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Background:Mammary epithelial branchingmorphogenesis depends on proper sulfation of heparan sulfate proteoglycans.
Results: The absence of both Ndst1 and Ndst2 induces increased branching of the ductal epithelium.
Conclusion: N-Sulfation regulates primary and secondary branching events in the developing mammary gland.
Significance: Stages of ductal branching and lobuloalveolar formation are regulated by distinct sets of heparan sulfate
biosynthetic enzymes.

Branching morphogenesis, a fundamental process in the
development of epithelial organs (e.g. breast, kidney, lung, sali-
vary gland, prostate, pancreas), is in part dependent on sulfation
of heparan sulfate proteoglycans. Proper sulfation is mediated
by biosynthetic enzymes, including exostosin-2 (Ext2),
N-deacetylase/N-sulfotransferases and heparan sulfateO-sulfo-
transferases. Recent conditional knockouts indicate that
whereas primary branching is dependent on heparan sulfate,
other stages are dependent upon selective addition of N-sulfate
and/or 2-O sulfation (Crawford, B .E., Garner, O. B., Bishop,
J. R., Zhang,D.Y., Bush,K.T.,Nigam, S.K., andEsko, J.D. (2010)
PLoS One 5, e10691; Garner, O .B., Bush, K. T., Nigam, S .K.,
Yamaguchi, Y., Xu, D., Esko, J. D., and Nigam, S. K. (2011) Dev.
Biol. 355, 394–403). Here, we analyzed the effect of deleting
both Ndst2 and Ndst1. Whereas deletion of Ndst1 has no major
effect on primary or secondary branching, deletion of Ndst2
appears to result in a mild increase in branching. When both
genes were deleted, ductal growth was variably diminished
(likely due to variable Cre-recombinase activity), but an over-
abundance of branched structures was evident irrespective of
the extent of gland growth or postnatal age. “Hyperbranching”
is an unusual phenotype. The effects onN-sulfation and growth
factor binding were confirmed biochemically. The results indi-
cate that N-sulfation or a factor requiring N-sulfation regulates
primary and secondary branching events in the developing
mammary gland.Togetherwith previouswork, the data indicate

that different stages of ductal branching and lobuloalveolar for-
mation are regulated by distinct sets of heparan sulfate biosyn-
thetic enzymes in an appropriate growth factor context.

The mammary gland develops through the process of
branching morphogenesis of the epithelial terminal end bud,
which is stimulated by a variety of growth factors and hor-
mones. At birth, the mammary ductal epithelium is a rudimen-
tary structure contained within the fat pad and connected to an
exterior nipple. In mice, the gland remains largely quiescent
until puberty, and the beginning of the estrous cycle at which
time hormones induce rapid ductal epithelial branching lead-
ing to the formation of an arborized ductal epithelia by 10–12
weeks of age. Primary epithelial ductal branching and arboriza-
tion in the developing mammary gland occur through iterative
rounds of terminal end bud bifurcation and stalk elongation,
whereas secondary (or ductal side) branching occurs along the
stalk portions. It is this coordinated growth of the terminal end
bud together with secondary branching which ultimately
results in filling of the gland with an extensive network of
branched ductal epithelia. During pregnancy lobuloalveolar
development and terminal differentiation are induced resulting
in a mature mammary gland capable of producing milk (for
review, see Refs. 1, 2). Thus, development of the mammary
gland can be divided into distinct stages depending on the stage
of sexual development and reproduction state (3, 4).
Whereas specific heparan sulfate proteoglycans have been

implicated in mammary development, recent in vivo evidence
supports the notion that the heparan sulfate chains (HS)7 and
the pattern of sulfation play a functionally important role in
modulating branching morphogenesis of the mammary ductal
epithelium (5, 6). Biochemical and in vitro cell and organ cul-
ture data indicate that the action of HS is dependent upon
proper sulfation (7, 8) which is established by the action of a
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series of HS biosynthetic enzymes, including members of the
N-deacetylase/N-sulfotransferase (Ndst) family, the uronyl
C5-epimerase (Hsglce), and 2-O-sulfotransferase (Hs2st), the
glucosaminyl 6-O-sulfotransferases (Hs6st) and 3-O-sulfo-
transferases (Hs3st) (31). Because systemic deletion of many of
these enzymes results in either embryonic lethality or a lack of
defects inmammary gland development or function (9–16), we
have investigated the role of HS in mammary ductal epithelial
branchingmorphogenesis by utilizingmammary epithelia-spe-
cific deletions of various HS biosynthetic enzymes. For exam-
ple, tissue-specific inactivation ofNdst1, one of only twomem-
bers of this family expressed in mammary epithelia, had no
apparent effect on primary and secondary ductal branching,
but selectively perturbed lobuloalveolar development (5). In a
subsequent study mammary-specific inactivation of Ext1 (a
subunit of the co-polymerase complex that catalyzes the forma-
tion of the HS chain) resulted in a highly penetrant and dramatic
defect in primary branching (6). In addition, although inactivation
ofHs2st (required for 2-O-sulfation of uronic acids inHS) resulted
in fewer bifurcated terminal end buds, the ductal network was
characterized by a marked reduction in secondary/ductal side
branches (6). Thus, whereas assembly of the HS chains (mediated
byExt1) is key tomammary gland development, selectiveO-sulfa-
tion andN-sulfation appear to regulate different stages in branch-
ing and lobuloalveolar development (5, 6).
Here, we have further analyzed the role of Ndst isoforms in

the developing mammary gland by co-deletion of Ndst1
and Ndst2, the two members of the N-acetylglucosamine
N-deacetylase/N-sulfotransferase family expressed in mam-
mary epithelia. Deletion of both isoforms was found to result in
a “hyperbranched” phenotype. Knockouts with clear hyper-
branched phenotypes are uncommon. These results highlight
the importance of specificHSmodifications in the regulation of
branching morphogenesis. Taken together with our recent
studies (5, 6), the data demonstrate that the pattern of sulfation
of the chain determines the extent of ductal epithelial branch-
ing (both dichotomous and side branching).

EXPERIMENTAL PROCEDURES

Generation of Genetic Deletions—All studies were done in
accordancewith protocols approved by the IACUCandAnimal
Subjects Committee at the University of California, San Diego.
Mice bearing a loxP-flanked allele ofNdst1were described pre-
viously (5, 9, 32). Ndst2-deficient mice were obtained from Dr.
L. Kjellen, University of Uppsala, Sweden (22). Cross-breeding
was initiated when the Ndst1f/f and Ndst2�/� mice were back-
crossed to C57BL/6 for 4 and 10 generations, respectively. The
MMTV Cre line A mice in the 129 background were obtained
from Dr. T. Wynshaw-Boris (University of California, San
Diego) (33, 34). Only male mice carrying the MMTV Cre allele
were used for breeding to avoid deletion of the conditional
allele by Cre expression in oocytes. All experiments were done
with mice on a mixed background with littermate controls.
Over the course of these studies, we did not note any qualitative
and quantitative changes of phenotype with further backcross-
ing of Ndst1f/f with C57BL/6 mice.
Cell Culture—Primarymammary epithelia were isolated and

cultured following an established protocol (5, 6, 17). Isolated

number 3 and 4 glands were digested with 0.2% trypsin and
0.2% collagenase A (Roche Applied Bioscience). Cells were
enriched by differential centrifugation. Tissue culture plates
were precoated with 100 ml/cm2 Ham’s F12 (Invitrogen)
medium containing 20% heat-inactivated fetal bovine serum
(FBS) (Atlanta Biologicals, Lawrenceville, GA) and 1 mg/ml
fetuin (Sigma). Cells were cultured in Ham’s F12 medium con-
taining 10% heat-inactivated FBS, 5 �g/ml insulin, 1 �g/ml
hydrocortisone, 5 ng/ml epidermal growth factor, 50 �g/ml
gentamycin, 100 units/ml penicillin, and 100 �g/ml streptomy-
cin (all from Sigma). The medium was changed after the 2nd
day of culture and subsequently on every other day; cells were
cultured for a total of 5–7 days.
Determination of Heparan Sulfate-dependent Ligand Bind-

ing to Cells—Isolated primary mammary epithelial cells were
incubated with biotinylated ligand (fibroblast growth factor 2
(FGF2)) in Ham’s F12 medium (Invitrogen) with 0.5% BSA
(Sigma) for 1 h with shaking at 4 °C. Cells were washed twice in
PBS and incubated in PBS containing streptavidin-APC for 20
minwith shaking at 4 °C.HS-dependent binding of ligand toHS
expressed on mammary epithelial cells was determined using
flow cytometry as described previously (18).
Transformed mammary ductal epithelial cell lines lacking

Ndst1,Ndst2, or genes in combination were also examined. An
adenovirus containing Cre-recombinase (AdCre) was also used
to inactivate the Ndst1f/f in vitro as described (19). AdCre and
adenovirus containing green fluorescent protein (AdGFP) were
obtained from the Vector Core Development Laboratory at the
University of California, San Diego. Cells were treated for 90
min twice over 4 days with 108 pfu/ml, washed with PBS, and
cultured in normal growth medium. Samples where the bio-
tinylated ligand was omitted were included as negative con-
trols. Flow cytometry using biotinylated probe and streptavidin

FIGURE 1. Ndst-deficient glands show defects in ductal branching. Whole
mounts of the fourth inguinal mammary glands isolated at 10 weeks. A, sche-
matic diagram of the fourth inguinal mouse mammary gland showing the
nipple (N) and the lymph node (LN). B, Ndst1f/fMMTVCre�Ndst2�/� (wild type)
gland. C–F, Ndst1f/fMMTVCre�Ndst2�/� (mutant) glands with scores of 1 (C), 2
(D), 3 (E), or 4 (F).

TABLE 1
Ndst1ffMMTVCre�, Ndst1ffMMTVCre�Ndst2�/�, and Ndst1ffMMTVCre�

Ndst2�/� glands and the respective growth scores/percentages

Genotype
Penetrance score

1 2 3 4

Ndst1ffMMTVCre� (n � 11) 0 0 0 100
Ndst1ffMMTVCre�Ndst2�/� (n � 20) 0 0 0 100
Ndst1ffMMTVCre�Ndst2�/� (n � 79) 18 3 20 59
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phycoerythrin-Cy5 showed �10-fold decrease in fluorescence
of �99% of the cells (18).
Mammary GlandHistology—Histological analyses were per-

formed by the Cancer Center Histology Core at the University
of California, San Diego. Whole mounts were stained with
hematoxylin (20). Hematoxylin and eosin staining of sections
was performed by standard procedures.
Heparan Sulfate Analysis—Subconfluent primary mammary

epithelial cells were cultured for 48 h in DMEMwith the addition
of 2 mM glucose, 10% dialyzed FCS, 5 �g/ml insulin, 1 �g/ml
hydrocortisone, 5ng/mlepidermalgrowth factorand0.05mCi/ml
[3H]glucosamine.Cell-associated and soluble glycosaminoglycans
were isolated and fragmentedwith nitrous acid, pH 1.5, forN-sul-
fation analysis as described byBame andEsko (21).Nitrous acid at
low pH cleaves the backbone of the polymer at each N-sulfated
glucosamine unit. The resulting heparan sulfate oligosaccharides
were then separated by gel filtration chromatography.

RESULTS

The strategy employed in this study was aimed at eliminating
HS N-sulfation by targeting both Ndst isoforms expressed in
mammary glands. N-Sulfation is critical to all other subsequent
sulfation reactions (5). Mammary-specific inactivation of Ndst1
was found to only partially reduce sulfation of the HS chains and
had no apparent effect on primary branching morphogenesis of
the mammary ductal epithelium (5), whereas mammary glands
appear essentially normal in Ndst2-null animals (22, 23). To fur-
ther address the role ofN-sulfation inmammary ductal branch-
ing, in this study a more severe reduction in sulfation was per-
formed by inactivating Ndst1 selectively in mammary ductal
epithelia on an Ndst2-deficient background. The breeding
resulted in littermate pairs of Ndst1f/fMMTVCre�Ndst2�/�

(mutant) mice and Ndst1f/fMMTVCre�Ndst2�/� (wild type)
mice. Mice of both genotypes were obtained at the expected
Mendelian frequency.
Deletion of Ndst1 and Ndst2 in theMammary Gland Alters

Growth of the Ductal Epithelium—Whole mounts of the
fourth inguinal mammary gland were compared between
Ndst1f/fMMTVCre�Ndst2�/� and Ndst1f/fMMTVCre�Ndst2�/�,
mice which revealed a variation of perturbed growth of the
ductal network in themutant (Fig. 1). Because therewas a range

FIGURE 2. Ndst-deficient primary mammary epithelial cells display differences in HS-dependent binding of ligand. Flow cytometry of either primary mammary
ductal epithelial cells (A) or transformed mammary epithelial cells (B and C) treated with biotinylated ligand (FGF2) is shown. A, ligand binding to primary ductal
epithelial cells isolated from either Ndst1f/fMMTVCre�Ndst2�/� (gray line) or Ndst1f/fMMTVCre�Ndst2�/� (black line). B and C, ligand binding to transformed mammary
epithelial cells transfected with either Ndst1f/f or Ndst1f/fNdst2�/� is shown. Treatment with or without Ad-Cre results in cells bearing either no Ndst deletions
(Ndst1f/fAd-Cre�Ndst2�/�), a single deletion in Ndst2 (Ndst1f/fAd-Cre�Ndst2�/�), or a double deletion of Ndst1 and Ndst2 (Ndst1f/fAd-Cre�Ndst2�/�). B, the absence of
Ndst2 alone(Ndst1f/fAd-Cre�Ndst2�/�, solid black line)hasonlyaminoreffectonthebindingoftheligandcomparedwithwildtypecells (Ndst1f/fAd-Cre�Ndst2�/�; solid
gray line). The absence of Ndst1 alone (Ndst1f/fAd-Cre�Ndst2�/�; dashed black line) reduced ligand binding by �5-fold. C, the absence of both Ndst1 and Ndst2
(Ndst1f/fAd-Cre�Ndst2�/�; dashed gray line) results in an almost complete loss of ligand binding, similar to that seen in the absence of ligand (no ligand).

FIGURE 3. Ndst-deficient glands show overabundance of branched epithe-
lial ducts. A–L, whole mounts of the fourth inguinal mammary glands isolated
from virgin female mice at 4 (A–D), 6 (E–H), and 10 (I–L) weeks of postnatal devel-
opment. Mammary glands were isolated from either Ndst1f/fMMTVCre�Ndst2�/�

(A–B, E–F, I–J, M) or Ndst1f/fMMTVCre�Ndst2�/� (C–D, G–H, K–L, N) mice. Insets
(B, C, F, G, J, and K) show higher magnification views of selected areas (dashed
boxes). M and N, hematoxylin and eosin-stained histological section of Ndst1f/f

MMTVCre�Ndst2�/� (wild type) (M) and Ndst1f/fMMTVCre�Ndst2�/� (mutant)
(N) gland at 10 weeks. LN, lymph node; black arrows point to ducts. O, quantita-
tion of mammary ductal epithelium measured as the number of ducts per area of
fat pad in Ndst1f/fMMTVCre�, Ndst1f/fMMTVCre�Ndst2�/�, and Ndst1f/f

MMTVCre�Ndst2�/� mammary glands. Shown are mean � S.E. (error bars); n � 4;
*, p � 0.05; **, p � 0.005. P, quantitation of ductal epithelial branching morpho-
genesis measured as the number of branched structures per unit area (branching
index) in Ndst1f/fMMTVCre�Ndst2�/� and Ndst1f/fMMTVCre�Ndst2�/� mammary
glands. Shown are mean � S.E.; n � 4; **, p � 0.005.
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of perturbed growth, a scoring system based on the extent of
ductal epithelial growth, similar to that used in our recent study
on the inactivation of Ext1 and Hs2st (as well as cmet), was
utilized to quantify the effect of loss of both Ndst1 and Ndst2
ductal branching 10–12 weeks postpartum (6). In this system,
glands are given a score from1 to 4 based on the extent of ductal
growth in relation to the nipple, lymph node, and the end of the
fat pad. Briefly, the absence of ductal growth resulted in a score
of 1, ducts that grew from the nipple but stopped prior to the
lymph node were scored as a 2. Ductal trees that progressed
past the lymph node but halted before the end of the fat pad
distal to the nipple received a score of 3. Growth that com-
pletely filled the fat pad received a score of 4. Using this
system, Ndst1f/fMMT Cre�Ndst2�/� (wild type) mice all
exhibited a wild type mammary ductal growth score (Table 1).
18% of Ndst1f/fMMTVCre�Ndst2�/� mice were devoid of any
ductal growth. 23% of Ndst1f/fMMTVCre�Ndst2�/� glands
showed growth that stopped at a score of 2 or 3, whereas 59% of
the mutant glands exhibited an apparent wild type phenotype
(Table 1). Animals aged to 9 months showed a similar distribu-
tion of growth (data not shown).
To examine the efficiency of Cre inactivation and to gain

further insight into the role of eachNdst, the binding properties
of HS remaining on the cells were assessed by flow cytometry,
using biotinylated FGF as a ligand/probe as described (18).
Binding to either primary mammary ductal epithelial cells (Fig.
2A) or transformed mammary epithelial cell lines (Fig. 2, B and
C) were quantified by flow cytometry. The cell surface HS in
Ndst1f/fMMTVCre�Ndst2�/� glands (Fig. 2A, black line) was

compared with that found in Ndst1f/fMMTVCre�Ndst2�/�

glands (Fig. 2A, gray line). Isolated epithelia from these animals
necessarily had to come from glands that produced epithelia (a
score of 2 or higher). Flow cytometry revealed two distinct cell
populations in the Ndst1f/fMMTVCre�Ndst2�/� glands. One
bound at the level of Ndst1f/fMMTVCre�Ndst2�/� cells
whereas the other population showed a significant decrease in
binding. This finding suggested that there was an incomplete
deletion ofNdst1 by Cre-recombinase, resulting in variable sul-
fation and the observed inconsistent growth of the ductal epi-
thelium within the fat pad.
To examine this possibility further, transformed mammary

epithelial cells were used to test the effect of deletion of the
Ndsts on ligand binding using the flow cytometry assay.Ndst1f/f
Ndst2�/� cells, cultured in the absence of AdCre, exhibited
only a minor reduction in binding (Fig. 2B, solid black line)
compared with Ndst1f/fNdst2�/� cells (Fig. 2B, gray line).
Ndst1�/�Ndst2�/� cells, in which Ndst1 was excised in the
presence of AdCre, however, were found to bind 5-fold less
biotinylated probe (Fig. 2B, dashed line). Combining the muta-
tions (Ndst1�/�Ndst2�/�) led to a virtually complete loss of
binding (Fig. 2C, dashed gray line), a level comparable with that
observed in the absence of ligand (Fig. 2C, dotted line). This
finding is consistentwith a complete lackN-sulfation in this cell
line.8 No compensatory change in Ndst3 or Ndst4 expression
was detected by PCR analysis (data not shown).

8 J. McArthur and J. Esko, unpublished results.

FIGURE 4. The effect of Ndst deletion on N-sulfation of HS produced by primary mammary epithelial cells. Chromatograph of saccharide fragments
resulting from the digestion of isolated heparan sulfate by nitrous acid at pH 1.5 is shown. Disaccharides (dp2) represent sequential N-sulfated glucosamine
residues, whereas tetrasaccharides (dp4) represent N-sulfated glucosamines separated by one unmodified glucosamine. Subsequent peaks moving toward
the void volume (V0) represent larger disaccharide fragments with intervening N-acetylated glucosamine residues. Wild type (open circles) mammary epithelia
produce extensively N-sulfated HS resulting in small oligosaccharide fragments (major peak fractions are from dp2 to dp6 (inset)) whereas single Ndst1
deletions (Ndst1f/fNdst2�/�MMTVCre� epithelia (�)) and Ndst1/Ndst2 double deletions (Ndst1f/fNdst2�/�MMTVCre� epithelia (filled circles)) generate much less
sulfated HS resulting in larger oligosaccharide fragments with �50% of normal N-sulfation (�dp18, inset).
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Ndst-deficient Ducts Display an Apparent Overabundance of
BranchedDuctal Epithelia andCellular Chimerism in the Level of
Sulfated Cell Surface Heparan Sulfate—A closer examination
of Ndst1f/fMMTVCre�Ndst2�/� mutant glands revealed an
apparent overabundance of pubertal ductal epithelial growth and
apparentbranchedstructures.Examinationofwholemounts from
the start of pubertal mammary development (4 weeks) demon-
strated clear differences in the development of the ductal epithe-
lium (Fig. 3). Ndst1f/fMMTVCre�Ndst2�/� littermate pairs
showed regular spacing betweenducts inwholemounts (Fig. 3); in
contrast, Ndst1f/fMMTVCre�Ndst2�/� glands showed a marked
increase inductal epitheliumbywholemount accompaniedby the
appearance of an abundance of side branches (Fig. 3). As
described above, the development of these branches was appar-
ent from the outset of mammary gland development and con-

tinued throughout development leading to the formation of
mammary gland fat pads filled with highly branched structures
(Fig. 3). Examination of histological sections confirmed this
finding (compare Fig. 3,M andN; black arrows point to ducts).
This result was quantified by comparing the total number of
ducts in a section per area of the fat pad, and there is clearly a
significant increase in the amount of ductal epithelia in the
double mutant mammary glands (Fig. 3O). In addition, the
extent of ductal branching was also quantified at 12 weeks of
mammary gland development. In this analysis, the number of
branched structures per unit area of the mammary gland (i.e.
branching index) was determined (Fig. 3P). The data indicate
that Ndst-deficient animals display �1.5-fold increase in the
number of branched structures per unit area compared with
wild type animals (Fig. 3). Importantly, the increased branching
phenotype was apparent in Ndst1f/fMMTVCre�Ndst2�/�

mutant glands, regardless of the growth score (i.e. 1–4) (Fig. 1
and Table 1) or postnatal age (Fig. 3).
Deletion of Ndst1 and Ndst2 in Mammary Gland Alters HS

Sulfation—To confirm that deletion Ndst1 and Ndst2 reduced
N-sulfation of HS in the mammary epithelia the degree of
N-sulfation in Ndst1f/fMMTVCre�Ndst2�/� mammary epi-
thelial cells was analyzed (Fig. 4, filled circles). Low pH nitrous
acid was used to fragment the polymer adjacent to sites of
N-sulfation. In this analysis, highly sulfated domains containing
alternating N-sulfated glucosamine residues are fragmented
into disaccharides, whereas regions lacking N-sulfation yield
longer oligosaccharides whose size depends on the spacing of
N-sulfated units. In other words, a highly N-sulfated HS would
be expected to fragment into numerous small oligosaccharide
fragments, whereas a sparsely N-sulfated HS would result in a
greater percentage of large oligosaccharide fragments.
As expected, in wild type cells, almost 60% of the oligosac-

charide fragments isolated from the column were either disac-
charides (dp2), tetrasaccharides (dp4), or hexasaccharides
(dp6) (Fig. 5, dp�6). However, deletions of either Ndst1 or a
combination of Ndst1 and Ndst2 led to the accumulation of
octadecasaccharide and larger fragments (dp�18) (Fig. 5) and a
reduction in the percentage of smaller oligosaccharide frag-
ments (Fig. 5). Although incomplete deletion of Ndst1 in vivo
may have occurred due to incomplete penetrance of the Cre-
recombinase expression (Figs. 1 and 2), the overall patterns are
consistent with altered structure of the HS in the tissue.

DISCUSSION

In this study, we demonstrate a relatively unusual so-called
“hyperbranched” phenotype in developing mouse mammary
gland by interfering with proper N-sulfation of HS by deletion

FIGURE 5. Stacked bar graphs illustrating the amount of the various saccha-
ride fragment lengths as a percentage of the entire volume applied to the
column. In wild type cells the amount of disaccharide (dp2), tetrasaccharide
(dp4), and hexasaccharide (dp6) represents almost 60% of the total, whereas
octasaccharide to hexadecasaccharide fragments (dp8–16) represent �30%,
and dp �18 represent �10% of the total. In mutant cells the amount of dp8–16
oligosaccharides decreases progressively, but the amount of �dp18 accumu-
lates, accounting for 45–55% of the total amount of oligosaccharide fragments.

TABLE 2
Effects of deletions of genes involved in HS initiation, polymerization, and sulfation on mammary gland branching and differentiation
Genes are listed in the order of heparan sulfate modifications catalyzed during GAG assembly and sulfation: Ext3Ndst3Hsglce3Hs2st3Hs6st3Hs3st.

Deleted
gene Phenotype

Stage of mammary gland development affected

Reference
Primary
branching

Secondary
branching

Lobuloalveolar
development

Ext Lack of branching ductal epithelium X 6
Ndst1 Lack of lobuloalveolar expansion X 5
Ndst2 Mild increase in branching X X
Ndst1/Ndst2 Hyperbranching X X
Hs2st Decrease in secondary/ductal side branching X 6
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of Ndst2 and Ndst1 (Figs. 1–3). Deletion of Ndst2 alone caused
a mild increase in branched structures (data not shown), which
became exaggerated and quantitatively significant, after Ndst1
was also deleted. Both primary and secondary branching
appeared to be affected.
Postnatal mammary gland branching morphogenesis begins

with formation of a bud, which then undergoes primary
branching and formation of terminal end buds, followed by
secondary or side branching, followed by lobuloalveolar devel-
opment (and terminal differentiation with milk production)
during pregnancy.We have previously demonstrated that dele-
tion of Ext1, which is necessary for co-polymerization of HS
chains, prevents primary branching of the mammary gland
ductal system (6). In contrast, deletion of Hs2st, which is
responsible for selective 2-O-sulfation of uronic acids, affects
secondary or side branching as well as terminal end bud forma-
tion (6). Deletion of Ndst1 alone, on the other hand, does not
substantially affect branching but causes a dramatic focal defect
in lobuloalveolar development (5). Here, we have shown that
Ndst2 deletion in combination with the Ndst1 mammary epi-
thelia-specific deletion increases primary and secondary
branching.
In vivo branching phenotypes due to deletion of HS biosyn-

thetic enzymes have been difficult to identify in many branch-
ing organs. This is partly due to the fact that many of the sys-
temic knockouts of HS biosynthetic enzymes suffer from early
embryonic lethality. In the developing kidney, the situation is
somewhat different since, in some mutant animals, lethality
occurs subsequent to at least the early stages of kidneymorpho-
genesis. For example, null mutations in C-5 epimerase or Hs2st
result in renal agenesis which, at least in the case of Hs2st,
appears to be due to a failure of epithelial branching morpho-
genesis (11, 12). Recent studies utilizing ex vivo culture of the
mouse embryonic kidney, as well as its progenitor tissues, have
demonstrated a clear role for Hs2st and Hs6st as modulators of
epithelial branching morphogenesis, albeit due to effects on
different growth factor-HS interactions critical to kidney devel-
opment (26, 27). However, in the mammary gland, through the
use of selective tissue-specific gene deletions, we have been able
to demonstrate that heparan sulfation itself, as well as selective
N- and O-sulfation of HS occurring through the action of dif-
ferent sets of HS biosynthetic enzymes (and their isoforms)
regulate distinct aspects of branching morphogenesis in the
developing mammary gland (Table 2).
Together, these seem to be the clearest in vivo examples so

far of how individual stages of epithelial branchingmorphogen-
esis depend upon the steps in HS biosynthesis. Moreover, this
finding is consistent with the idea that selective HS-growth fac-
tor interactions help “switch” the stages of branching in the
organogenesis of epithelial tissues (5, 6, 24–30). If correct, the
delineation of stage-specific growth factors that interact with
selectively sulfated HS and facilitate the progression of the
stages of mammary gland branching morphogenesis should be
a fertile area for future research.
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