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We investigated the properties of clonally-expanded mouse hair follicle stem cells (HF-SCs) in culture. The
expansion method, suppression of asymmetric cell kinetics (SACK), is non-toxic and reversible, allowing
evaluation of the cells’ asymmetric production of differentiating progeny cells. A tight association was
discovered between non-random sister chromatid segregation, a unique property of distributed stem cells
(DSCs), like HF-SCs, and a recently described biomarker, Lgr5. We found that nuclear Lgr5 expression was
limited to the HF-SC sister of asymmetric self-renewal divisions that retained non-randomly co-segregated
chromosomes, which contain the oldest cellular DNA strands, called immortal DNA strands. This
pattern-specific Lgr5 association poses a potential highly specific new biomarker for delineation of DSCs.
The expanded HF-SCs also maintained the ability to make differentiated hair follicle cells spontaneously, as
well as under conditions that induced cell differentiation. In future human cell studies, this capability would
improve skin grafts and hair replacement therapies.

he hair follicle is among the best-studied stem cell compartments in mammals"?. Hair follicle stem cells (HF-

SCs) renew several major components of the skin, including sebaceous glands, the epidermis, the hair

follicle, and hair’®, making them ideal for skin restoration applications. HF-SCs might yield cosmetic
and functional advances in skin grafting for burn victims; and their transplantation might also treat male-
patterned baldness. Pursuit of such advances has been thwarted by one vexing problem. HF-SCs are highly
refractory to ex vivo expansion, even when isolated after molecular marking®®. Recently, we reported that stem
cells from the whisker follicles of mice could be readily expanded by the method of suppression of asymmetric cell
kinetics (SACK)’. Based on the SACK principle that a significant barrier to the ex vivo expansion of distributed
stem cells (DSCs)'*!" is their asymmetric self-renewal'>", we used guanine ribonucleotide precursors to shift
HE-SCs from their default state of asymmetric self-renewal, which in culture leads to their dilution and loss, to
symmetric self-renewal, which promotes their exponential expansion’. Here, we report newly defined properties
of SACK-expanded cell strains from hair follicles that further illustrate their DSC character. These include
asymmetric expression of the recently described HF-SC biomarker Lgr5 and tightly associated non-random
sister chromatid segregation. Non-random segregation is a highly specific property of DSCs that previously
was not detected in analyses of mouse hair follicles performed in situ'*'". Our findings raise the possibility that
Lgr5 marks stem cells that undergo asymmetric self-renewal with non-random segregation in the hair follicle.
Under conditions that promote asymmetric self-renewal, arrested progeny cells produced by HF-SCs sponta-
neously undergo complex differentiation, which is an essential property for future applications in medicine and
cosmetics.

Results

Nuclear Lgr5 expression is limited to the cycling HF-SC after asymmetric self-renewal divisions. The detailed
procedure for SACK expansion of HF-SCs has been reported’. Briefly, we excised intact mouse whisker follicles,
removed adherent external cells to prevent dermal fibroblast growth, transected them, and cultured them in
medium supplemented to 400 uM with one of three SACK agents, xanthosine (Xs), xanthine (Xn), or
hypoxanthine (Hx). Epitheliod cells readily grew out of transected follicles. Cultures supplemented with Xn
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reached confluency first. During a next 7-day culture period after
whole-culture passage, Hx and Xn supplementation produced 5- and
6-fold more cells, respectively, than control conditions without
SACK agents. Xs supplementation did not significantly increase
cell outgrowth. Limiting dilution cloning'> was employed to evaluate
the SACK-dependency of expansion cultures and to derive clonal cell
strains. Only the Xn-supplemented cultures showed a significant
increase in the number of cell clones under the SACK condition
(2.5-fold; p < 0.05, one-tailed Fisher’s exact test). Of 17 pro-
pagated Xn-derived cell clones (out of 50 total), 15 survived expan-
sion to full-scale cultures for cryo-preservation. Clonal strains have
been cultured for more than 40 population doublings in Xn-
supplemented medium without crises or senescence, whereas control
cultures without SACK agents underwent a typical crisis'® at 15
population doublings (data not shown).

Two Xn-derived clonal cell strains, 3C5 and 5B8, were evaluated
more extensively for HF-SC characteristics. In Xn-supplemented
medium, 90% and 83% of 3C5 cells and 5B8 cells, respectively, were
Lgr5-positive in indirect in situ immunofluorescence (ISIF) studies
(e.g., see Figs. 2, 5A, 5B; also Supplementary Information Figs. S1
and S2). Lgr5, a proposed G-protein coupled receptor, is a recently
reported biomarker for murine HF-SCs®. Lgr5 was detected in both
the cytoplasm and nucleus of cells. In an immunohistochemical
analysis of human gastrointestinal tract tissues, Lgr5 sub-cellular
localization was reported to be cytoplasmic'’. However, its local-
ization has also been reported as nuclear in other tissues (e.g., thyroid
gland and cultured A-431 cells'). Nuclear localization of other G-
protein coupled receptors has been described as well'’. Both nuclear
and cytoplasmic fluorescence required the anti-Lgr5 antibody; and
both were prevented when the antibody was blocked with peptide
antigen (Fig S3).

We used cytochalasin D (CD) assays''***' and sister pair
(SPr)'"'>*! to estimate changes in the frequencies of asymmetric
self-renewal versus symmetric self-renewal by the expanded cell

strains. Asymmetric self-renewal, division which continuously pro-
duces non-stem committed progenitors while preserving stem cell
phenotype, is a gnomonic for DSCs*. The SPr assay evaluates the
cycling status of sister cells produced from divisions at low cell
densities; and the complementary CD assay evaluates the cycling
capability of sister nuclei when cytokinesis is prevented. As shown
in Figs. 1 and 2, SPr and CD assays can detect asymmetric self-
renewal divisions by individual cells, if the non-stem cell sister
undergoes a cell cycle arrest as a part of its differentiation program.
Therefore, in culture, asymmetric self-renewal can be defined by cell
divisions in which continued cycling by the stem cell sister is denoted
by nuclear cyclin A expression, and the arrest of non-stem cell sisters
is noted by a lack of nuclear cyclin A expression (e.g., Fig. 1f,
CyA)'?'. Symmetric self-renewal divisions are defined by sister cells
that both show nuclear cyclin A expression'"*' (e.g., Fig. 1j, CyA).
Although the SPr and CD assays can be used to quantify changes
in the relative frequencies of asymmetric and symmetric self-
renewal, they may underestimate absolute frequencies. We have
noted that some newly-defined biomarkers indicate higher rates of
asymmetric self-renewal than cyclin A"; and cyclin A-based asym-
metric self-renewal frequencies are less than those determined by
time-lapse microscopy'"*. These differences could be explained by
transient initial expression of cyclin A expression in arresting sisters.
Fig. 1A shows an example of a data profile from a single CD analysis
under Xn-free conditions, in which nuclear cyclin A expression and
nuclear Lgr5 expression were evaluated together. There are 10 pos-
sible expression patterns for these two biomarkers in CD-arrested
binucleated cells. These patterns emerge from the cell cycle status of
the paired sister nuclei (which have been shown to behave indepen-
dently for cyclin A and Lgr5 expression properties'') and cell-cycle
dependency of the expression of the evaluated proteins. Most of the
possible combinatorial patterns were observed infrequently (Fig. 1).
The asymmetric co-expression (Fig. 1f, Co-ASYM) and symmetric
co-expression (Fig. 1j, Co-SYM) patterns predominated. Hence, they
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Figure 1 | Examples of complete data profiles for a cytochalasin D (CD) assay of 3C5 and 5B8 clonal hair follicle stem cell strains cultured under
conditions that either promote or suppress asymmetric self-renewal. Co-ISIF results with anti-cyclin A (CyA, red) and anti-LGR5 (green) antibodies
are indicated by a square arrangement of four circles. Horizontally, the paired circles represent paired sister nuclei in a CD-arrested binucleated cell. The
top pair indicates the fluorescence pattern observed for cyclin A; and the bottom pair indicates the corresponding staining pattern for LGR5. Open circles
indicate that no significant fluorescence was detected. Closed circles indicate that fluorescence was detected for the respective biomarker. All 10
theoretically possible staining patterns are depicted (a—j). (A) conditions that promote asymmetric self-renewal (-Xn); (B) conditions that suppress
asymmetric self-renewal (+Xn). n, total number of binucleated cells evaluated and the respective numbers for each possible pattern type; %, percent that
each pattern type represents out of the total number of sister nuclear pairs evaluated. The solid rectangle highlights the “Co-SYM” designation for Lgr5
and cyclin A; and the dashed rectangle highlights to the “Co-ASYM” designation.
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Figure 2 | Nuclear Lgr5 expression is limited to the cycling stem cell sister
of hair follicle stem cell asymmetric self-renewal divisions. Shown are
epifluorescence micrographs from parallel sister pair (SPr) and
cytochalasin D (CD) analyses for hair follicle stem cell strain 3C5 cultured
under conditions that either suppress asymmetric self-renewal divisions
(left) or promote them (right). Examples of respective Co-SYM and
Co-ASYM patterns of nuclear Lgr5 and cyclin A detection are given. DAPI,
nuclear DNA fluorescence. CyA, ISIF with specific antibodies for cyclin A.
Lgr5, ISIF with antibodies for Lgr5. ISIF was performed simultaneously for
cyclin A and Lgr5. Merge, overlay of DAPI, cyclin A and Lgr5
epifluorescence images. Phase, corresponding phase micrographs. Scale
bar, 50 microns.

were the primary basis for evaluating the self-renewal properties
of HF-SC cultures'*!. Their analysis indicated that nuclear Lgr5
expression occurred primarily in cycling cells; and in the Xn-free
condition evaluated, a higher fraction of these cells cycled asymmet-
rically, producing a non-cycling sister cell with reduced nuclear Lgr5.

In CD assays in Xn-free medium, 53 * 12% of 3C5 cell divisions
(n = 3; examined binucleated cells range = 59-66) showed asym-
metric co-expression of nuclear cyclin A and nuclear Lgr5. Nuclear
Lgr5 was restricted to the cycling sister. The non-dividing cells of
asymmetric self-renewal divisions showed primarily cytoplasmic
Lgr5 localization (See Fig. 2, Co-ASYM, SPr). For sister cell pairs
and paired CD nuclei that displayed symmetric cyclin A expression,
nuclear Lgr5 expression was also symmetric (Fig. 2, Co-SYM). In CD
analyses with Xn supplementation to suppress asymmetric self-
renewal, the frequency of divisions with asymmetric co-expression
decreased to 25 * 8% (n = 3; examined binucleated cells range =
55-64). This frequency corresponds to 75% symmetric self-renewal,
which manifests the SACK effect. This highly significant difference in
self-renewal pattern (p < 0.0004; two-tailed Fisher’s exact test) is
consistent with nuclear Lgr5 marking HF-SCs that shift between
symmetric self-renewal and asymmetric self-renewal in response to
Xn. In fact, under Xn-free conditions, 3C5 and 5B8 cells showed,
respectively, 90% and 96% concordance between asymmetric nuclear
Lgr5 expression and directly corresponding asymmetric cyclin A
expression (Fig. 1A, f versus d, g, and h). The sister cells produced
by asymmetric self-renewal divisions that are negative for both cyclin
A and nuclear Lgr5 are consistent with differentiating non-stem cells
(See later).

Asymmetrically self-renewing HF-SCs employ non-random sister
chromatid segregation. An even more specific gnomonic for DSCs,

that is also highly associated with asymmetric self-renewal, is non-
random sister chromatid segregation'®'"**"**. Non-random segrega-
tion allows DSCs to preserve a complement of DNA strands
inherited at their birth. Previous in vivo analyses suggested that
non-random segregation did not occur in examined mouse pelage
hair follicles'*'*. These past studies may have overlooked cells with
this property because of the low sensitivity of in vivo assays. We used
the sensitive method of label retention followed by CD binucleate
segregation analysis (“label retention-CD”)*** to investigate non-
random segregation by SACK-expanded HF-SCs. Cells were labeled
for approximately one cell generation (i.e., average cell cycle time,
24 hours) with the thymidine analogue bromodeoxyuridine (BrdU).
Thereafter, BrdU was removed, and culturing was continued for 4 cell
generations before arresting cells as binucleates with CD to evaluate
retention and segregation of BrdU-labeled DNA detected by ISIF.

Three labeling schemes were compared (Figure 3A). In scheme-I,
cells were maintained throughout in Xn-supplemented medium. In
scheme-1I, cells were grown for approximately 6 generations in Xn-
free medium before labeling with BrdU and thereafter maintained in
Xn-free medium. For scheme-III, which was a “pulse-chase” proced-
ure, cells were labeled in Xn-supplemented medium; but for the rest
of the analysis they were maintained in Xn-free medium with a 10-
fold molar excess of thymidine. Scheme-III limits continued BrdU
incorporation from internal pools.

Figure 3B shows examples of label retention-CD images indi-
cative of non-random segregation (Nrandom). BrdU-substituted
DNA strands, detected by ISIF, are retained and segregated prim-
arily to one sister nucleus over 4 cell generations. Based on both
logical inference®®” and direct experimental analyses®, the BrdU-
retaining nucleus is the HF-SC nucleus. In the former case,
we establish in this report, as previously**”, that immortal DNA
strands are quantitatively detected in cycling cells after several
generations of asymmetric self-renewal divisions that produce
one cycling sister and one arrested sister. It can be inferred that,
in order to achieve such an inheritance outcome, the labeled
immortal DNA strands must be inherited by the cycling sisters
of asymmetric self-renewal divisions. Otherwise, later cycling cells
would not contain them. In the latter experimental case, recently,
we showed directly that a biomarker that is also asymmetrically
detected between the sisters of asymmetric self-renewal divisions
is co-asymmetric with both cyclin A, which marks the cycling stem
cell sister, and co-segregated immortal DNA strands with high
concordance®. This result demonstrates directly that the cycling
stem cell inherits the immortal DNA strands.

Random segregation is denoted by sister nuclei with similar BrdU
content (See Fig. 3B, Random)****”". In scheme-I, the continuous
SACK condition, only 13 * 1.5% (n=3; Fig. 3C, I) of BrdU-positive
binucleated cells showed a non-random segregation pattern. In con-
trast, in scheme-II, the continuous SACK-free condition, non-
random segregation was 2.6-fold more frequent (34 = 5%; n=3;
Fig. 3C, IL; p < 0.003, Student’s unpaired t test).

Non-random segregation detection by label retention-CD analysis
requires that stem cells label while symmetrically self-renewing and
then shift to asymmetric self-renewal stably for sufficient cell gen-
erations to release label that may continue to incorporate from
internal pools after the change to BrdU-free medium. Therefore,
continued incorporation of BrdU from internal pools in schemes
I and II results in lower sensitivity for detection of non-random
segregation. With this qualification, the scheme-I result suggested
that, under SACK conditions, only ~17% (13% non-random
segregation/75% symmetric self-renewal in CD assay) of HF-SCs
spontaneously shifted from symmetric self-renewal to asymmetric
self-renewal during = 96 hours of culture; whereas under SACK-
free conditions, 72% (34% non-random segregation/47% symme-
tric self-renewal in CD assay) made the symmetric to asymmetric
shift.

| 1:176 | DOI: 10.1038/srep00176



A 6GT 1GT 4GT
———————————————————— » PP
| +Xn (|ASR) > >
-Xn (1ASR
I X TASR) > >
-Xn (1ASR)
Il *Xn ({ASR)
» | +Xn (|ASR)
BrdU Thd CD
NRandom NRandom NRandom Random
DAPI
[
BrdU
Merge -
Il [}
(-Xn) -Xn +Xn
Phase

Figure 3 | Label retention-CD analysis for detection of non-random segregation of immortal DNA strands in hair follicle stem cells. (A) Diagrammed
are the three BrdU-labeling schemes (I-III) employed, as described in the text, to evaluate the Xn-dependency of non-random sister chromatid
segregation by 3C5 hair follicle stem cells. The number of generation times (GT; 1GT~24 hours) for each stage of the analyses (horizontal solid arrows
and lines) is indicated (dotted arrows). The times of replacement of cultures with BrdU-, thymidine chase (Thd)-, or CD-supplemented culture medium
are noted by vertical lines. At the indicated stages, cells were cultured in medium that either promoted asymmetric self-renewal (-Xn [TASR]) or
suppressed it (+Xn [|ASR]). (B) Examples of epifluorescence micrographs of cells evaluated in scheme III for the segregation pattern of BrdU-labeled
DNA by ISIF (BrdU). Shown are three examples of binucleated cells showing retention and non-random segregation of BrdU-labeled immortal DNA
(NRandom) and one example showing symmetric inheritance indicative of random segregation (Random). DAPI, nuclear DNA fluorescence. Merge,
overlaid DAPI and anti-BrdU images. Binucleation was confirmed by phase microscopy (Phase). Scale bars, 25 microns. (C) Quantitative summary of
the percentage of CD-induced binucleated cells showing non-random segregation of retained BrdU-labeled DNA (%NR). The mean of three independent

experiments is plotted for schemes I and II. Error bars denote the standard deviation of the data.

The scheme-III procedure is optimal for detection of non-random
segregation, as it greatly reduces continued incorporation of BrdU
during the period of asymmetric self-renewal and maximizes the
frequency of symmetric self-renewal during the labeling period
and asymmetric self-renewal during the chase period. With Xn-free
conditions during the chase period, 44% of binucleated cells showed
the non-random segregation pattern (Fig. 3C, III, -Xn); whereas Xn
supplementation in parallel reduced the frequency to 19% (Fig. 3C,
111, +Xn; p=0.0025; two-tailed Fisher’s exact test). Since binucleated
cells derived from cells that cycled asymmetrically with non-random
segregation during the labeling period would be unlabeled at the end
of scheme-III, these data indicate that approximately 44% of ran-
domly segregating cells can be shifted to non-random segregation by
removal of Xn. Conversely, 57% ([44—19]/44) of cells undergoing
non-random segregation can be converted to random segregation by
Xn. These shift fractions match very well the respective 37% and 52%
shifting fractions between asymmetric versus symmetric self-renewal
in response to Xn determined by CD assays (p = 0.88; two-tailed
Fisher’s exact test). This link between self-renewal pattern and
chromosomal segregation pattern observed for natural HF-SCs was
predicted by earlier studies with genetically engineered cultured cell
models**?.

Quantitative digital imaging of anti-BrdU fluorescence in indi-
vidual sister nuclei of BrdU-positive binucleated cells supported
the above interpretation of the frequency data. Fig. 4A shows the
distribution of mean fluorescence intensity (MFI) of scheme-III cells
after the 24 hour BrdU-labeling period. At the completion of the

experiment, nuclei in cells chased with Xn supplementation show a
significant decrease in MFI (Fig. 4B). Approximately half the nuclei
in binucleated cells from the Xn-free chase condition show a similar
reduction in MFI. However, the MFI of the rest of the Xn-free chase
distribution is consistent with nuclei with a BrdU content that
approximates 1/2 of the starting level (Fig. 4C). This BrdU content
is consistent with nuclei from HF-SCs that initiated non-random
segregation on average one division after BrdU-labeling. Con-
sistent with this interpretation, whereas the distribution of percent
difference between the MFI of paired nuclei (= 100% x [A-B]/A,
where A = B) for chase with Xn was unimodal with a median of 19%
(Fig. 4D), for chase without Xn, the distribution was bimodal
(Fig. 4E). Approximately half of the binucleates had percent differ-
ences that matched the distribution of differences for the Xn chase
(Compare Fig. 4D and 4E, left peak)). These binucleates correspond
to products of random segregation. The other half of binucleates had
percent differences that ranged from approximately 68 to 98 percent
(Fig. 4E, right peak) and quantitatively accounted for the 44% fre-
quency of binucleates with the non-random segregation pattern for
BrdU, as shown in Fig. 3.

Since suppression of asymmetric cell kinetics is never 100%, at all
times some cells in cultures of SACK-derived DSC strains will be
committed to differentiation. Of course, the critical factor for success
in the SACK approach is achieving sufficient suppression, so that
>50% of all stem cell divisions are symmetric. In some cases, non-
stem progeny cells may also undergo symmetric divisions (e.g., tran-
sient amplifying cells). If this occurred at a high rate, SPr and CD
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Figure 4 | Quantitative evaluation of the suppression of hair follicle stem cells’ non-random segregation by the SACK agent Xn. The pulse-chase label
retention-CD experiment described in the text and Fig. 3 was quantified by digital imaging of fluorescence due to anti-BrdU antibodies. (A) Distribution
of the mean fluorescence (Fl) intensity of nuclei in mononucleated cells after 24 hours of BrdU-labeling. (B) Distribution of the mean fluorescence
intensities of nuclei in binucleated cells chased in Xn-supplemented medium. (C) Distribution of the mean fluorescence intensities of nuclei in
binucleated cells chased in Xn-free medium. p, for statistical confidence by the K-S test that the B and C distributions are distinct. (D) Distribution of the
% differences between sister nuclei in binucleated cells chased in Xn-supplemented medium. (E) Distribution of the % differences between sister nuclei in
binucleated cells chased in Xn-free medium. p, for statistical confidence by the K-S test that the D and E distributions are distinct. M, median. The mean
fluorescence intensity for nuclei in binucleated cells that were unlabeled, but otherwise went through the entire ISIF procedure, was 0.7 = 1.0.

assays based on cycling cell markers like cyclin A would be inad-
equate for detecting asymmetrically self-renewing stem cells. In this
setting, biomarkers that distinguished stem cells from differentiated
cells with a different basis than cycling status would be required.
Whether Lgr5 has such capability is not yet clear, because essentially
all asymmetric self-renewal divisions for HF-SC strains yield a
non-cycling, non-stem sister under the present culture conditions.
Because non-random segregation does not suffer from these uncer-
tainties and is strictly associated with asymmetric self-renewal, when
determined by pulse-chase label retention-CD, it provides a more
specific biomarker for DSCs. By this conservative measure, we estim-
ate that at least 44% of cycling cells in SACK-derived hair follicle cell
cultures are HE-SCs.

Confirmation of the epidermal lineage of HF-SCs. We evaluated
the expression of three independent markers of differentiated
epidermal lineage cells, keratin 5, keratin 10, and filaggrin, as well
as Lgr5, in cultures of HF-SCs. Conditions of active prolifera-
tion at higher cell density (compared to SPr and CD assays) were

compared to conditions of serum reduction, which is well-known to
induce epithelial cells to withdraw from the cell cycle and initiate
differentiation programs. Xn-free medium was used for both con-
ditions to favor production of non-stem progeny cells (see Methods).
Keratin 5 is a basal layer marker, keratin 10 is a spinous layer marker,
and filaggrin marks the granular layer®.

As noted earlier, during active growth, essentially all cells ex-
pressed Lgr5 (Fig. 5, UNDIFF, LGR5/DAPI; Supplementary Infor-
mation, Figs. S1 and S2). In respective 3C5 and 5B8 cultures, 34 *
5.6% (n = 3) and 40 = 9.2% (n = 3), of the cells had nuclear Lgr5
expression. Serum reduction caused a marked reduction in Lgr5
expression, but a subpopulation of positive cells with reduced
expression was still detectable (Fig. 5, DIFF, LGR5/DAPI). The
character of these cells was not been evaluated further at this time.
They could either indicate inefficient differentiation or persistent
undifferentiated HF-SCs, which are predicted for asymmetric
self-renewal®.

Filaggrin fluorescence was detectable at low levels in cells of act-
ively cycling cultures of both HF-SC strains (Figs. 5A and 5B,
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Figure 5 | Induced differentiation properties of SACK-expanded, clonal hair follicle stem cell strains. Strain 3C5 (A) and 5B8 (B) cells were evaluated
for expression of Lgr5 and the hair follicle-epidermis biomarkers keratin 5 (K5), keratin 10 (K10), and Filaggrin, either under conditions of active cell
proliferation (UNDIFF) or after differentiation by serum reduction (DIFF) as detailed in Methods. Phase, phase micrographs of cells under the two
conditions. Shown are immunofluorescence micrographs developed with either single or dual antibodies directed against the indicated specific
biomarkers. The colors of a micrograph’s biomarker labels match the corresponding fluorescence colors that indicate detection of the respective
biomarker in the micrograph. DAPI, all cells were counterstained to detect nuclear DNA by fluorescence for overlay with respective fluorescence
micrographs. In LGR5/DAPI micrographs, arrows denote examples of cells with nuclear Lgr5 fluorescence. In dual biomarker micrographs, arrows
denote examples of cells that display fluorescence corresponding to both biomarkers. Scale bar, 200 microns.

UNDIFF, Filaggrin/DAPI), but keratin 5 and keratin 10 were only
detectable at very low levels in rare cells in actively cycling 5B8
cultures (Fig. 5B, UNDIFF, K5/DAPI, K10/DAPI; Also compare
Supplementary Information Figs. S1 and S2, UNDIFF). After serum
reduction (Fig. 5, DIFF), both HF-SC strains displayed a large num-
ber of cells with high expression of each epidermal marker. Cells ex-
pressing markers for two different epidermal layers were also detect-
able (Fig. 5, DIFF, K10/Filaggrin/DAPI; K10/K5/DAPI; arrows).

HF-SCs spontaneously produce differentiating progeny cells. For
success in transplantation applications, DSCs must retain their
ability to resume asymmetric renewal of functional, tissue-specific,
differentiated tissue cells. Since the cell kinetics and chromosome
segregation effects of SACK agents are readily reversed upon
removal of the agents, the efficiency of differentiation of non-stem
cell progeny can be evaluated after in vivo transplantation or, in vitro,
by applying culture conditions that promote differentiation along
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specific cellular lineages. Under SACK-free conditions, HF-SC
cultures spontaneously produce differentiating progeny in a cell
density-related manner (Fig. 6). This property was most evident in
cell colonies that showed heterogeneity in cell morphology and
function. At the periphery of colonies, where cell division is
maintained at a higher rate, cells retained an undifferentiated
appearance (Figs. 6A and 6C). However, further inward from the
edge, where cell division rates decrease, cells with a differentiated
morphology appeared that stained more intensely with the vital dye
crystal violet (Fig. 6B). Cells in highly dense regions produced light-
reflective vesicles (Fig. 6D) that stained with oil-red (Fig. 6E),
indicative of sebocyte differentiation with production of sebum™.
In addition, transmission electron microscopy analysis of cells
maintained under these conditions revealed a high frequency of
fully formed primary cilia, a differentiated cell feature that is
unusual for many types of cultured cells (Fig. 6F)".

Discussion
Here, we add another DSC type to the list of those with non-random
sister chromatid segregation. Knowledge of how widespread this
unique function is among diverse DSC types will better inform its
role in angiosperm (flowering plants) and mammalian evolution. In
addition to the many accounts of immortal DNA strand co-segrega-
tion in both cultured cells®*****¢ and stem cell compartments in
tissues® ™, there are reports of failure to detect it in mouse epi-
dermis*, the mouse hematopoietic system*', mouse neocortical pre-
cursor cells*, and mouse hair follicles'*"*. However, only one of these
studies*” considered the essential co-dependency of immortal DNA
stand co-segregation on asymmetric self-renewal as a possible
explanation for their observations. If the examined cells were not
undergoing asymmetric self-renewal, both the original immortal
DNA strand concept® and our studies (herein and refs. 20, 26, and
27) predict that non-random segregation would not be observed.
Of course, there might be other causes for the apparent contradic-
tion as well, including possible disruption of co-segregation by arti-
ficial molecular-genetic assays'*'’; the use of toxins*’; failure to
evaluate toxicity in dual-labeling experiments that combine chloro-
deoxyuridine and iodo-deoxyuridine'**'; misinterpretation of cell
kinetics data in dual-label experiments'**'; and dismissing rare out-
lier cells that did not conform to random chromosome segregation'>*.
For example, in populations enriched for mouse hematopoietic stem

Figure 6 | Spontaneous differentiation properties of SACK-expanded
hair follicle stem cells. (A—C) Phase micrographs of crystal violet-stained
colonies grown under SACK agent-free conditions. (A) At colony edges,
where there is active cell division, few differentiated cells are present (40X
magnification). (B) In the center of colonies, where cells are growth-
arrested, a high degree of differentiation is evident by dark purple cells,
which contain light-reflective vesicles (40X). (C) Higher magnification
micrograph of cells at the periphery of a differentiating colony (100X).
(D) Phase micrograph of unstained light reflective vesicles (arrows; 100X).
(E) Oil red-positive vesicles (arrows; 100X). (F) Transmission electron
micrograph showing example of a primary cilium (arrow).

cells, Kiel and others*, in fact, detected a significant number of cells
with labeling kinetics consistent with non-random chromosome
segregation. However, because of an erroneous statistical analysis,
they dismissed these cells. Their statistical analysis improperly treated
dependent cellular events as independent ones, leading to their mis-
interpretation of their data.

Lgr5-positive, bone fide HF-SCs have been identified in the mouse
hair follicle®. Finding that cells clonally expanded from mouse hair
follicles by regulation of asymmetric self-renewal display both Lgr5
expression and non-random segregation connects Lgr5 to the tight
association between DSC asymmetric self-renewal and non-random
segregation. However, the connection involves more than simple co-
expression. Specifically, this connection is asymmetric localization of
nuclear Lgr5 expression to the stem cell sister, which maintains the
immortal DNA strands after asymmetric self-renewal divisions. In
HEF-SC cultures, nuclear Lgr5 is expressed in both sisters during
symmetric self-renewal divisions, which are associated with random
chromosome segregation.

The observed co-asymmetric localization of nuclear Lgr5 with
cyclin A is not a chance occurrence. Fig. 1 shows all the possible
observable dual nuclear staining patterns for cyclin A and Lgr5.
The respective relative frequencies of each diagrammed pattern
from a-j expected based on chance occurrence are 1:2:1:2:1:2:
2:2:2:1. For example, there is only one way that both sisters can be
negative for both markers (a); but there are two ways by which they
could be symmetrically negative for cyclin A and asymmetric for
nuclear Lgr5 detection (b). Based on this analysis, if the Co-ASYM
(f) and Co-SYM (j) patterns occurred by chance, their expected
frequencies would be 12.5% (2/16 x 100%) and 6.25% (1/16 x
100%). The observed frequencies in the experiment described in
Fig. 1A were 51%, 39% and 24%, 30%, respectively. In the worst case
(i.e., 24%), the probability of this occurrence by chance is p = 0.013
(Fisher’s exact two-tailed test). The fact that the frequencies are
altered by Xn supplementation is another indication that their occur-
rence is not due simply to chance.

If Lgr5 is also expressed in committed progenitor cells, as has now
been considered®, then its expression per se may over-estimate the
number of DSCs in tissues in vivo. As such, future investigations of
DSC location and number in vivo might benefit from the use of
cytochalasin D to identify binucleated cells with co-asymmetric
localization of nuclear Lgr5 and cyclin A expression. Because it will
specifically identify cells undergoing asymmetric self-renewal and
non-random segregation, this approach might also identify tissue
DSCs with a high degree of specificity in many different tissues.
This issue may be particularly relevant to a recent report of the failure
to detect non-random chromosome segregation in mouse small
intestinal crypt cells designated to be stem cells based on their Lgr5
expression*. Although other technical problems might also be at
fault (e.g., labeling toxicity, inadequate chase period), to the extent
that the identified cells fail to undergo asymmetric self-renewal
(because they are in large part committed progenitor cells as has been
suggested**), the report’s conclusions will accordingly be erroneous.

The presented serum reduction studies clearly establish the epi-
dermal lineage of the HF-SCs. These studies also show that these
DSCs are multipotent, possessing the ability to produce progeny cells
that reside in three morphologically and functionally distinct layers
of the epidermis. The production of cells co-expressing markers of
different epidermal layers is a further demonstration of the ability of
the cells to project a diverse epidermal development program inclus-
ive of committed progenitors and terminal cells. Finally, the persist-
ence of Lgr5-positive cells under conditions that generally induce
differentiation fits with the concept that an essential aspect of
DSCs is their ability to remain undifferentiated when their progeny
are committed®.

The ability of the SACK-expanded mouse HF-SCs to spon-
taneously produce differentiating progeny cells is an important
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predictor for efficacy in transplantation applications. Without spe-
cific in vitro instruction, the cells are able to produce progeny cells
engendered with complex morphology and function (e.g., sebum
production). In a more complex in vivo environment, these attributes
could result in production of de novo hair follicles and/or other skin
appendages that are lacking in manufactured human skin grafts. Of
course, human HF-SCs will be required. We have shown that SACK-
based methods for expansion of rat hepatic stem cells'*> were readily
adapted for derivation of human hepatic stem cells*’. Therefore, we
are optimistic that the same can be achieved for human HF-SCs.

An important consideration for future clinical development of
SACK-expanded human HF-SCs would be their genetic stability.
Thus far, we have not systematically investigated this property of
SACK-expanded mouse HF-SCs. However, the observed prolifera-
tion and differentiation properties of the cells do not indicate trans-
formed cell properties (e.g., anchorage independent growth; growth
factor independence). By design, the SACK method selects against
rare variant cells that have acquired mutations that promote trans-
formed cell proliferation (e.g., p53 mutations). This discrimination is
accomplished by the method’s prime effect of keeping cultured DSCs
in a exponential growth state (i.e., symmetric self-renewal) that
safeguards against mutated cells achieving the growth advantage
required to overtake normal DSCs'>">.

Methods

Hair follicle stem cell strains. Mouse whisker follicle stem cell strains were clonally
derived by the SACK method and maintained at sub-confluent cell densities in Xn-
supplemented medium as described’. Specifically, the routine culture medium
included: 3 parts Dulbecco’s Modified Eagle Medium and 1 part Ham’s F12
(Invitrogen [Gibco], Inc., Carlsbad, CA); and was supplemented with 10% dialyzed
fetal bovine serum (dFBS), penicillin and streptomycin per the supplier’s
recommendation (Invitrogen [Gibco], Inc.), 10 ng/ml human epidermal growth
factor (Invitrogen, Inc.), and 400 pM xanthine (Xn; Sigma Chemical Co., St. Louis,
MO). All surgical procedures were performed according to humane protocols
approved by the Animal Care and Use Committee at the Massachusetts Institute of
Technology, where the HE-SC expansion studies were conducted.

Self-renewal pattern assays. SPr and CD ISIF assays with specific anti-cyclin A and
anti-Lgr5 antibodies were performed as previously described'"*"*. Mouse anti-
mouse cyclin A monoclonal antibody (Abcam, Inc., Cambridge, UK; cat# ab38) was
diluted 1:200 in PBS containing 2% goat serum. Alexa Fluor® 568-conjugated goat
anti-mouse IgG (Invitrogen, Inc., Carlsbad, CA) diluted 1:300 in blocking solution
was used as the secondary antibody. Cells stained for cyclin A detection were
subsequently stained in the same manner with goat anti-Lgr5 polyclonal antibody
(Santa Cruz, Biotechnology, Inc., Santa Cruz, CA; catalogue# sc-68580) diluted 1: 50,
followed by Alexa Fluor® 488-conjugated donkey anti-goat IgG (Invitrogen, Inc.,
Carlsbad, CA) diluted 1 : 300. Control analyses that omitted anti-cyclin A and/or anti-
Lgr5 antibodies were evaluated to ensure that all detected fluorescence required
specific antibodies. Confirmation of the specificity of the Lgr5 antibodies has been
described previously'' (See also Fig. S3).

Non-random segregation analyses. Label retention-CD analyses were performed as
described previously*****” with minor modifications. For analyses without a chase,
cells were labeled with 20 pM BrdU. For analyses with a chase, cells were labeled with
5 uM BrdU and chased with 50 pM thymidine. For CD treatment, cells were cultured
for 14 hours in medium supplemented to 2 uM CD. Thereafter, they were fixed with
70% ice-cold ethanol for 30 minutes. All subsequent incubations and washes were
performed at room temperature. After washing with PBS, the cells were treated with
2N HCI for 10 minutes. After washing again with PBS, they were incubated in
blocking solution (PBS, 0.5% BSA, 0.05% Tween-20) for 10 minutes. The blocked cells
were incubated for 3 hours with anti-BrdU antibodies (Chemicon 3424) diluted
1:100 in blocking solution. After washing with blocking solution, incubation with
goat anti-mouse IgG-488 nm antibodies, diluted 1:300 in blocking solution, was
maintained for 45 minutes. The cells were then washed sequentially with blocking
solution and PBS before mounting with 4'-6-diamido-2-phenylindole (DAPI)-
containing VectaShield® mounting media (Vector Laboratories, Inc., Burlingame,
CA). Epifluorescence images were captured with a Leica DMR microscope and Leica
DC300F digital camera system. The mean pixel intensity of BrdU-labeled nuclei was
quantified using NIH Image J software.

Induced cell differentiation analyses. For the active proliferation state, 10,000
routinely maintained cells were plated in each well of a standard 2-well chamber
culture slide in routine culture medium. Sixteen to 24 hours later, the medium was
replaced with Xn-free medium, and culture was continued for an additional 48 hours
before fixation and ISIF analyses.

For cell differentiation, cultures slides as prepared above were cultured for an
additional 5 days until slide cell monolayers were 1-day post confluency. The
monolayers were then rinsed and replaced with Xn-free medium supplemented with
only 0.5% dFBS. After 48 hours, the cell cultures were replaced with the same med-
ium. 48 hours later (corresponding to 96 hours of serum reduction), the differen-
tiated cells were fixed and examined by ISIF. ISIF was performed with specific anti-
keratin 5 (AbCam, Inc., Cambridge, UK; rabbit monoclonal, cat# ab52635; 1:200
dilution); anti-keratin 10 (AbCam, Inc.; mouse monoclonal, cat# ab9025; 1: 50
dilution), and anti-filaggrin (Covance; rabbit polyclonal, cat# FRB-417P; 1:1000
dilution) antibodies as described earlier for self-renewal pattern assays. All secondary
antibodies (Invitrogen, Inc., Carlsbad, CA) were diluted 1:300.

Transmission electron microscopy. TEM analyses were performed as described*
with the modifications of embedding in epon-812 resin and examining 70 nm
sections.

Statistical analyses. Fisher’s exact tests were performed at http://
www.danielsoper.com/statcalc/calc29.aspx. Statistical parameters for anti-BrdU
fluorescence intensity histograms were determined using the NTH Image ] program.
The Kolmogorov-Smirnov (K-S) test for distinct distributions was performed at
http://www.physics.csbsju.edu/stats/KS-test.n.plot_form.html.
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