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Abstract

During development, the embryo transitions from a metabolism favoring glycolysis to a 

metabolism favoring mitochondrial respiration. How metabolic shifts regulate developmental 

processes, or how developmental processes regulate metabolic shifts, remains unclear. To test the 

requirement of mitochondrial function in developing endoderm-derived tissues, we genetically 

inactivated the mitochondrial transcription factor, Tfam, using the Shh-Cre driver. Tfam mutants 

did not survive postnatally, exhibiting defects in lung development. In the developing intestine, 

TFAM-loss was tolerated until late fetal development, during which the process of villus 

elongation was compromised. While progenitor cell populations appeared unperturbed, markers of 

enterocyte maturation were diminished and villi were blunted. Loss of TFAM was also tested in 

the adult intestinal epithelium, where enterocyte maturation was similarly dependent upon the 

mitochondrial transcription factor. While progenitor cells in the transit amplifying zone of the 

adult intestine remained proliferative, intestinal stem cell renewal was dependent upon TFAM, as 

indicated by molecular profiling and intestinal organoid formation assays. Taken together, these 

studies point to critical roles for the mitochondrial regulator TFAM for multiple aspects of 

intestinal development and maturation, and highlight the importance of mitochondrial regulators in 

tissue development and homeostasis.
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1. Introduction

Shifts in cellular metabolic state accompany distinct developmental transitions. The 

acquisition of induced pluripotency depends upon a metabolic shift from oxidative 

phosphorylation to glycolysis (Folmes et al., 2011; Shyh-Chang et al., 2013; Zhou et al., 

2012). Glycolysis is the preferred biochemical pathway during early stages of embryonic 

development; proliferating cells are dependent upon glycolysis and the production of 

glycolytic intermediates to increase biomass. Conversely, differentiated cells produce energy 

more efficiently without glycolytic intermediates via oxidative phosphorylation (Vander 

Heiden et al., 2009). Links between metabolic and developmental processes are providing 

new insights into developmental mechanisms. Many advances linking metabolic state to 

cellular differentiation leverage the opportunities provided by in vitro study in the fields of 

regenerative medicine (Wanet et al., 2015), and while fewer in number, in vivo 
demonstrations of a coupling between metabolic activity and developmental processes are 

increasing. Metabolic shifts have been implicated in differentiation of mesenchymal, 

hematopoietic, and muscle stem cells (Bracha et al., 2010; Chen et al., 2008; Qian et al., 

2016; Shyh-Chang et al., 2013; Takubo et al., 2013; Tormos et al., 2011), and upon 

activation of macrophages (Tannahill et al., 2013).

A key hallmark of intestinal development involves a morphological restructuring of the early 

fetal gut, which transitions from a highly proliferative, pseudostratified epithelium to a 

columnar epithelium that projects post-mitotic villus structures into the lumen (Walton et al., 

2016a). Interspersed between villi, proliferative cellular pockets continue to expand the 

cellular content of the expanding gut. As the gut matures, these proliferative zones will give 

rise to Crypts of Lieberkühn that house an active intestinal stem cell population and 

proliferating progenitor cells in the adult (Chin et al., 2017). Adult villi harbor differentiated 

cells of absorptive (enterocyte) or secretory (goblet and enteroendocrine) lineages. Previous 

studies have implicated a variety of transcription factors and signaling molecules in the 

process of embryonic villus formation (Choi et al., 2006; Kaestner et al., 1997; Karlsson et 

al., 2000; Kim et al., 2007; Lepourcelet et al., 2005; Madison et al., 2005; McLin et al., 

2009; Ormestad et al., 2006; Shyer et al., 2013; Spence et al., 2011; van den Brink, 2007; 

Walker et al., 2014; Walton et al., 2012; Walton et al., 2016), but the role of metabolic 

regulators in villus formation is less appreciated. In the developing intestine, genes encoding 

components of the electron transport chain, which mediate mitochondrial Ox-Phos, show 

elevated expression coinciding with the onset of villus morphogenesis in fetal stages (Kumar 

et al., 2016), and pharmacological inhibition of the electron transport chain compromises 

villus maturation in an ex vivo culture system (Kumar et al., 2016). However, the genetic 

disruption of a direct mitochondrial regulator has not been conducted in the context of 

intestinal development.

Srivillibhuthur et al. Page 2

Dev Biol. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In adult mice, there is also a shift from glycolysis to oxidative phosphorylation that 

correlates with cell position along the crypt-villus axis. Stem cells located at the bottoms of 

the crypts show increased glycolysis, whereas differentiated cells near the villus tips exhibit 

increased oxidative phosphorylation (Stringari et al., 2012). This gradient is presumed to 

make glycolytic intermediates available for increased biomass in the proliferative crypt, 

while in the differentiated villus, efficient oxidation of glucose via the electron transport 

chain maximizes ATP production to fuel the enzymatic activities driving digestion. It has 

been suggested that this glycolysis-Ox-Phos gradient along the crypt-villus axis can be 

exploited for regulatory function. Luminal butyrate is consumed via aerobic respiration in 

colonocytes at the luminal surface, and thus bioavailability of butyrate is diminished at the 

crypt base, where stem cells are spared the growth-inhibitory function of butyrate (Kaiko et 

al., 2016). Stem cell renewal itself is subject to ROS signaling and may be influenced by 

mitochondrial-generated ROS, as Ox-Phos inhibitors block stem cells from functioning in an 

organoid assay (Rodriguez-Colman et al., 2017), and ROS promotes stem cell signature gene 

expression in a Rac1-dependent manner, particularly upon APC inactivation in colon polyps 

(Myant et al., 2013). Despite the important advances, regulators of the metabolic gradient 

along the crypt-villus axis in the adult tissue or in the embryonic transition to villus 

formation are incompletely understood. Knockout models that disrupt mitochondrial 

function, such as YY1, trigger stem cell loss (Berger et al., 2016; Perekatt et al., 2014), but 

may also disrupt other cellular processes (Blattler et al., 2012; Jeong et al., 2017). Genetic 

inactivation of a factor specific for mitochondrial function would clarify the importance of 

mitochondrial function in intestinal development and homeostasis.

TFAM (transcription factor A, mitochondrial) is a nuclear gene critical for transcription and 

replication of the mitochondrial genome. (reviewed in (Campbell et al., 2012)). TFAM 

regulates thirteen genes in the mitochondrial genome that code for critical components of the 

electron transport chain, making TFAM a vital factor for energy production via oxidative 

phosphorylation (Shi et al., 2012). Thus, genetic inactivation of TFAM provides a precise 

tool to interrogate the role of mitochondrial metabolism in biological processes. TFAM 

inactivation early in embryonic development with the β-Actin-Cre driver leads to enlarged 

mitochondria with abnormal cristae, and embryonic lethality before E10.5 (Larsson et al., 

1998). However, prior to E8.5, no stark phenotype was observed, suggesting that 

mitochondrial activity is dispensable for early embryo growth and proliferation. In 

developmental processes, TFAM was shown to be important for differentiation of the 

epidermis, as differentiation of keratinocytes is compromised upon conditional inactivation 

of TFAM, while epidermal progenitor proliferation was unperturbed (Hamanaka et al., 

2013). In the intestine, TFAM heterozygous mice were observed to be more susceptible to 

APCmin-driven polyp formation, possibly owing to increased oxidative stress and DNA 

damage (Woo et al., 2012), and truncating mutations of TFAM have been observed in colon 

cancers (Guo et al., 2011). However, homozygous loss of TFAM in the adult intestine or in 

the developing intestine has not been explored.

In the current study, we use both developmental and adult-onset intestinal epithelial Cre 

drivers to specifically test the requirements for TFAM in the developing and adult intestinal 

epithelium. We find that TFAM loss has no consequence for early intestinal growth and 

expansion, but is required for proper villus maturation. Similarly, we find that ablation of 
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TFAM in the adult intestinal epithelium compromises maturation of enterocytes on intestinal 

villi, leading to weight loss and death. Interestingly, we also find that TFAM-loss disrupts 

intestinal stem cell homeostasis in the adult niche, with loss of resident stem cells and an 

inability of TFAM-deficient crypts to self-renew in organoid cultures. Taken together, these 

studies point to critical roles for the mitochondrial regulator TFAM for multiple aspects of 

intestinal development and adult functions, and highlight the importance of mitochondrial 

regulators in tissue development and homeostasis.

2. Results

TFAM is required for proper lung development

We created a genetic model employing the Shh-Cre driver (Harfe et al., 2004) to recombine 

Tfamf/f alleles (Hamanaka et al., 2013; Larsson et al., 1998). The Shh-Cre allele drives Cre 

expression, beginning at approximately E9.5, throughout the epithelium of several 

endoderm-derived organs, including the intestinal epithelium, but also in the stomach and 

lungs. The Shh-Cre; Tfamf/f mutation was neonatal lethal, as Mendelian ratios were 

observed at E18.5, but no viable pups were observed on or after postnatal day 1 (Fig. 1A). 

We examined the lungs for a potential cause of an acute, neonatal lethal phenotype. Indeed, 

the lungs in E18.5 embryos exhibited transparent cysts in the distal lobes (Fig. 1B–C), a 

characteristic of branching morphological defects and incomplete development of the 

peripheral airway (Cardoso and Lu, 2006; Mucenski et al., 2003). Thus, TFAM is essential 

for proper lung development and postnatal survival.

TFAM loss results in an immature neonatal gut, particularly affecting villus elongation

To determine whether TFAM-driven control of mitochondrial function was also important 

for intestinal development, we characterized Tfam mutant intestines versus littermate 

controls. mtDNA was diminished in the Tfam mutant epithelium, as were transcripts 

encoding Tfam, reflecting the loss of the mitochondrial transcription factor in our model 

(Fig. 2A–B). Severe reduction in Tfam transcripts were observed in both the proximal and 

distal gut epithelium, and, consistent with loss of TFAM function, transcripts of genes 

residing in the mitochondrial genome were similarly compromised (Supplemental Figure 

1A–B). Loss of TFAM function also corresponded to disrupted mitochondrial architecture 

(Figure 2C, Supplemental Figure 1C), with transmission electron micrographs indicating 

that the mitochondria in mutant cells lack inner mitochondrial membranes and lose electron 

density. At E18.5, Tfam mutant intestines were similar in length to their littermate controls 

(Supplemental Figure 1D–E), but exhibited diminished girth (Fig. 2D–E). We then examined 

the consequence of Tfam loss across a timecourse of intestinal development. At E15.5 no 

morphological differences were observed, however by E18.5, mutant embryos exhibited 

shorter, stunted villi (Fig. 2F–H). Reduced villus height was observed in both the duodenum 

(p = 2.376E-06) and, to a lesser degree, in the ileum where villus maturation is 

developmentally slower to progress (p = 0.00365) (Fig. 2G–H). Thus, while Tfam appears 

dispensable for embryonic gut elongation and initiation of villus morphogenesis, it is 

required for fetal maturation of the gut epithelium and proper villus elongation.
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Enterocyte differentiation is compromised upon loss of TFAM

We next investigated the role of Tfam in promoting the development of specific epithelial 

cell lineages. Alkaline phosphatase activity, a marker of mature enterocytes, was 

dramatically reduced in Tfam mutants whereas goblet cells, marked by Periodic-acid-Schiff 

staining, exhibited no obvious differences (Fig. 3A–B, Supplemental Figure 1F). These 

results indicated that enterocyte differentiation is particularly sensitive to loss of TFAM. 

Conversely, cell proliferation, which occurs at intervillus domains of the epithelium in the 

fetal gut, remained unchanged in epithelium lacking TFAM (as defined by Ki67 

immunostain, Fig. 3C, Supplemental Figure 1G). These findings were observed in both the 

proximal and distal neonatal intestine. Thus, while maturation of the enterocyte lineage and 

villus elongation appeared dependent upon TFAM, proliferation proceeded normally. To 

corroborate these observations, we measured transcript levels from the isolated intestinal 

epithelia of E18.5 TFAM-deficient embryos and littermate controls. Transcript levels of 

enterocyte differentiation markers such as Fabp2, Krt20, and Alpi are significantly reduced 

in TFAM mutants, whereas proliferation markers such as Ccnd1 and Cd44 remain relatively 

unchanged or even increase (Fig 3D, Supplemental Figure 1H). Muc2 and Tff3, markers for 

mucin-secreting goblet cells, remained unchanged, mirroring histological findings, and Cdh1 
levels, a marker of epithelial cells, was modestly affected. Taken together, these data provide 

strong evidence that the mitochondrial regulator TFAM is required for enterocyte maturation 

during intestinal development.

TFAM is required in the mature intestinal epithelium for terminal differentiation

Since TFAM loss in embryos results in a disruption of fetal differentiation, we wondered 

whether TFAM may play a similar role in mediating differentiation in the adult intestinal 

epithelium. To conditionally inactivate TFAM in the adult intestinal epithelium, we 

employed the intestine-specific, tamoxifen inducible Villin-CreERT2 driver. Tamoxifen 

treatment of Tfamf/f; Villin-CreERT2 mice had no immediate consequence on the animals, 

however by 9 days post initiation of treatment, the mutants exhibited significantly decreased 

bodyweight compared to littermate controls (Fig. 4A), appeared moribund, and required 

humane euthanasia the following day as their bodyweight continued to decline. Dissection 

of the mutants revealed fluid-filled, distended intestines. Efficient Tfam inactivation, and 

compromised mitochondrial function was indicated by precipitous drops in mitochondrial-

encoded transcripts such as mt-Co1, mt-Nd1, and mt-Cytb (Fig. 4B). These observations 

were corroborated by immunoblotting for the mitochondrial complex 1 gene NDUFS3 

(Supplemental Figure 2A). Upon epithelial isolation of the jejunum, it was immediately 

observed that the crypts were significantly elongated in the mutants, and this was confirmed 

in histological sections of the duodenal epithelium (Fig. 4C–E). More cells were observed 

per crypt in the mutant mice, and the crypts were longer (Fig. 4F–G), with a broader zone of 

Ki67+ staining and more robust expression of the transit amplifying cell marker CD44 (Fig. 

4 D–E). Paradoxically, there was a slight decrease in the number of proliferating cells (Fig. 4 

H), and there were no differences in apoptosis to explain differences in crypt length, as 

assayed by cleaved caspase-3 staining (Supplemental figure 2B). Longer crypts without 

increased numbers of proliferating cells suggested the possibility that Tfam mutant crypt 

cells failed to mature and were slow to transition to the villus, which was consistent with 24-

hour BrdU pulse chase analysis, indicating that proliferating cells in the mutant crypts were 
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slower to transit onto the villus (Fig. 4I–J). Taken together, these results suggest that loss of 

Tfam leads to elongated crypts via a slower crypt cell transit time and a prolonged period of 

crypt cell identity, which may come at the expense of cellular differentiation.

We next investigated epithelial differentiation in the adult Tfam mutants. Mutant villi 

harbored a poorly organized epithelium, with reduced apical hematoxylin staining and 

diminished alkaline phosphatase activity (Fig. 5A–B). Conversely, no differences between 

control and mutant mice were observed in PAS-stained samples, CHGA immunostaining, or 

LYZ1 immunostaining, suggesting that goblet, enteroendocrine, and Paneth cell maturation 

proceeded normally in the absence of TFAM (Fig. 5C–E, Supplemental Figure 2C–E). 

Quantification of tuft cells, marked by DCLK1 immunostaining also did not reveal 

significant changes (Supplemental Figure 2F–G). These findings suggested that enterocyte 

maturation may be more specifically compromised upon adult-onset loss of TFAM, similar 

to what was observed upon TFAM loss in the embryo (Figs. 2–3). Indeed, transcript levels 

characteristic of enterocyte function were reduced in the Tfam mutants, while markers of 

goblet cell function, enteroendocrine cell function, and cellular proliferation (Ccnd1 and 

Cd44) were unchanged (Fig. 5F). The tuft cell marker Dclk1 was significantly reduced, 

which was surprising given that there were no differences in the numbers of cells marked by 

DCLK1 expression (Supplemental Figure 2F). Taken together, these results indicate that in 

the absence of TFAM, cells fail to undergo terminal differentiation, leading to an expanded 

crypt cell population. This echoes the Tfam mutant phenotype observed in fetal 

development, where cells are competent to proliferate, but fail to undergo terminal 

differentiation, with enterocyte differentiation appearing particularly susceptible to TFAM 

loss.

TFAM loss compromises intestinal stem cell renewal

Molecular profiling of the TFAM-deficient epithelium also pointed to a disruption in the 

intestinal stem cell population, as markers for the crypt-base-columnar cell population were 

significantly reduced in the TFAM mutants (Fig. 6A). Echoing these findings, 

immunoreactivity for the crypt-base-columnar stem cell marker OLFM4 was notably 

diminished in crypts lacking TFAM compared to littermate controls (Fig. 6B). To directly 

assay stem cell activity, we tested the ability of TFAM-deficient crypt epithelial cells to 

propagate in organoid cultures. Unlike crypts isolated from Cre-negative littermate controls, 

Tfamf/f;Vil-CreERT2 crypts isolated 4 days after the onset of tamoxifen treatment rapidly 

atrophied over the course of 6 days, despite initiating organoid structures (Fig. 6C–E). Taken 

together, these results indicate that TFAM has dual functions in the mature intestinal 

epithelium; it maintains an active stem cell population, and promotes enterocyte maturation. 

These results underscore a growing appreciation for the role of the metabolic state in 

regulation of tissue homeostasis, and suggest that stem cells and enterocytes are particularly 

sensitive to disruptions in mitochondrial regulators, whereas transit amplifying cells and 

goblet cells are more tolerant to loss of the mitochondrial transcription factor, TFAM.
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3. Discussion

Warburg’s observation that cancer cells, even when situated in an oxygen-rich environment, 

prefer to ferment glucose (Warburg O., 1924) foreshadowed links between the fields of 

cancer and metabolism through which exciting therapeutic opportunities are being pursued. 

Links between metabolism and developmental processes are likely to be just as important. 

Developmental tissues, depending upon whether their cells reside in an actively proliferative 

or a more quiescent or post-mitotic state are expected to have different energy demands. The 

early embryo is rapidly expanding and thus is dependent on glycolytic intermediates to 

increase biomass (Vander Heiden et al., 2009). In the developing gut and in the transit 

amplifying zone, cells are highly proliferative, and, based upon our results, appear less 

dependent on mitochondria. It has been shown that proliferative cells in the crypts 

predominantly undergo glycolytic metabolism compared to the differentiated cells in the 

villus, which mainly rely on oxidative phosphorylation (Kaiko et al., 2016; Stringari et al., 

2012). Our results are consistent with these findings, and provide genetic evidence based 

upon differential susceptibility of these cell lineages to loss of the mitochondrial 

transcription factor, TFAM (Figure 7). Cellular differentiation is particularly susceptible to 

TFAM loss, as mitochondria-dependent oxidative phosphorylation is likely required to 

provide ATP concentrations necessary to fuel the uptake, processing, and transport of dietary 

nutrients by enterocytes. We speculate that goblet cells would exhibit less energy demands, 

and thus goblet cell differentiation is less dependent upon TFAM function. Additionally, 

more cell divisions occur in the development of the enterocyte lineage (as transit amplifying 

cells) than in the development of the secretory lineages (Goblet, Paneth, enteroendocrine), 

which are direct descendants of the stem cells. The increased number of cell cycles that 

precede enterocyte differentiation could put additional stress on the mitochondrial 

populations of enterocytes. Single cell analyses will be important to address these questions 

in the future.

Intestinal stem cells are dependent upon the mitochondrial regulator TFAM, whereas their 

proliferating progeny in the crypt appear tolerant of TFAM loss. This may reflect the nature 

of stem cells being less mitotically active than transit amplifying cells, and thus being less 

obliged to rely upon glycolysis, and more dependent upon oxidative phosphorylation 

(Rodriguez-Colman et al., 2017). However, the intestinal stem cell loss observed in TFAM 

mutants may also reflect sensitivity of intestinal stem cells to ROS levels, which can be 

elevated upon disruption of mitochondrial function (Asano et al., 2017; Kumar et al., 2016; 

Myant et al., 2013; Xu et al., 2017).

It is unclear whether developmental signaling processes dictate the cellular metabolic state, 

or if the opposite occurs, where shifts in cell metabolism regulate developmental processes. 

Loss of differentiation-promoting transcriptional networks in the intestine lead to 

downregulation of genes functioning in oxidation/reduction (San Roman et al., 2015), 

suggesting that developmental signaling pathways instruct metabolic state. Conversely, 

inactivation of TFAM, or pharmacological block of the electron transport chain, blocks 

enterocyte maturation (this study and (Kumar et al., 2016)), demonstrating that the 

metabolic state can function epistatically to developmental regulators. Whether the 

differentiation deficit observed upon TFAM loss has origins in alterations in CBC cell 
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function also remains an open question. Most likely, developmental signaling pathways and 

metabolic states function in a complex and collaborative process to achieve proper tissue 

development and function. The regulatory relationship between developmental signaling 

pathways and metabolism is an important frontier for both developmental biology and 

regenerative medicine.

4. Materials and Methods

Mice

Tfamf/f mice (Hamanaka et al., 2013; Larsson et al., 1998), and Shh-cre mice (Harfe et al., 

2004) were obtained from Jackson Labs. Villin-CreERT2 mice (el Marjou et al., 2004) were 

kindly shared by Dr. Sylvie Robine. All experiments were approved by the Rutgers 

University IACUC.

Tissue Preparation

Mouse embryos and adult intestinal tissue were dissected, and after embedding the tissue 

sections into paraffin blocks, 5µm sections were taken for histology. Regions from the small 

intestine (duodenum and ileum or the proximal region including the stomach and distal 

region including the caecum) were left overnight in 4% paraformaldehyde fixative at 4°C. 

The tissues were then washed with Phosphate-Buffered Saline (PBS) and dehydrated 

through an increasing concentration of ethanol for 1 hour in each solution, and then put into 

Xylene for 1 hour, twice. After the sections were completely dehydrated, they were placed in 

a heated Xylene/paraffin mixture for 1 hour, and then transferred to pure liquid paraffin for 

an additional hour. The tissue sections were then embedded into wax and left overnight at 

−20°C to harden until needed for sectioning. For epithelial cell isolation, embryos were 

collected at E18.5, and the embryonic intestine was opened with forceps and incubated in 

3mM EDTA for 40 minutes at 4°C on a rotator. Adult jejunal epithelium was collected in a 

similar manner. In the case of tissue prepared for BrdU immunohistochemistry, the mice 

were injected with 1 mg BrdU, 30 minutes or 24 h before euthanasia.

Antibodies and Staining Conditions

Sections were processed for immunostaining with different antibodies using the Vectastain 

ABC (avidin biotin complex) Kit by Vector Laboratories (PK6101) and counterstained with 

hematoxylin. A one hour antigen retrieval step in 10mM sodium citrate solution (pH 6) 

under 15 psi pressure was used for all immunostains and then the slides were placed in 0.5% 

H2O2 in water for 20 minutes for a peroxidase quenching step. After washes in PBS, the 

slides were left in 0.5% Triton X-100 in PBS for 5 minutes. The slides were then blocked 

with 1.5% Normal Goat Serum (NGS) or Fetal Bovine Serum (FBS) in PBS for 1 hour and 

then were incubated in primary antibody overnight at 4°C in a humid environment. The next 

day they were incubated in secondary antibody and ABC solution (in the dark) each for 1 

hour in a humid chamber. The slides were then placed into 0.1M Tris solution (pH 7.4) 

before being developed with freshly DAB solution (1:20 dilution of 1% DAB and 1:20 

dilution of 0.3% H2O2 in 0.1M Tris pH 7.4).
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The primary antibodies and dilutions used for staining are as follows: BrdU (1:500, AbD 

Sterotec, MCA2060GA), CC3 (1:200, Cell Signaling, 9661), CD44 (1:200, BD Pharmingen, 

558739), CHGA (1:300, Santa Cruz, sc-1488), DCLK1 (1:300, Abcam, ab37994), Ki67 

(1:300, Abcam, ab16667), OLFM4 (1:1000, Cell Signaling, 39141), LYZ1 (1:250, 

AR-024-5R). For Cleaved Caspase 3, the primary antibody was diluted in the Signal Stain 

Ab Diluent (Cell Signaling, 8112S). For a Periodic acid-Schiff (PAS) stain, slides were 

incubated in 0.5% periodic acid and stained with Schiff ’s reagent (J612171, Alfa Aesar). 

For alkaline phosphatase staining, 1-Step NBT/BCIP (34042, Thermo Scientific) was used. 

Before developing the alkaline phosphatase, the slides were incubated in a 0.1M Tris-HCL 

buffer of pH 8.

Images were taken using a Retiga 1300CCD (Q-Imaging) camera and a Nikon Eclipse E800 

microscope with the QC-Capture imaging software. Oil was used as the medium for 60×/1.4 

N.A. magnification and air as the medium for 10×/0.45 N.A., 20×/0.75 N.A., and 40×/0.75 

N.A.

Transmission EM

Intestinal tissues were freshly collected, flushed in cold PBS, dissected into 1–3 mm 

fragments, and fixed overnight at 4 °C in 0.1 M sodium cacodylate buffer (pH 7.4) 

containing 2.5% glutaraldehyde and 2.0% (vol/vol) para-formaldehyde. Fixed tissues were 

washed briefly with 0.1 M sodium cacodylate buffer and postfixed with 1% osmium 

tetroxide in 0.1 M sodium cacodylate buffer for 1 h at 4 °C. Tissues were washed with 

excess distilled water and En bloc-stained with 1% aqueous uranyl acetate for 30 min in the 

dark. Tissues were then washed with distilled water and dehydrated through a graded series 

of ethanol and propylene oxide. Tissues were then transferred into EMBed 812 (Electron 

Microscopy Sciences 14120) and propylene oxide (mixed at 1:1) overnight at room 

temperature in tightly capped vials on a shaker. Tissues were then transferred into 100% 

EMBed 812 overnight at room temperature and then placed into embedding molds at 65°C 

for 48 hours. Ultrathin sections (~70 nm) were cut; grids were stained with uranyl acetate 

and lead citrate and observed using FEI Tecnai 12 transmission electron microscope and 

micrographs were recorded using a Gatan OneView 16-megapixel camera. Multiple grids 

were analyzed for each tissue sample.

Histological Quantification

Image-J software was used to perform calculations using specific pixel/mm ratios. In order 

to get pixel aspect ratios used in calculating villus length and width, hemocytometer images 

were used at each magnification to calculate the number of pixels per 0.05mm. These ratios 

were then applied to each image, depending on the magnification, and were used to calculate 

the length and width of villi in mm. Villi that were measured for quantification were whole 

and protruded from the basement membrane. Intestinal length and duodenal girth was 

measured 10mm from the gastroduodenal junction. A straight line was drawn from one side 

of the gut tube to the other and the length was calculated on ImageJ using a scale 

individually set for each image (based on a ruler placed in whole mount images of the 

intestines). BrdU positive cells were quantified by counting in 20 cell intervals above the 

base of the crypts. The percentage of Ki67 positive cells per crypt was quantified by 
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counting total Ki67 positive cells and dividing them by the total number of crypt cells. 

Similarly, goblet cells were quantified by counting goblet cells per villus and dividing it by 

the total number of villus cells. Tuft cells were quantified by counting the total number of 

tuft cells per villus. 10 counts were averaged per biological replicate for each quantification.

DNA/RNA Preparation and qPCR

Tissue was dissolved in Trizol and RNA was prepared using manufacturer’s protocols. The 

RNA was reverse transcribed using the SuperScript III First-Strand Synthesis System 

(Invitrogen, 18080051) to prepare cDNA. DNA was isolated from both E18.5 epithelial cell 

pellets and E18.5 luminal contents stored in 1× PBS by the QIAamp DNA Mini Kit (Qiagen, 

51304). qPCR analysis was conducted using gene-specific primers and SYBR Green PCR 

Master Mix (Applied Biosystems, 4309155), with relative transcript levels normalized to 

Hprt levels in each sample for qRT-PCR. Mitochondrial DNA primer sequences are:

Primer Pair name Sequence

mtDNA_1 5’-GGATCCGAGCATCTTATCCA-3’

5’- GGTGGTACTCCCGCTGTAAA-3’

mtDNA_2 5’-ATGGGTGTAATGCGGTGAAT-3’

5’- ACCAGCATTCCAGTCCTCAC-3’

mtDNA_3 5’- CCCAGCTACTACCATCATTCAAGT-3’

5’- GATGGTTTGGGAGATTGGTTGATGT-3’

mtDNA_4 5’- CCCATTCCACTTCTGATTACC-3’

5’- ATGATAGTAGAGTTGAGTAGCG-3’

Intestinal Organoid Culture

Primary organoid cultures were obtained from duodenal epithelium of Tfam mutant or 

littermate control mice 4 days after the onset of tamoxifen treatment to induce knockout. 

The intestine was washed in PBS, cut into 1 cm pieces, and then rotated for increments of 5, 

10, and 25 minutes in 3 mM EDTA diluted in PBS. The tissue was then agitated by shaking 

approximately 30 times, and then filtered through a 70-um filter to isolate the crypts. The 

crypts were then washed with PBS and pelleted with low-speed centrifugation (170 × g) at 4 

degrees Celsius. Crypts were then resuspended in matrix (BME-R1, Trevigen) and plated at 

a density of 250 crypts per 25 ul matrix.

The cultures were overlayed with Crypt culture media including primocin (InvivoGen), R-

Spondin conditioned media, EGF (PMG8041), Noggin (250-38-25046), 0.5 M N-Acetyl 

Cysteine, B27 (Gibco 12587-010), and N2 supplement (Gibco 17502-048) suspended in 

Advanced DMEM/F12 (12634-028) supplemented with Glutamax (REF 35050-61), HEPES 

(15630-080), and Pen/Srep (15140-122), as previously described (Sato et al., 2009).

Statistics

In each case the statistical test is indicated in the figure legend. One asterisk: p<0.05, two 

asterisks: p<0.01.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The mitochondrial transcription factor TFAM is required in the developing 

endoderm for proper lung development and post-natal survival

• TFAM is dispensable early in intestinal development, but required in late fetal 

stages for maturation of the tissue and enterocyte differentiation

• In the adult intestine, TFAM loss leads to expansion of cells in the crypt 

progenitor zone at the expense of differentiated villus cells.

• Intestinal stem cell renewal also depends upon TFAM, highlighting a complex 

set of functions for the mitochondrial regulator in intestinal development and 

homeostasis.

• Stem, progenitor, and differentiated intestinal epithelial cells exhibit unique 

dependencies on mitochondrial regulators, suggesting distinct metabolic 

requirements for each cell type.
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Figure 1. Loss of TFAM in the developing endoderm-derivatives is neonatal lethal with 
compromised lung development
(A) Mice lacking TFAM in developing endoderm tissues were generated using the Shh-Cre 
driver. No surviving pups were observed after birth, whereas pups were present at expected 

Mendelian ratios one day prior to birth (Chi-squared test). (B) Whole mount images of 

E18.5 lungs from TFAM mutant or littermate controls (either front-lit or back-lit). 

Arrowheads point to transparent tips at the distal regions, which correspond to under-

developed cysts upon histological examination (C). Scale bar = 50µm. Arrows point to 

peripheral airway differences.
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Figure 2. TFAM is required for developmental maturation of the intestinal epithelium
(A) Mitochondrial DNA levels are diminished in Shh-Cre; Tfamf/+, and nearly lacking in 

Shh-Cre; Tfamf/f gut epithelial cells at E18.5, consistent with reduced TFAM function 

(qPCR, Students t-test, n=4, p< 0.05), and (B) loss of Tfam mRNA in these mutants (qRT-

PCR, students t-test, n=4). (C) TEM indicates that mitochondrial ultrastructure is 

compromised in the jejunum of E18.5 mutants (representative of 2 knockout and 3 control 

samples). (D) Whole mount images of representative guts dissected from TFAMKO or 

littermate control mice at E18.5. While length of the gut was unaffected by TFAM-loss 

(Supplemental Figure 1D–E), (E) the girth of the gut trended smaller in the mutants. (F) At 
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E15.5, no differences were observed in the morphology of the developing intestine, 

suggesting that villus formation initiates normally. (G–H) However, by E18.5, villi were 

noticeably shorter, particularly in the duodenum, indicating that TFAM is required for villus 

maturation and extension into the developing gut lumen (t-test, n= 4). Scale bars = 50µm.
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Figure 3. Enterocyte maturation is particularly susceptible to TFAM-loss
(A) Alkaline phosphatase activity is diminished in the duodenum of TFAMKO embryos 

compared to littermate controls at E18.5, whereas goblet cells appear unaffected (B). (C) 

Proliferation in the intervillus regions appears similar between control and TFAM-mutant 

embryos at E18.5. (D) qRT-PCR analysis of transcripts isolated from the E18.5 whole gut 

epithelium indicate that markers of enterocyte or proliferating cells are expressed in a 

manner consistent with histological analysis. These data point to a specific requirement for 

TFAM in enterocyte maturation, whereas TFAM function appears dispensable for cellular 

proliferation. (t-test, n = 4) Scale bars = 50µm.
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Figure 4. TFAM mutant epithelia harbor elongated crypts
(A) Adult-onset loss of TFAM, using Villin-CreERT2; Tfamf/f mice, results in weight loss 

and death within 11 days after the initial tamoxifen treatment. (t-test, n= 7 controls, 5 

mutants). (B) Consistent with efficient loss of TFAM, transcripts of Tfam and targets of 

TFAM in the mitochondrial genome are almost undetectable in the mutants (t-test, n=7 

controls, 4 mutants). (C) Crypt lengths are noticeably longer in adult mice 10 days after 

TFAM inactivation, as observed in whole mount images, and histologically, longer crypts 

are also observed (D–E). Longer crypt length corresponds to an increase in total cell 

numbers in the crypts (F–G), and (E) elevated immunoreactivity for CD44, a crypt cell 
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marker. Surprisingly longer crypts are not accompanied by an increased number of 

proliferating cells (D, H). BrdU pulse-chase analysis at 24 hours post-treatment suggests 

there is reduced migration rates of BrdU-labeled cells onto the villus of Tfam mutants (t-test, 

n= 3 controls, 3 mutants) (I–J). Taken together, these results suggest increased numbers of 

cells with crypt identity upon TFAM-loss. Histology is imaged and quantified from the 

duodenum. Scale bars = 50µm.
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Figure 5. Enterocyte differentiation is incomplete upon loss of TFAM
(A–E) Villus epithelial cells lack differentiated features characteristic of enterocytes 

(Alkaline phosphatase activity, B), but do not exhibit appreciable differences in goblet (PAS, 

C), enteroendocrine (CHGA, D), or Paneth (LYZ1, E) cell lineages. (F) These findings are 

corroborated by qRT-PCR analysis of markers of differentiated intestinal cell lineages, with 

markers of the enterocyte lineage particularly affected by TFAM loss, relative to 

proliferative cell markers or markers of other differentiated cell lineages. (t-test, n=7 

controls, 4 mutants). All histology is imaged from the duodenum. Scale bars = 50µm.
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Figure 6. TFAM is required for intestinal stem cell maintenance
(A) Transcript levels of genes known to express in the crypt-base-columnar stem cells are 

dramatically reduced after TFAM-loss in the adult epithelium (t-test, n= 7 controls, 4 

mutants). (B) Immunohistochemistry for the crypt-base-columnar stem cell marker OLFM4 

shows that this protein is greatly reduced in Tfam mutants. (C) Crypt cultures were 

performed to assay stem cell activity in control and TFAM-mutant mice. Crypts from mice 4 

days after treatment to induce TFAM loss gave rise to initial organoid structures but could 

not sustain their growth, consistent with a lack of stem cell activity. Control crypts gave rise 

to viable organoids. (Images correspond to 2 independent biological replicates. Six 

biological replicates exhibited similar results.) (D–E) Quantification of organoid forming 

efficiency and survival to 6 days after plating duodenal crypts (t-test, n= 4 controls, 4 

mutants). Histology is imaged from the ileum, but representative of the entire small 

intestine. Scale bars = 50µm.
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Figure 7. Overall effect of TFAM loss
Upon loss of TFAM, stem cells are deficient in self-renewal. Tfam-mutant stem cells are still 

able to differentiate into transit amplifying progenitor cells, and secretory progenitor cells. 

However, while development of secretory lineage progeny (goblet cells, Paneth cells and 

enteroendocrine cells) appears normal, transit amplifying cells do not transition efficiently to 

their enterocyte progeny in TFAMKO epithelium.
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