the gastric ulceration was 
induced. The stomach tissues were collected 3 days after the ulceration. (B) H&E- stained stomach sections from GIF- Cre- RnTnG mice at 3 days after 
acetic acid- induced injury. N=3 mice. Dotted line indicates ulcer margin. (C, D) Sections of the stomach tissues from uninjured or ulcerated lesions 
in the GIF- Cre- RnTnG mice were immunostained with (C) antibodies against GFP (green), CD44v9 (red), TFF2 (blue) and H/K- ATPase (white) and (D) 
antibodies against GFP (green) and GSII (red). Nuclei were counterstained with Hoechst. White dotted boxes depict enlarged regions and yellow 
dotted line indicates ulcer margin. GIF, gastric intrinsic factor.
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pyloric metaplasia. Our current mouse model system is a chief 
cell- specific model and there are no mucus neck cell- specific 
driver mouse alleles available at present. Therefore, further 
studies are required to address whether the mucus neck cells also 
can acquire stem cell- like properties and contribute to SPEM cell 
production.

Collectively, our results conclude that the SPEM cells origi-
nate primarily from mature chief cells in response to injury even 
in the absence of any genetic alterations.32 Also, the chief cell- 
originated SPEM cells can orchestrate cellular reconstitution of 
normal gastric glands to metaplastic glands containing hetero-
geneous cell types after the completion of the reprogramming 
process into progenitor- like cells, which display not only prolif-
erative activity, but also lineage conversion capability to produce 
surface cells. Furthermore, additional animal models beyond 
the acute mucosal injury, such as chronic injury models through 
Helicobacter felis or Helicobacter pylori infection7 40 or onco-
genic gene activation6 would further clarify the roles of chief 
cell plasticity during metaplasia development and progression. 
In conclusion, cellular plasticity of mature chief cells as a differ-
entiated gastric epithelial cell type is responsible for the diverse 
lineage distribution during metaplasia development following 
severe mucosal injury.

METHODS
Experimental animal models
The care, maintenance and treatment of mice used in this study 
followed protocols approved by the Institutional Animal Care 
and Use Committee of Vanderbilt University Medical Center 
and each experimental group contained 2–4 mice as noted in 
the figure legends. Littermates from both sexes were randomly 
assigned to experimental groups. Mice were maintained in 
housing of five animals per cage with a 12- hour light/dark cycle 
and water and food at libitum.

Generation of the GIF-rtTA mouse allele
We designed a strategy for rtTA knock- in CRISPR/Cas9 system, 
targeting the GIF locus in mouse genome (online supplemental 
figure S1A). Two single guide (sg) RNAs were designed to target 
the GIF 3′-UTR in close proximity to the coding sequences 
(CDS). A single strand DNA (ssDNA, 976 bp) was designed as 
a donor to target the GIF 3′-UTR near the CDS. The Donor 
ssDNA contains a promoterless 2a- rtTA sequence flanked by 
two homologous arms at each end and was inserted at the end 
of the coding region of the GIF locus. The Donor ssDNA and 
synthetic guide RNA (sgDNA) were generated by Applied Stem-
Cell Company and they performed the pronuclear injections 
into mouse embryos and transferred the embryos into recip-
ient mice. A microinjection cocktail was prepared by mixing of 
annealed crRNA:tracrRNA (20 ng/µL), Cas9 protein (20 ng/µL), 
and donor ssDNA (10 ng/µL). Microinjection was performed 
at the pronuclear stage and a total of six transgenic founders 
(F0 founders) were identified in two rounds of microinjection. 
Genomic DNAs from the tail tips of derived pups were extracted 
for use as a PCR template to screen for the transgene within 6 
weeks after the injection. Genotyping was performed to iden-
tify the F1 positive mice that are the heterozygous founders. 
The primer sequences used for genotyping are listed in online 
supplemental table 1. Two F1 male mice were produced through 
breeding potential F0 founders to wild type C57BL/6 J mice. 
The two F1 male mice were then transferred to The Vanderbilt 
University to establish the GIF- rtTA founder line. The GIF- rtTA 

mouse allele created by Applied Stemcell was maintained as 
homozygous.

Transgenic mouse alleles
The generation of Gif- rtTA- TetO- H2BGFP (GIF- GFP) and Gif- 
rtTA- TetO- Cre- Gt(ROSA)26Sortm(CAG- tdTomato*,-EGFP*)Ees/J (GIF- 
Cre- RnTnG) mice is described as follows. The Gif- rtTA mice 
were crossed with TetO- H2BGFP sourced from the Jackson 
Laboratory (Bar Harbor,ME) for a successful breeding of a dual 
positive Gif- rtTA- TetO- H2BGFP (GIF- GFP) transgenic mouse 
allele. To establish the triple cross GIF- Cre- RnTnG mouse allele, 
the Gif- rtTA mice were crossed against TetO- Cre mice then, 
dual positive mice were crossed with Gt(ROSA)26Sortm(CAG- 

tdTomato*, −EGFP*)Ees/J to complete the allele of Gif- rtTA- TetO- Cre- 
Gt(ROSA)26Sortm(CAG- tdTomato*, −EGFP*)Ees/J (GIF- Cre- RnTnG). 
The GIF- GFP and GIF- Cre- RnTnG lines were maintained on a 
mixed background of C57BL/6 and CD1.

Genotyping
Ear punches were collected from mice at 3 weeks of age on 
weaning. Samples were lysed using a 5% mixture of Viagen 
Direct PCR and Viagen Proteinase K. Samples were lysed in solu-
tion overnight at 55°C and then incubated at 85°C for 1 hour the 
following day and iced for 15 min. Protocols for each individual 
genotyping used a master mix of 8 uL of distilled water, 10 uL 
GoTaq 2 x premix, 1 uL of 10 mM primer mixture per sample 
and 1 uL of template gDNA. Gif- rtTA 5’ and 3’ sequences use 
Platinum Hot Start II and Gif- rtTA WT primers use Promega 
GoTaq G2 Green MasterMix. Conditions for GIF- rtTA PCR are 
as follows: 1 initialisation cycle at 94°C for 2 min, 35 cycles at 
94°C for 30 s, 58°C for 30 s, 72°C for 90 s and a final elonga-
tion at 72°C for 5 min. TetO- H2B- GFP uses Promega GoTaq 
G2 Green MasterMix. Conditions for TetO- H2B- GFP PCR 
are: 1 initialisation cycle at 94°C for 3 min, 32 cycles at 94°C 
for 30 s, 58°C for 30 s, 72°C for 40 s and a final elongation at 
72°C for 5 min. Primer sequences for TetO- Cre use Promega 
GoTaq G2 Green MasterMix. Conditions for TetO- Cre PCR 
follow: 1initalisation cycle at 94°C for 2 min, 10 cycles at 94°C 
for 20 s, 65°C for 15 s, 68°C for 10 s, 28 cycles at 94°C for 15 s, 
60°C for 15 s, 72°C for 30 s and a final elongation at 72°C for 
2 min. RosanTnG primers use DreamTaq GreenPCR MasterMix 
2 x. Conditions for RosanTNG PCR are as follows: 1 initialisation 
cycle at 94°C for 5 min, 35 cycles at 94°C for 30 s, 61°C for 60 s, 
72°C for 1 min; 30 s and a final elongation at 72°C for 7 min. 
The primer sequences used for genotyping are listed in online 
supplemental table 1.

Drug treatment
At 6 weeks of age, GIF- GFP mice were treated with Dox water 
at a concentration of 0.2 mg/mL over the course of 1 week. 
Sequentially, L635 (synthesised by the Chemical Synthesis 
Core of the Vanderbilt Institute of Chemical Biology, Nash-
ville, Tennessee, USA) was administered once a day for one or 
three doses by oral gavage (350 mg/kg) to mice maintained on 
Dox water treatment. The GIF- Cre- RnTnG mice were treated 
with Doxwater at a concentration of 0.2 mg/mL for 1 week. 
Mice were left for 2 weeks for complete GFP- labelled chief cell 
maturation and then treated with L635 once a day for one or 
three doses by oral gavage (350 mg/kg). Stomachs were resected 
from wildtype, GIF- GFP, GIF- Cre- RnTnG and washed in PBS. 
Samples were then fixed in 4% paraformaldehyde solution in 
PBS overnight at 4°C. The following day, the samples were 
trimmed and processed according to a standard histological 
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protocol for paraffin embedding. We grouped the GIF- GFP or 
GIF- Cre- RnTnG mice from various litters for different groups 
for untreated and treated with L635 one dose or three doses 
for a single experiment and all the L635 treatment experiments 
were repeated two to four times to collect three to four stomach 
tissues per group from individual mice.

Ulcer induction
Gastric ulcers were induced in mice approximately 9 weeks of 
age by acetic acid under isoflurane anaesthesia based on a previ-
ously published protocol.13 Prior to induction, each mouse was 
dosed with ketoprofen analgesic (5–10 mg/kg) with follow- up 
doses each day until the completion of the experiment. A midline 
abdominal surgical incision was performed and the stomach was 
exposed for ulceration. Microcapillary tubes (0.8 mm in diam-
eter) were filled with acetic acid (99%) and placed in direct 
contact with the exterior surface of the proximal stomach corpus 
region and were held in place for 25 s. Sterile gauze was used to 
wipe the stomach clean from any residual acid and the muscle 
and skin incisions were sutured in two separate layers. The mice 
were then maintained with standard food and water and checked 
daily until completion of the experiment.

Immunostaining
Paraffin tissues sections of 5 µm were deparaffinised in a series 
of histoclear washes and rehydrated through a progression of 
ethanol (100%, 95%, 75%). Antigen retrieval was performed 
using Dako target retrieval solution PH 6 in a pressure cooker 
for 15 min and cooled for 1 hour. Sections were incubated in 
Dako serum- free protein block solution at room temperature 
for 1.5 hours and primary antibodies were added to Dako anti-
body diluent with background reducing components and then 
applied to sections overnight at 4°C. The following day, slides 
were washed in PBS for 5 min three times, then incubated for 
1 hour in secondary antibodies that were added in dako antibody 
diluent at room temperature for immunofluorescence staining. 
Nuclei counterstaining incubated for 5 min at room temperature 
using Hoechst at (0.2 ug/mL) in PBS and sections were washed 
three times in PBS, mounted and cover slipped.

Immunohistochemistry staining
ImmPRESS polymer detection reagent and ImmPACT DAB 
substrate kits from Vector Laboratories were used for primary 
antibody detection. The primary and secondary antibodies used 
for immunostaining are listed in online supplemental table 1. 
Fluorescence images were attained using a Zeiss Axio Imager 
M2, equipped with a SPOT Explorer camera using SPOT basic 
software at ×20 magnification. Preparation and overlay of fluo-
rescence images were executed in Adobe Photoshop. Stomach 
tissues after the immunohistochemistry were scanned on an 
Ariol SL-50 slide scanner (Leica) at ×20 magnification.

Quantification and statistical analysis
Statistics
To quantify the GFP + glands in GIF- GFP or GIF- Cre- RnTnG 
mouse stomachs, we counted 100 GFP + glands in both the 
corpus and antrum zones in each mouse stomach tissue section. 
The average values of GFP +glands in the corpus or antrum 
from each mouse section were compared by Welch’s test 
(p<0.05 for significance). For the long term- lineage tracing 
study, we counted 100 glands from the proximal corpus in each 
mouse stomach tissue section after immunofluorescence staining 
for GFP, GIF and Ki67. Only GFP +GIF+ cells were considered 

GFP- labelled chief cells and GFP +GIF cells were considered cell 
lineages derived from mature chief cells. The average values of 
GFP + glands or GFP + cells per gland from each mouse section 
were compared by Welch’s test (p<0.05 for significance). For 
quantitation of GFP + chief cells, three representative images of 
stained dual positive GFP and GIF stomach tissue corpus regions 
were taken from a paraffin section of each mouse stomach at 
×20 magnification. The average values of GFP +GIF+ cells or 
GFP- GIF + cells in the corpus from each mouse section were 
then compared by Welch’s test (p<0.05 for significance).

Distribution analysis
Experimental groups contained three to four mice. At least three 
representative images (>50 glands) of proximal stomach corpus 
were taken from each mouse at ×20 objective for analysis. Both 
the top and base of glands were identified and denoted, then 
glands were split into thirds (pit, neck, and base). Cell numbers in 
each region were determined manually using ImageJ. The results 
were reported as percent of cells in each region. For mucous cell 
type distribution, top of glands and base of glands were identi-
fied and gland height was normalised from 0 to 1 (1=top and 
0=base of gland). A custom- built software was developed using 
MATLAB to analyse the quantitative spatial localisation of GFP 
positive cells. Immunolabeled cells for each marker were manu-
ally identified. The software divided the gastric gland into 10% 
increments. For each labelled cell, the height location within 
the gland was determined by calculating distance of the labelled 
nuclei to an increment within the denoted top and base of the 
gland. The results were normalised against the total number of 
glands and reported as cells per gland. Both the top and base of 
glands were identified and denoted, and glands were split into 
thirds (pit, neck and base). Cell numbers in each region were 
determined manually using ImageJ. The results were reported as 
per cent of cells in each region.
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SUPPLEMENTAL FIGURE LEGENDS 

Figure S1. Immunihistochemical analysis of GIF-GFP and GIF-Cre-RnTnG mouse 

stomachs.  A) Scheme for In-frame rtTA fusion of a GIF gene in mice to generate the 

GIF-rtTA mouse allele using CRISPR technology. CRISPR-Cas9 stimulates 

homologous recombination between the unmodified chromosome (Chr) and the 

homologous donor, resulting in an in-frame, 3’ terminal 2A-rtTA-tagged gene.  

CRISPR/Cas9 technology is employed to introduce a double-stranded DNA break 

(DSB) at a target site before the stop codon. A synthetic guide RNA (sgRNA) was 

designed in the targeting region. A Donor single strand DNA (ssDNA) containing P2A-

rtTA DNA fragment flanked by an upstream (5’ arm, ~1kb) and downstream (3’ 

arm,~1kb) homologous fragments designed according to the targeting site was used for 

site-specific knock-in of the P2A-rtTA through endogenous homology-directed repair.  

B&C) Immunohistochemistry of GFP in GIF-GFP mice. B) Sections of the liver, 

pancreas, intestine and lung tissues of GIF-GFP mice were immunostained with 

antibodies against GFP at 1 week after DOX treatment.  No GFP+ cells were observed 

in the tissues. C) Sections of the stomach tissues of GIF-rtTA or GIF-GFP mice were 

immunostained with antibodies against GFP at 1 week after DOX treatment. Black and 

red boxes depict enlarged regions.  D) Immunohistochemistry of GFP in GIF-Cre-

RnTnG mice. Sections of the stomach tissues of Dox-treated GIF-Cre-RnTnG mice 

treated with or without L635 were immunostained with antibodies against GFP. Black 

and red boxes depict regions enlarged.  E) Quantitation of glands that contain GFP+ 

cells in the corpus and antrum in GIF-GFP mouse stomachs with DOX treatment. The 

graph displays the percentage of GFP+ glands and a total of 100 glands per mouse 
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were counted in the corpus or antrum. Statistical significance was determined by 

unpaired Welch’s test (P = 0.0012, N = 3 per group).  F) Quantitation of glands that 

contain GFP+ cells in the corpus and antrum in GIF-Cre-RnTnG mouse stomachs with 

DOX treatment for 1 week. The graph displays the percentage of GFP+ glands and a 

total of 100 glands per mouse were counted in the corpus or antrum. Statistical 

significance was determined by unpaired Welch’s test (P < 0.0001, N = 3 per group).   

Figure S2. Immunofluorescence staining for GFP-labeled cells after long term-

lineage tracing. A) Immunostaining for GFP (green), GIF (red) and Ki-67 (blue) at 2 

weeks (n=3), 2 (n=3), 6 (n=2), and 12 (n=3) months following Dox treatment in GIF-Cre-

RnTnG mouse stomachs. White arrows indicate enlarged area in panel B & C. B) 

Yellow arrows indicate GIF-negative GFP-labeled cells at 6 months following Dox 

treatment. C) Yellow arrow indicated co-positive cells for GFP and Ki67 at 12 months 

following Dox treatment. D) Immunostaining for GFP (green), UEAI (red), GSII (blue) 

and H/K-ATPase (white) at 12 months following Dox treatment in GIF-Cre-RnTnG 

mouse stomachs. White arrow indicates enlarged area and yellow arrows indicate co-

positive cells for GFP and UEAI, GSII or H/K-ATPase. 

Figure S3. Immunofluorescence staining for GFP-labeled cells in the GIF-Cre-

RnTnG mouse stomachs.  A) GIF-Cre-RnTnG mice were administered without 

(untreated) or with L635 for 1 or 3 doses (initiation or completion) 2 weeks after the Dox 

treatment for 1 week. Sections of the stomach tissues were immunostained with 

antibodies against GFP (green), Ki67 (red), UEAI (white). Nuclei were counterstained 

with Hoechst (blue). White arrows indicate GFP+Ki67- cells 1 dose after the L635 
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treatment. Several GFP+ cells were observed at the surface cell zone (yellow arrows) in 

the glands of stomach tissues treated with L635 for 3 doses, but no GFP+ cells were 

copositive for Ki67 in this region. Dotted boxes depict enlarged regions. N = 3 mice per 

group.  B) Sections of the stomach tissues treated with L635 for 3 doses (completion) 

were immunostained with antibodies against GFP (green), Ki67 (red), GSII (blue). 

Dotted box depicts enlarged region. N = 3 mice per group. C) Quantitation of co-positive 

cells for GFP, GSII and/or Ki67 per 20 x field. N = 3 mice per group.   

Figure S4. Immunofluorescence staining for GFP-labeled cells in the GIF-Cre-

RnTnG mouse stomachs.  GIF-Cre-RnTnG mice were administered without 

(untreated) or with L635 for 3 doses (completion) 2 weeks after the Dox treatment for 1 

week.  A) Sections of the stomach tissues were co-immunostained with antibodies 

against GFP (green), GIF (red) and GSII (white) or GFP (green), UEAI (red), HK/ATP-

ase (HK, gray). Nuclei were counterstained with Hoechst (blue). Dotted boxes depict 

regions enlarged. White dotted lines depict mucosa regions and yellow dotted lines 

depict the GFP+ cell zones.  White arrows indicate GFP-labeled SPEM cells, co-positive 

for GIF, and GSII or GFP-labeled surface cells, co-positive for UEAI.  B) Sections of the 

stomach tissues were co-immunostained with antibodies against GFP (green), Muc5ac 

(red) and UEAI (blue). Dotted boxes depict regions enlarged. White arrows indicate 

GFP-labeled surface cells, co-positive for both Muc5ac and UEAI.  N = 3 mice per 

group.   
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SUPPLEMENTAL TABLE 1. KEY RESOURCES TABLE 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit anti-GFP (1:5,000) Novus NB600-308 

Goat anti-GIF (1:1,000) 
A gift from Dr. David 
Alpers 

N/A 

Mouse anti-H/K-ATPase (1:10,000) 
A gift from Dr Adam 
Smolka 

N/A 

Rabbit anti-Ki67 (1:1000) Cell Signaling 
Technology 

9129 

Mouse anti-P120 (1:500) BD Biosciences 610134 

UEA1-lectin (1:2000) Sigma L9006 

GSII-Lectin (1:2,000) Invitrogen L32451 

Rabbit anti-GPR30 (1:200) abcam ab260033 

Mouse anti-Muc5ac (1:500) NeoMarkers MS-551-P 

Donkey anti-Rat IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 594 (1:500) 

ThermoFisher A-21209 

Donkey anti-Rat IgG (H+L) Cross-Adsorbed Secondary 
Antibody, DyLight 680 (1:500) 

ThermoFisher SA5-10030 

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488 (1:500) 

ThermoFisher A-21206 

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 546 (1:500) 

ThermoFisher A-10040 

Donkey anti-Rabbit IgG (H+L) Highly cross-Adsorbed 
Secondary Antibody, Alexa Fluor 790 (1:500) 

ThermoFisher A-11374 

Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluro 488 (1:500) 

ThermoFisher A-11055 

Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 568 (1:500) 

ThermoFisher A-11057 

Donkey anti-Goat IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 647 (1:500) 

ThermoFisher A-21447 

Donkey anti-Monkey Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluro 790 (1:500) 

ThermoFisher A-11371 

Chemicals, Peptides, and Recombinant Proteins   

Viagen Direct PCR (Ear) Lysis Reagent  Fisher Scientific 402-E 

Viagen Proteinase K Fisher Scientific 501-PK 

4% paraformaldehyde solution in PBS Fisher Scientific  AAJ19943K2 

L-635 
Vanderbilt Chemical 
Synthesis Core  

N/A 

Doxycycline Hyclate 
Sigma-Aldrich 
Genosys 

D9891 

Histoclear National Diagnostics HS-200 

Critical Commercial Assays 

Platinum II Hot Start PCR Master Mix (2x) Thermo Fisher 1400014 

DreamTaq Green PCR Master Mix (2x) Thermo Fisher  K1081 

Promega GoTaq G2 Green Master Mix (2x) Thermo Fisher  M7823 

Experimental Models: Organisms/Strains 

C57Bl/6J  
The Jackson 
Laboratory 000664 

Gif-rtTA  Applied StemCell N/A 
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TetO-H2BGFP  
The Jackson 
Laboratory 005104 

TetO-Cre 
The Jackson 
Laboratory 006224 

Gt(ROSA)26Sortm(CAG-tdTomato*,-EGFP*)Ees/J 023537 
The Jackson 
Laboratory 023537 

Oligonucleotides   

GIF-rtTA WT Primers  
Sigma-Aldrich 
Genosys 

N/A 

F: CATGAGCACATCACAGCCAAC 

R: GTTAGTGCAGAAGGTTGCGTC 

TetO-H2BGFP Primers  
Sigma-Aldrich 
Genosys 

N/A 

F: GCGCTCGAAAATGTCGTTCA 

R: CGTGTACGGTGGGAGGTCTA 

TetO-H2BGFP WT Primers 
Sigma-Aldrich 
Genosys 

N/A 

F: CTAGGCCACAGAATTGAAAGATCT 

R: GTAGGTGGAAATTCTAGCATCATCC 

TetO-Cre Primers  
Sigma-Aldrich 
Genosys 

N/A 

F: GCGGTCTGGCAGTAAAAACTATC 

R: GTGAAACAGCATTGCTGTCACTT 

Rosa nTnG Primers  

Sigma-Aldrich 
Genosys 

N/A 

WT: GGAGCGGGAGAAATGGATATG 

Common: AAAGTCGCTCTGAGTTGTTAT 

Mutant:CCAGGCGGGCCATTTACCGTAAG 

Experimental Models: Organisms/Strains   

Mouse: GIF-rtTA This paper N/A 

Mouse: TetO-H2BGFP The Jackson 
Laboratory 

Stock No: 
005104 

Mouse: TetO-Cre The Jackson 
Laboratory 

Stock No: 
006234 

Mouse: Rosa-RnTnG The Jackson 
Laboratory 

Stock No: 
023035 

Software and Algorithms   

ImageJ  
(Schneider et al., 
2012) 

https://imagej.nih
.gov/ij/ 

Photoshop 2020 Adobe Version 21.1.2 

GraphPad Prism GraphPad Software Version 8.4.2 

MATLAB MathWorks  
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