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Abstract
Background—After small bowel resection (SBR), adaptation is initiated in intestinal crypts where
stem cells reside. Prior studies revealed SBR induced enterocyte proliferation requires the expression
of p21waf1/cip1. Since deficient expression of p21waf1/cip1 has been shown to result in reduced
numbers of hematopoietic stem cells, we sought to test the hypothesis that p21waf1/cip1 deficiency
similarly perturbs the intestinal stem cell population after SBR.

Methods—Control (n=21; C57Bl/6) and p21waf1/cip1-null mice (n=30) underwent 50% proximal
SBR or sham operation. After 3 days, the ileum was harvested and the crypt stem cell population
evaluated by counting crypt base columnar (CBC) cells on histological sections, determining the
expression of Musashi-1 and Lgr5, and profiling the transcriptional expression of 84 known stem
cell genes.

Results—There were no significant differences in CBC cells, expression of Musashi-1 or Lgr5, or
in stem cell gene expression after SBR in control mice. Further, there were no differences in these
markers between controls and p21waf1/cip1-null mice.

Conclusion—In contrast with bone marrow stem cells, the stem cell population of the gut is
unaffected by deficient expression of p21waf1/cip1. Additional mechanisms for the role of
p21waf1/cip1 in small bowel proliferation and adaptation following massive SBR must be considered.
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Introduction
Small intestine adaptation is a phenomenon that occurs after a massive amount of intestinal
length is removed. Through this process the remaining intestine compensates for the loss of
absorptive area, either macroscopically through increased villus height and crypt depth, and
intestinal lengthening, or microscopically through increased cellular protein and DNA content
per unit length 1. Patients with short bowel syndrome are in a state of malnutrition and
malabsorption and are destined to remain on intravenous sources of nutrition if small bowel
adaptation is incomplete 2.

Increased proliferation of the intestinal stem cells into enterocytes is critical and necessary for
adaptation 3. Intestinal stem cells can give rise to any of the four types of intestinal epithelial
cells (enterocytes, enteroendocrine cells, Paneth cells, Goblet cells) and also replenish their
own population. Under normal conditions it is believed this occurs by asymmetric division:
each stem cell divides and gives rise to one stem cell and one progenitor cell 4. Under perturbed
conditions, such as chemotherapy and radiation, the intestinal stem cells undergo symmetric
division and replenish their own population by dividing and giving rise to two daughter stem
cells 5.

In mice that are deficient in the expression of the cell-cycle inhibitor p21waf1/cip1, we have
previously demonstrated that resection-induced adaptation does not occur 6,7. In addition,
baseline rates of proliferation rate are slightly less. In hematopoietic progenitor cells from
p21waf1/cip1-null mice, the ability to mount a proliferative response was prevented, and there
were overall decreased numbers of hematopoietic progenitor cells 8. This was postulated to be
due to the requirement of p21waf1/cip1 for asymmetric stem cell division. In the absence of this
protein, stem cells might divide symmetrically, leaving fewer remaining stem cells. In the small
intestine, it has been suggested that intestinal stem cells undergo expansion after massive bowel
resection in normal mice9. The purpose of this study therefore, was to test the hypothesis that
similar to hematopoietic stem cells; the mechanism for the lack of resection-induced adaptation
in p21waf1/cip1-null mice is due to diminished numbers of crypt stem cells.

Methods
Animals

The protocol for this study was approved by the Washington University Institutional Animal
Care and Use Committee (Protocol 20070145; Washington University School of Medicine, St.
Louis, MO). Control (C57/Blk6) and homozygous breeding pairs for p21waf1/cip1-null mice
(developed on a C57/Bl6 background) were obtained from the Jackson Laboratories (Bar
Harbor, ME). Male mice ages 8–13 weeks were used in this study with a weight range of 20–
25g. Mice were kept on a 12 hour light-dark schedule and were housed in a standard facility
and allowed to acclimate to their environment for at least 7 days.

Experimental design
Both control (n=21) and p21waf1/cip1-null (n=30) mice were randomly assigned to either 50%
proximal SBR or sham operation. On postoperative day 3, the remnant small bowel was
removed to measure markers for intestinal stem cells and histological parameters of adaptation
(villus height and crypt depth). Protein and RNA were extracted from the isolated crypt cells
to detect the expression of p21waf1/cip1 and Musashi-1 protein 10 by Western blotting. For
transcriptional studies of gene expression, RT-PCR was employed to measure the expression
of leucine-rich-repeat-containing G-protein-coupled receptor 5 (Lgr5), a putative marker of
intestinal stem cells 11. We also utilized a commercially available stem cell PCR array for the
simultaneous determination of expression of 84 known genes to be linked to stem cells.
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Operative procedure
Specific details of this procedure have been described previously 12. Briefly, a 50% proximal
SBR was performed by transecting the small bowel 12 cm proximal to the cecum, and removing
approximately 12 cm of proximal small intestine. Intestinal continuity was then restored with
an end-to-end, single layered, interrupted anastomosis using 9-0 monofilament suture. A sham
operation was performed by transecting greater than 50 percent of the circumference of the
bowel 12 cm proximal to the cecum and immediately restoring intestinal continuity with the
same anastomosis. All mice were placed on a preoperative liquid diet (Micro-stabilized Rodent
Liquid Diet LD101; Purina Mills, St. Louis, MO) one day prior to their operation. After their
operation, the animals received water only for the first 24hours, followed by the same liquid
diet until sacrifice. Animals that died, appeared ill (unkempt fur, lethargy), or had signs of
intestinal obstruction at the time of sacrifice were excluded from further analyses.

Small bowel harvest and enterocyte isolation
On the third postoperative day, the mice were sacrificed with a subcutaneous injection of
ketamine, xylazine, and acepromazine (4:1:1 proportion) followed by cervical dislocation. This
time point was chosen as we have already established greater rates of proliferation in normal
mice 12 as well as lack of proliferation in p21-null mice at this postoperative interval 6,7. The
abdominal cavity was opened, the intestinal anastomosis identified and the remaining distal
bowel excised from the mesentery and cecum. The intestine was immediately flushed with and
placed in ice-cold phosphate-buffered saline. The first centimeter of the segment distal to the
anastomosis was discarded, the next 2 cm was fixed for histology in 10% neutral-buffered
formalin, and the subsequent 5 cm was cut open and transferred into tubes containing 5 mL of
ice cold PBS with protease inhibitors (0.2 mM PMSF, 5μg/ml Aprotinin, 1mM Benzamidine,
1mM sodium orthovanadate and 2μM Cantharidin (EMD, Gibbstown, NJ). The tissue was then
transferred into a solution containing (1.5 mM KCl, 96 mM NaCl, 27 mM Na Citrate, 8 mM
KH2PO4, 5.6 mM Na2HPO4, 15 mM EDTA and 1 mM DTT). The tissue was vortexed at
maximum speed in 4°C for a total of 15 minutes, and then strained over a 70μm cell strainer
to separate crypts from villi. The remaining muscle tissue and villi were removed, and the crypt
aliquot was centrifuged at 1000 g for 7 minutes at 4°C. The pellet was then resuspended in 1
mL of Tris buffer (50 mmol/L Tris-HCL, pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA), and
200 uL removed for RNA extraction. The remaining 800 uL was centrifuged again, frozen,
and stored in pellet form in a −80°C freezer.

RNA extraction and real-time PCR
RNA was extracted from the above mentioned aliquot of isolated intestinal crypts. The sample
was first centrifuged and all supernatant removed and the pellet stored in lysis buffer
(RNAqueous kit, Ambion, Austin, TX) at −80°C. RNA was extracted from the samples by
following the instructions for the RNAqueous Kit. The concentration of total RNA was
determined spectrophotometrically at A260 using a NanoDrop Spectrophotometer (ND-1000,
NanoDrop Technologies, Wilmington, DE) then stored at −80°C. The RNA samples were
evaluated for quality using a Bio-Rad Experion Sysetem with a RNA StdSens Chip and
reagents (Bio-Rad Laboratories, Richmond, CA). Only RNA samples that revealed adequate
18s and 28s ribosomal RNA peaks were used in the analysis. The isolated mRNA was used to
produce complementary DNA (cDNA) using a RT2 First Strand Kit (SABioscience, Fredrick,
MD). The cDNA was analyzed on a mouse stem cell RT2 Profiler PCR Array (SABioscience,
Fredrick, MD) using an Applied Biosystems 7500 Fast Real-Time PCR System (Foster City,
CA). The mouse stem cell array profiles the expression of 84 genes involved in the
identification, growth, and differentiation of mouse stem cells. The entire set of genes contained
on this array is listed in the following link:
http://www.sabiosciences.com/rt_pcr_product/HTML/PAMM-405A.html. The Lgr5 gene
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expression was examined using primers and reagents from SABiosciences and the 7500 Fast
Real-Time PCR system as above except that the cDNA was quantified using Quanti-iT
Oligreen ssDNA Assay kit (Invitrogen, Carlsbad, CA) so that equal amounts of cDNA could
be used in all reactions and beta-actin was employed as the endogenous control.

Histology
All histological measurements were performed by one investigator who was blinded regarding
mouse strain or operative procedure. Five-micrometer longitudinal sections of paraffin-
embedded tissues sections were mounted on glass slides and used for morphology. H&E-
stained sections were used to measure villus height and crypt depth with a video-assisted
computer program (Metamorph, UIC, Dowington, PA). Twenty crypts and villi were counted
per slide. Only intact crypts which extended from the crypt-villus junction to the basement
membrane and villi in which the central lymphatic channel was apparent were measured. The
columnar type cells interspersed between Paneth cells 13 were counted as crypt base columnar
(CBC) cells. A minimum of twenty crypts were analyzed per slide.

Western blotting
Frozen isolated crypt samples were thawed, reconstructed with Tris buffer as above, and
sonicated for 10 seconds. The samples were then lysed with sodium dodecyl sulfate (SDS)
sample buffer (50 mmol/L Tris-HCL, pH 6.8, 2% SDS, 10% glycerol, and 5%
mercaptoethanol). The lysate was then heated for 5 minutes at 100° C and the protein
concentration was determined by using the RC DC kit (Bio-Rad, Hercules, CA) following the
manufacturer’s protocol. The proteins were separated on 4–20% gels and transferred to
nitrocellulose membranes. The following antibodies were used to detect protein bands: Actin,
Musashi-1 (Cell Signaling Technology, Danvers, MA) and p21waf1/cip1 (BD Biosciences
Pharmigen, San Diego, CA).

Statistics
All results are presented as a mean +/− standard error of measure. Statistical differences were
determined by using SigmaStat software (SPSS, Chicago, IL). Statistical significance was
established at P<0.05.

Results
The overall survival of the control and p21waf1/cip1-null mice after sham and SBR procedures
was similar. In controls, 10 of 10 sham and 10 of 11 SBR survived, whereas in p21waf1/cip1-
null 10 of 10 sham and 19 of 20 SBR survived. Of the 19 p21waf1/cip1-null mice, 8 were excluded
due to anastomotic obstruction. It is unclear at this time as to the etiology of this since the
operator was blinded as to the mouse strain at the time of operation.

Ileal morphology
Villus height and crypt depth were significantly (P<0.05) higher after SBR in control animals
compared to sham control animals (Fig. 1A). Similar to our prior studies 14, there was no
significant change in villus height or crypt depth following SBR in the p21waf1/cip1-null mice
(Fig. 1B). The villus height and crypt depth of sham control mice and both sham and SBR
p21waf1/cip1-null were similar. This data confirms that p21waf1/cip1-null mice failed to adapt.

Stem cell mouse array
RNA extracted from intestinal crypt isolates was used to profile the expression of 84 genes
identified to be involved in the identification, growth, and differentiation of mouse stem cells.
There were no significant differences in expression of these mouse stem cell markers after SBR
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in the crypts of control mice (Fig. 2A). A similar result was observed when comparing sham
and SBR in the p21waf1/cip1-null mice (Fig. 2B). Finally, there were no significant differences
between control and p21waf1/cip1-null mice following SBR (Fig. 2C).

Ileal protein expression
Western blotting of protein derived from intestinal crypt isolates from control and
p21waf1/cip1-null mice were done to confirm absence of p21waf1/cip1 expression in the null
mouse (not shown). Musashi-1, a putative marker of intestinal stem cells was also examined
(Fig. 3). There were no differences in expression of Musashi-1 between control sham, control
SBR, p21waf1/cip1-null sham, and p21waf1/cip1-null SBR mice.

Crypt base columnar cells and Lgr5
The average numbers of crypt base columnar cells per crypt were the same after sham and SBR
in the control mice (Fig. 4A). The p21waf1/cip1-null mice also had similar averages of crypt
base columnar cells per crypt when comparing sham and SBR (Fig. 4A). Lgr5 is a putative
marker of intestinal stem cells and specifically for crypt base columnar cells 15. The expression
of Lgr5 was then examined on RNA isolated from intestinal crypt enterocytes by real-time
PCR. As shown in Fig. 4B expression of Lgr5 was not statistically significant after SBR in
either control (P= 0.7), or p21waf1/cip1-null mice (P= 0.5). While there was a trend of decreased
Lgr5 expression in p21waf1/cip1-null mice overall when compared with control mice, this was
not statistically significant (P=0.4).

Discussion
In the present study, we sought to determine a mechanism for why p21waf1/cip1-null mice fail
to demonstrate an intestinal adaptation response to massive SBR. We specifically tested the
hypothesis that deficient expression of this protein would result in an attenuated population of
stem cells within the intestinal crypt. We found no evidence that the intestinal stem cell pool
was affected by either massive SBR or p21waf1/cip1 deficiency. These results suggest that
expansion of stem cells does not occur after SBR and the lack of resection-induced adaptation
in p21waf1/cip1-null mice is due to another mechanism.

Identification of specific stem cells within the intestinal crypt has been difficult, primarily due
to the lack of specific, universally agreed-upon stem cell markers. Indeed, the stem cell genes
that were screened in our array kit contained gene constructs associated with stem cells in other
locations and tissues. As such, one limitation of this study is that we could have overlooked
expression differences in intestine-specific stem cell genes that are either presently unknown,
or not present on the array. This latter consideration is the rationale for performing a separate
analysis of Musashi-1 and Lgr5. These are two markers that have been most directly associated
with stem cells of the intestine. An additional possibility is to consider that we have overlooked
alterations in genes that might have occurred at earlier or later time points. The 3rd postoperative
day time point was chosen as we have already demonstrated measurable changes in
proliferation by 3 days under normal conditions 12.

In addition to expression differences, stem cells have been classically considered to reside in
roughly the fourth cell position from the crypt base 16. Another cell nested between Paneth
cells in the crypt termed crypt-based columnar cells (CBC) has more recently been targeted as
the crypt stem cell 17,18. By virtue of relative ease of identification on histologic sections, we
were able to determine that there were no differences in either the CBC number or expression
of the CBC-associated protein Lgr5 as a consequence of p21waf1/cip1 deficiency or SBR.
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Our findings of lack of changes in stem cell populations (as determined by CBC numbers and
expression of various stem cell markers) is at variance with the study by Dekaney, et al in
which an expansion of the intestinal stem cell population was observed after ileocecal resection
in mice 19. In that report, increased crypt fission and Musashi-1 immunohistochemistry
staining was observed after 7 days. It is possible that changes in stem cell numbers and/or
expression of various markers might have occurred in our model had we extended our
observations to later postoperative time points. Another reason for the disparate findings
between this study and ours is that they analyzed the jejunum following a distal ileal and cecal
resection while we evaluated the ileum following a proximal jejunal resection. It is therefore
possible that intestinal stem cell responses to SBR may be dependent upon the intestinal
segment removed. Finally, the expression of Musashi-1 in their study was gauged by
immunohistochemistry versus direct Western blotting in the present study. We would argue
that the method of explicit enterocyte isolation, protein, quantification, and Western blotting
would be more objective and accurate when compared with simple immunohistochemistry.

The involvement of p21waf1/cip1 on stem cells has been mostly studied in bone marrow-derived
hematopoietic stem cells. Some investigators have concluded that p21waf1/cip1 is solely a cell
cycle inhibitor 20, while others believe it is involved in proliferation 21,22, and yet others like
ourselves have recognized p21waf1/cip1 to have a dual role in the cell cycle: necessary for
proliferation at low levels, but inhibitory at high levels 23,24.

In neural stem cells, loss of p21waf1/cip1 leads to long term loss of stem cells, thought to be a
consequence of hyper-proliferation and subsequent exhaustion of the stem cell population
25. Hematopoietic stem cells underwent normal proliferation in p21waf1/cip1 deficient mice
under normal conditions, but when perturbed, their stem cell population was depleted resulting
in death 26,27. This protein has also been found to be necessary for maintenance of umbilical
cord blood stem cells 28. This group concluded that p21waf1/cip1 was necessary for the
maintenance and self-renewal of the stem cell population and is the rationale for the
experiments in this report.

Mantel’s group found p21waf1/cip1 to be necessary for proliferation of the hematopoietic stem
cell population 29. They found absolute numbers of bone marrow progenitors to be
significantly decreased in p21waf1/cip1 deficient mice. This same group also described an
antiapoptotic role for p21waf1/cip1 in the hematopoietic progenitor cell pathway 30, further
supporting the importance of p21waf1/cip1 in the kinetics of cell turnover.

A dual role for p21waf1/cip1 has been described by several groups. An inverse relationship was
found between p21waf1/cip1 levels in megakaryocytes and the cycling state of the cells 31.
p21waf1/cip1 was necessary for megakaryocyte differentiation, but arrested the cell cycle at high
levels 32. More recently another role for p21waf1/cip1 was suggested in that p21waf1/cip1 can
activate retinoblastoma protein (Rb) via dephosphorylation and yet inactivate Rb via
degradation, suggesting it can regulate cell cycle progression and/or arrest 33. Work from our
laboratory has revealed p21waf1/cip1 was required for stabilization of the Cyclin D/Cdk 4
complexes and therefore necessary for intestinal cell proliferation 34.

Our data would suggest p21waf1/cip1 deficiency does not decrease or deplete the intestinal stem
cell population after massive small bowel resection. Additional mechanisms for the
requirement of p21waf1/cip1 in the adaptation story must be explored. A more thorough
understanding of p21waf1/cip1 role in intestinal proliferation and adaptation will undoubtedly
contribute to optimization of future therapies for patients suffering from the short bowel
syndrome.
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Figure 1.
Villus height and crypt depth measurements taken from the ileum of male control (A; C57/
Blk6) and p21-null (B) mice at 3 days following either sham (transection and reanastomosis)
or 50% proximal small bowel resection (SBR): *P< 0.05 SBR versus Sham.
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Figure 2.
Differences in mRNA expression of mouse stem cell genes in (A) control (wild-type; WT;
C57/Blk6) mice sham (transection and reanastomosis) vs. 50% proximal small bowel resection
(SBR), (B) p21-null mice sham vs. SBR, and (C) WT SBR vs. p21-null SBR. Black dotted
lines represent 4 fold differences.
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Figure 3.
Western blot for the expression of Musashi-1 protein in the ileal crypts of unoperated
(intraoperative bowel; IO), sham-operated (transection and reanastomosis), and 50% proximal
small bowel resection (SBR) in control (C57/Blk6) and p21-null mice. Actin loading was used
as the control.
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Figure 4.
A) Crypt base columnar cell numbers per crypt of wild type control (C57/Blk6) and p21-null
mice at 3 days following either sham operation (transection and reanastomosis) or 50%
proximal small bowel resection (SBR). (B) Expression of Lgr5 mRNA in the ileal crypts of
wild type and p21-null mice at 3 days following sham operation or SBR.
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