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ABSTRACT

The mammalian collecting duct comprises principal and intercalated cells, which maintain sodium/water

and acid/base balance, respectively, but the epigenetic contributors to the differentiation of these cell

types remain unknown. Here, we investigatedwhether the histoneH3 K79methyltransferaseDot1l, which

is highly expressed in principal cells, participates in this process. Taking advantage of the distribution of

aquaporin 2 (Aqp2), which localizes to principal cells of the collecting duct, we developed mice lacking

Dot1l in Aqp2-expressing cells (Dot1lAC) and found that thesemice had approximately 20% fewer principal

cells and 13%–16% more intercalated cells than control mice. This deletion of Dot1l in principal cells

abolished histone H3 K79 methylation in these cells, but unexpectedly, most intercalated cells also had

undetectable di-methyl K79, suggesting that Aqp2+ cells give rise to intercalated cells. These Aqp2+ cell-

derived intercalated cells were present in both developing and mature kidneys. Furthermore, compared

with control mice, Dot1lAC mice had 40% higher urine volume and 18% lower urine osmolarity with rela-

tively normal electrolyte and acid-base homeostasis. In conclusion, these data suggest thatDot1l deletion

facilitates the differentiation of some a- and b-intercalated cells from Aqp2-expressing progenitor cells or

mature principal cells.
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The renal collecting duct in the mammalian kidney

plays a critical role in the regulation of extracellular

volume, osmolarity, and pH. It contains at least three

structurally and functionally distinct cell types: prin-

cipal cells (PCs), a-intercalated cells (a-ICs), and

b- intercalated cells (b-ICs).1 PCs regulate Na+ and

water homeostasis. a-ICs and b-ICs are involved in

acid and bicarbonate secretion, respectively.2,3 Aqp2

is a well accepted PC marker, whereas carbonic an-

hydrase type II (CAII) is expressed in all ICs.4,5 The

proton-pumping V-ATPase is a complex, multisub-

unit enzyme consisting of at least 13 subunits, includ-

ing A, B1, and B2. It is highly expressed in the plasma

membranes of some epithelial cells, including

ICs in the kidney.6 The kidney variant of the band

3 Cl2/HCO3
2 exchanger (AE1) and the sodium-

independent chloride/iodide transporter Pendrin

are present in a-IC and b-IC, respectively.7

b-ICs in primary culture behave as stem cells

and give rise to a-ICs, PCs, and PC/IC “hybrids,”

based on functional characteristics and expression

of IC and PC markers. Unlike b-IC, sorted PCs

maintain their PC phenotype as terminally differ-

entiated cells.8 Metabolic acidosis reduced b-ICs

and increased a-ICs without changing the total

IC population, indicating b-IC conversion to

Received August 28, 2012. Accepted November 6, 2012.

H.W. and L.C. contributed equally to this work.

Published online ahead of print. Publication date available at
www.jasn.org.

Correspondence: Dr. Wenzheng Zhang, Internal Medicine, Uni-
versity of Texas Medical School at Houston, 6431 Fannin, MSB 4.
135, Houston, TX 77030. Email: Wenzheng.Zhang@uth.tmc.edu

Copyright © 2013 by the American Society of Nephrology

J Am Soc Nephrol 24: 243–252, 2013 ISSN : 1046-6673/2402-243 243

http://www.jasn.org
mailto:Wenzheng.Zhang@uth.tmc.edu


a-IC.9 Mice lacking the extracellular matrix protein hensin/

DMBT1 in ICs contained no typical a-ICs.10 Inactivation of

the forkhead transcription factor Foxi1 resulted in a single cell

type (Aqp2+ CAII+) that lacks other IC markers (Pendrin,

AE1, AE4, and V-ATPase B1) in the cortex and medulla,

raising the possibility that PCs and ICs are differentiated

from epithelial precursor cells characterized by Foxi12 Aqp2+

CAII+. 11 Both hesin/DMBT1 and Foxi1 mutant mice develop

distal renal tubular acidosis. In CAII-deficient mice, ICs (eval-

uated by AE1 and H+-ATPase expression) were reduced and

replaced by PCs.4 However, whether ICs are derived from PCs

or Aqp2+ progenitor cells has not been demonstrated.

Disruptor of telomeric silencing (Dot1) was first cloned in

yeast as a gene affecting telomeric silencing.12 Dot1 and its

mammalian homologues (Dot1l) encode a methyltransferase

specific for histoneH3K79.13–15Dot1l regulates transcription,

development, erythropoiesis, differentiation, proliferation,

and leukemogenesis.16–18 Global deletion of Dot1l causes em-

bryonic lethality.19

We previously cloned mouseDot1l, observed high mRNA ex-

pression in mouse kidney and strong H3 dimethyl K79 (m2K79)

staining in PC and IC, and identified five alternative splicing

variants (Dot1a-e).15,20 Our work also revealed that Dot1a regu-

lates mRNA expression and activity of the epithelial Na+ channel

in mouse cortical collecting duct M1 and mouse inner medulla

collecting duct line 3 (IMCD3) cells.20–22 However, the function

ofDot1l in vivo in mouse kidney has not been directly addressed.

In this study, we used our Aqp2:Cre and newly developed

Dot1lf/f mice to generate connecting tube/collecting duct

(CNT/CD)–specific Dot1l-deficient (Dot1lf/f Aqp2:Cre or

Dot1lAC) mice and then determined whether Dot1l deletion

affects PC/IC differentiation. To our knowledge, this study

provides for the first time direct in vivo evidence that ICs as

defined by standard markers can be derived from Aqp2-

expressing cells. Derived ICs are observed in both developing

and adult kidneys. Dot1l deletion facilitates this process, lead-

ing to an increase in IC/PC ratio and urine volume. This study

highlights the plasticity of renal tubular epithelia, the origin

of most ICs from Aqp2+ cells, and the significance of Dot1l

inactivation in renal physiology and pathology.

RESULTS

Generation of CNT/CD-specific Dot1l Conditional

Knockout Mice

We generated a Dot1l conditional knockout line using the

LoxP-Cre system (Dot1lf/f ), which removed most Dot1l

function, including the methyltransferase activity upon Cre-

mediated recombination.16 This line was crossed with Aqp2:

Cre mice,23 which express Cre under the control of regula-

tory elements of the mouse Aqp2 gene (Figure 1A). The result-

ing Dot1lf/f Aqp2:Cre mice were termed Dot1lAC, which were

normal appearing and fertile. We found the expected 1:1Men-

delian distribution in the offspring of Dot1lAC backcrossed

with Dot1lf/f (Figure 1B). Histologic analysis revealed no ab-

normalities in the cortex, outer medulla (OM), and inner me-

dulla (IM) of both Dot1lf/f and Dot1lAC mice (Figure 1C).

Dot1l Is Solely Responsible for All Methylation Events

at Histone H3 K79

To determine whether Cre is expressed in PCs, we performed

double immunofluorescence (IF) using chicken anti-Aqp224–26

and rabbit anti-Cre antibodies. As expected, Cre was detected in

Aqp2+ PC inDot1lACmice and was absent in other (i.e., Aqp22)

cells in both groups (Figure 2A).

Similar IF with antibodies specific for H3 mono-, di-, and

trimethyl K79 (m1, m2, and m3K79, respectively) detected

thesemodifications in the PCofDot1lf/f, but not inmost PCs in

Dot1lAC mice (Figure 2, B–D). The undetectable level of H3

K79 methylation did not result from a lack of DNA, as evi-

denced by 49,6-diamidino-2-phenylindole staining, or in a

general effect on total H3. Dot1l loss had little effect on total

histone H3 (Figure 2E) and H3 dimethylation at either K9 or

K36 (Supplemental Figure S1). These results collectively dem-

onstrate that Dot1l is solely responsible for all known meth-

ylation events at H3 K79, consistent with previous in vitro

studies,16,19 and that it is efficiently and specifically disrupted

in most PC.

Figure 1. Generation and characterization of Dot1lAC mice. (A)
Representative agarose gel images showing PCR-based geno-
typing of genomic DNA. PCR was conducted with primers to
amplify a 150-bp endogenous Aqp2 and 300-bp Aqp2:Cre
transgene in the same reaction or with primers to amplify a 510-
bp floxed Dot1l allele (Dot1lf). (B) Summary of Dot1lf/f (ff) and
Dot1lAC (AC) littermates from the crosses between the two
genotypes. (C) Representative images of hematoxylin and eosin
staining showing normal kidney histologic features in both Dot1lf/f

and Dot1lAC mice.
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Dot1l
AC versus Dot1l

f/f Mice Have Significantly Fewer

PCs and More ICs

To determine whetherDot1l deletion affects abundance of PCs

versus ICs, we conducted double IF with the anti-Aqp2

antibody to label the PCs and a rabbit antibody specifically

recognizing V-ATPase B1 and B2 subunits (referred as B1B2

hereafter) to identify the ICs. Representative IF images from

OM of Dot1lf/f and Dot1lAC mice are shown in Figure 3A.

We focusedon theCNT/CDtubules identifiedbyat leastone

Aqp2+ cell. All other tubules lacking an Aqp2+ cell were ex-

cluded from analyses. On the basis of labeling of these two

antibodies, we categorized the cells in the CNT/CD into four

types: Aqp2+B1B22, Aqp2+B1B2+, Aqp22B1B2+, and Aqp22

B1B22, all of which were observed in the two genotypes. To

estimate their relative abundance, we counted more than 200

CNT/CD tubules with approximately 2000 cells in the cortex,

OM and IM from two to three mice per genotype, and results

are summarized (Figure 3, B–D). Dot1lAC versus Dot1lf/f mice

significantly decreased PCs (Aqp2+B1B22) by about 20%

throughout the kidney, which may contribute to polyuria

(see below), and increased ICs (Aqp22B1B2+) by 13%–16%

and double-positive cells by about 3%–11%. Aqp22B1B22

cells were observed occasionally (approximately 1%) in the

CNT/CD in each group. Both double-positive and double-

negative cells may represent intermediate states in the deriva-

tion of ICs from Aqp2+ cells (see below).

Like PCs, Most ICs in Dot1l
AC Mice Have No Detectable

m2K79

To determine whether some ICs originate from Aqp2+ cells,

double IF was performed with the anti-m2K79 to mark the

Cre-mediated Dot1l deletion and thus the “initial” identity of

the Aqp2+ cells, along with the anti–V-ATPase B1B2 antibody to

identify the ICs. We focused on CNT/CD, recognized by both

m2K79+ and m2K792 cells in the tubules. The lack of m2K79

staining is most likely due to Aqp2-promoter–driven, Cre-

mediatedDot1ldeletion. InDot1lf/fmice,m2K79was discernible

in nearly all of the B1B2+ cells throughout the kidney (Figure

4A). However, there were two types of ICs inDot1lACmice. The

first type resembled those inDot1lf/fmice and is the “canonical”

IC (B1B2+ m2K79+). The rest of the B1B2+ cells (68%–74% of

the cells) had near background or no detectable m2K79 staining

(B1B2+ m2K792) (Figure 4B). Thus, most of ICs in the CNT/

CD are likely derived from cells that originally express Aqp2.

Loss of m2K79 in the ICs of Dot1l
AC Mice Is Not a

Result of Promiscuous Cre Expression

Because a 7-kb Atp6v1b1 promoter directed Cre expression

not only in all ICs but also in half of the PCs in the connecting

segment,27 it is possible that the Aqp2:Cre transgene activated

Cre in the original IC, leading to generation of B1B2+m2K792

cells. To check for this possibility, kidney sections from Dot1lAC

andDot1l+/+Aqp2:Crewere analyzed for B1B2 and Cre coexpres-

sion. Although B1B2+Cre+ cells were occasionally (,1%) ob-

served in Dot1lAC mice, none were found in the cortex, OM

and IM in Dot1l+/+Aqp2:Cre mice (Figure 5). These results not

only demonstrate the specificity and capability ofAqp2:Cre trans-

gene in trans-activating Cre in PC but also indicate that most of

the B1B2+ m2K792 cells originate from Aqp2-expressing cells.

Figure 2. Dot1l is disrupted and solely responsible for all meth-
ylation events at histone H3 K79. (A) Representative IF images
showing Cre expression in Aqp2-expressing cells in Dot1lAC,
but not in control kidneys. (B–E) Representative IF images show-
ing Dot1l deletion abolished H3 mono-, di-, and tri-methyl K79
(m1K79, m2K79, and m3K79) without affecting total H3 in Aqp2-
expressing cells in Dot1lAC but not in control kidneys. Aqp2 was
stained in red. All other markers were in green. Nuclei were
stained with DAPI (blue). Arrowhead and arrows: Cells with intact
or abolished H3 K79 methylation, respectively, are amplified in
the inserts. Scale bar: 50 mM and 12.5 mM for insert.
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Most a-ICs and b-ICs Have No Detectable m2K79

In addition to B1B2, ICs express other markers, including V-

ATPase A,28 CAII,5 AE1,29 and pendrin.30 AE1 is expressed in

the basolateral plasma membrane of a-IC.29 Pendrin is found

in the apical membrane of the b-IC and non-A, non-B ICs in

the cortical CD.30 To determine whether the derived ICs ex-

press these IC markers, coexpression of m2K79 with these IC

markers was assessed. An antibody specific for V-ATPase B1

was included to independently verify B1 expression.Most cells

expressed thesemarkers in theDot1lf/fmice that also expressed

m2K79 (Figures 6, A and B, and Supplemental Figure S2,

A–C). However, the majority of the cells stained with these

IC markers in the Dot1lAC mice displayed barely detectable

m2K79. The percentages of m2K792 cells were 89%, 84%,

87%, 87%, and 90% in all of AE+, Pendrin+, V-ATPase A+,

V-ATPase B1+, and CAII+ cells, respectively (Figures 6, C and

D, and Supplemental Figure S2, D–F). It

should be stressed that both of the AE1

and m2K79 antibodies were raised in rab-

bit. Because AE1 and m2K79 reside in the

basolateral membrane and nuclei, respec-

tively, we were still able to score their ex-

pression with the same fluorescent color

(Figure 6A). In brief, ICs including a-IC

and b-IC probably originate from Aqp2+

cells and express all six IC markers exam-

ined.

Derivation of ICs from Aqp2+ Cells

Occurs in the Developing Kidneys

To determine when in development the

derivation of ICs from Aqp2+ cells occurs,

we first evaluated Aqp2 and m2K79 co-

staining in kidneys from 3-, 11-, and 20-

day old pups. For Dot1lf/f mice, the vast

majority of Aqp2+ cells were positive for

m2K79 in all three stages (Supplemental

Figure S3). For Dot1lAC mice, some of

Aqp2+ cells at day 3 andmost of Aqp2+ cells

at the other two stages lacked detectable

m2K79 (Figure 7, A–C). Aqp2:Cre thus di-

rects Cre-mediated Dot1l removal in the

majority of Aqp2+ cells by day 11 and 20,

but detection is still possible at day 3.

For eachof the three stages,we examined

325–1024 B1B2+ cells/genotype and found

that 3%, 1.5%, and 1.8% of them inDot1lf/f

mice were m2K792. These cells were in-

creased to 10.4%, 7.5%, and 17.8% in cor-

responding Dot1lAC littermates (Figure 8 and

Supplemental Figure S4). Because m2K79

levels fluctuate throughout the cell cycle,

reaching the lowest point in G2,13 unde-

tectable m2K79 in some B1B2+m2K792

and Aqp2+m2K792 cells may stem from

cell cycle–dependent regulation rather than fromDot1l deletion,

causing their occasional presence in Dot1lf/f mice and overesti-

mation of the percentages of the derived ICs. Nevertheless,

Dot1lAC versus Dot1lf/f had higher percentages of B1B2+m2K792

in all of the three stages examined (Figure 8D), suggesting that

the derivation of IC fromAqp2+ cells occurs as the cells develop.

Dot1l
AC Mice Displayed Polyuria without Severely

Impaired Electrolyte and Acid-Base Balance

To determine the consequence ofDot1l deletion in renal phys-

iology, we performed metabolic analysis. Twenty-four-hour

urine analysis of Dot1lAC, Dot1lf/f, and Dot1l+/+ Aqp2:Cre

mice (n=6–8 mice/group) revealed relatively hypoosmotic

polyuria in Dot1lAC mice, compared with the other two con-

trol groups. Dot1lAC versus Dot1lf/f mice had elevated urine

volume by 83629% and decreased urine osmolarity by

Figure 3. Dot1lAC mice have fewer PCs and more ICs than control mice. (A) Repre-
sentative IF images showing expression of PC marker Aqp2 (green) and IC markers V-
ATPase subunits B1 and B2 (red) in the OM of adult Dot1lf/f and Dot1lAC mice. Boxed
areas were amplified in the insert. Arrowhead and arrows: Aqp22B1B22 and
Aqp2+B1B2+ cells, respectively. Scale bar: 100 mM and 17.5 mM for insert. (B–D).
CNT/CD cells in the cortex (B), OM (C), and IM (D) of Dot1lf/f and Dot1lAC mice were
categorized into four groups as indicated, based on the expression of the two markers.
The relative abundance of each cell group was graphed.
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3469.1%. However, neither the urine volume nor the urine

osmolarity of Dot1l+/+ Aqp2:Cre mice were significantly dif-

ferent from Dot1lf/f mice (Figure 9, A and B), suggesting that

the relatively hypoosmotic polyuria of Dot1lACmice primarily

results from deletion of Dot1l and that the presence of the

Aqp2:Cre transgene itself alone has little effect on urine pro-

duction and concentration.

Accordingly, Dot1l+/+ Aqp2:Cre mice were excluded from

analysis of other urinary measures. Dot1lAC versus Dot1lf/f

mice had significantly lower urinary [Na+], [K+], and [creat-

inine] with similar urine pH (Figure 9, C–F). Similarly, excre-

tion of Na+ and K+; [Na+]/[creatinine]; [K+]/[creatinine];

body weight; and diastolic, systolic, and mean BP did not

significantly differ between the two genotypes (Supplemental

Figure S5, A–F).

Blood analyses (n=6 mice/group) were conducted to mea-

sure 12 parameters ([Na+], [K+], [Cl2], total carbon dioxide

content [TCO2], [pCO2], [HCO3
2], anion gap, base excess in

extracellular fluid, pH, [BUN], [hematocrit], and [hemoglo-

bin]). Dot1lAC mice had mildly reduced pCO2 and increased

pH (Figure 9, G and H), with no differences in the other 10

measures between the two groups (Supplemental Figure S6,

A–J). Taken together, the urine and blood measurements

suggest that Dot1lAC mice have polyuria without severe im-

pairment inmaintaining normal electrolyte and acid-base bal-

ance. Hypokalemia, which causes polyuria, is unlikely to be a

contributory factor for the polyuria in these mice.

DISCUSSION

In this study, we (1) describe the first kidney-specific Dot1ll

conditional knockout mouse line; (2) identify relatively

hypoosmotic polyuria with apparently normal electrolyte

and acid-base homeostasis as the major phenotype of these

mutant mice; (3) reveal that the polyuria may be attributable

to a significant reduction in the number of PC; and (4) provide

strong in vivo evidence that ICs, including a-IC and b-IC, are

derived from Aqp2+ cells;

Given thatAqp2 is awidely accepted PCmarker, our current

study suggests that ICs are derived from PCs and that this

process is facilitated by Dot1l deletion. Once derived ICs ac-

quire IC identity after Cre-mediated removal ofDot1l and thus

Figure 4. Most of ICs have no detectable m2K79 inDot1lAC mice.
(A) Representative IF images showing IC markers V-ATPase sub-
units B1 and B2 (red) and histone H3 di-methyl K79 (m2K79,
green) in the IM of adult Dot1lf/f and Dot1lAC mice. Boxed areas
were amplified in the insert. Arrowhead and arrows: Cells with
intact or abolished m2K79, respectively. Scale bar: 50 mM and
12.5 mM for insert. (B) The percentages of B1B2+m2K792 in the
total of B1B2+ cells in the cortex, OM, and IM were estimated and
graphed. Error bar represents SEM. *P,0.05 versus Dot1lf/f.

Figure 5. Cre is not promiscuously expressed in ICs. Represen-
tative IF images showing lack of coexpression of the IC markers V-
ATPase subunits B1 and B2 (red) with Cre (green) throughout the
whole kidneys of adult mice as indicated. Boxed areas were
amplified in the insert. Arrowhead: A potential B1B2+Cre+ cell
occasionally observed in Dot1lAC. Scale bar: 50 mM and 12.5 mM
for insert.
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abolishment of m2K79, they lose the Aqp2+ phenotype in-

cluding the original ability to sustain Aqp2 and Cre expression

driven by the Aqp2:Cre transgene and eventually render Aqp2

and Cre undetectable. However, because derivation of IC from

Aqp2+ cells begins as early as day 3 after

birth, it remains unknown whether Aqp2
+ cells acquire complete function of PC be-

fore giving rise to ICs. In addition, adult

kidneys may contain Aqp2-expressing

“stem” cells that differentiate into ICs.

Nevertheless, our findings support that

PCs and ICs differentiate from Foxi12

Aqp2+ CAII+ epithelial precursor cells11

and PCs are not terminally differentiated

as observed in vitro.8 The difference be-

tween the latter and our study may stem

from the use of two totally different model

systems. The canonical IC in adult Dot1lAC

mice accounted for only 10%–33% of the

total IC population. Such underrepresen-

tation of canonical ICs in adults may result

from depletion of ICs in developing kid-

neys.31 Because derived ICs were ,18%

(Figure 8D), most of the presumably de-

leted ICs are the canonical ICs.

The detailedmolecularmechanism gov-

erning derivation of ICs from Aqp2+ cells is

unclear. Because IF with the anti-

H3m2K79 clearly demonstrated high ex-

pression of Cre at postnatal day 3 (Figure

8 and Supplemental Figure S3), it is very

unlikely that variation in Cre expression

is the sole factor contributing to the devel-

opmental difference in H3m2K79 expres-

sion. It is also possible that developmental

programs vary in the “same” Aqp2+ cell

population as they do in differentiated

Th1 and Th2-helper cells, and that these

programs can be irreversibly “locked” as

they are in some GATA3-expressing Th2

cells, while other GATA3 expressing cells

remain plastic.32,33 Accordingly, we

propose a hypothetic model (Figure 10).

Aqp2+ progenitor cells differentiate into

“locked” PCs, “locked” ICs, and “plastic”

PCs in a Dot1l-independent manner. The

first two types eventually differentiate into

the canonical PCs and ICs characterized by

the coexpression of H3m2K79 with PCs

and ICs markers, respectively. The plastic

PCs are also Aqp2+ and may switch to

locked PCs or ICs.Dot1l deletion enhances

differentiation of the plastic PCs into ICs,

leading to generation of derived ICs (IC+

H3m2K792) and an increase in IC popula-

tion. In this regard, Dot1a may repress IC markers in the lock-

ed and plastic PC, but not in locked ICs. In other words,

like H3m3K27,32,33 Dot1a-mediated H3m2K79 may mark re-

pression in a gene- and lineage-specific manner. It can be

Figure 6. Most a-ICs and b-ICs have no detectable m2K79 in Dot1lAC mice. (A and B)
Representative IF images showing coexpression of m2K79 with AE1 (A) or Pendrin (B),
which are markers of a-IC and b-IC, respectively, in Dot1lf/f mice, and undetectable
m2K79 in most a-ICs and b-ICs in Dot1lAC mice. AE1 and m2K79 reside in the ba-
solateral membrane and nuclei, respectively, allowing determination of their expres-
sion even though they were detected by two rabbit antibodies and visualized by the
same color (red). Boxed areas were amplified in the insert. Arrowhead and arrows: Cells
with intact or abolished m2K79, respectively. Scale bar: 50 mM and 12.5 mM for insert.
(C and D). Percentages of X+m2K792 in the total of X+ cells, where X indicates each of
the IC markers as indicated, were calculated and graphed. Error bars represent SEM.
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speculated that Dot1a represses the expression of IC markers

and sequesters an unknown repressor to permit expression of

PC markers, including Aqp2. As a result, the cells exhibit the

PC phenotype. Deletion of Dot1l abolishes Dot1a-mediated

repression of the IC markers in the plastic PC and releases

the unknown repressor to silence PC markers, facilitating the

derivation. Future studies are required to test this idea in the

plastic PCs.

Because of its activity in the majority of renal Aqp2+ cells,

Aqp2:Cre transgene is very useful for generation of CNT/CD-

specific knockout mice to study the function and physiologic

consequence of the target genes in the developing and adult

kidneys. Although three other Aqp2 promoters have been used

to drive Cre for inactivation of endothelin-1 and peroxisome

proliferator-activated receptor g in PC,34–36 it remains un-

known whether they are also active in the developmental

stages.

CONCISE METHODS

Reagents
The primary antibodies used are chicken anti–Aqp2 LC54 (a gift from

James B. Wade, University of Maryland School, Baltimore, MD);

chicken anti–V-ATPase A and anti–V-ATPase B1;37 rabbit anti-H3

(Millipore); anti-H3 mono-, di-, and tri-methyl K79 (abcom); anti-

Cre (Sigma); anti-AE1 (Alpha Diagnostic); and four antibodies (rab-

bit anti–V-ATPase B1 and B2, goat anti-AQP2, mouse anti–V-ATPase

B1 and B2, and mouse anti-CAII) from Santa Cruz. The secondary

antibodies are Dylight 594-AffiniPure goat antichicken IgG (Jackson

ImmunoResearch Laboratorie), Alexa Fluor 488-conjugated goat an-

tirabbit IgG and Alexa 594-conjugated goat antimouse IgG (Invitro-

gen).

Generation, Genotyping, and Characterization of

Dot1lAC Mice
Dot1lf/f and AQP2Cre mice have been previously described.16,23 Off-

spring from the cross between Dot1lf/f and Aqp2:Cre was backcrossed

with Dot1lf/f to generate double transgenic animals (Dot1lf/f Aqp2:

Cre), which is termed Dot1lAC. Genotyping was performed as de-

scribed.16 Dot1lAC mice were constantly backcrossed with Dot1lf/f

mice for at least 10 generations to get and maintain the highly pure

C57BL6 background. Littermates from the cross between these Dot1l
f/f and Dot1lAC mice were used for all of the current studies. Mice age

2–5 months were used unless otherwise indicated.

IF Studies
IF was conducted as we reported before,25,38with the following mod-

ifications. Adobe Photoshop CS4 was used to examine the IF images

and to score the staining of each primary antibody. To estimate the

relative abundance of PCs and ICs and to calculate the percentages of

derived ICs, we examined two to four mice per genotype per stage in

Figure 7. Cre-dependent abolishment of m2K79 occurs in the
Aqp2-expressing cells of the developing kidneys. Representative
IF images showing undetectable m2K79 in some of Aqp2+ cells in
3-day-old Dot1lAC kidneys and in most of Aqp2+ cells in 11- and
20-day-old Dot1lAC kidneys. Arrowhead and arrows: Cells with
intact or abolished H3 K79 methylation, respectively, are ampli-
fied in the inserts. Scale bar: 100 mM and 50 mM for insert. For
developing kidneys of Dot1lf/f mice, see Supplemental Figure S3.

Figure 8. Derivation of ICs from Aqp2-expressing cells occurs in
the developing kidneys. (A–C) Representative IF images showing
undetectable m2K79 in some of B1B2+ cells in 3-, 11-, and 20-
day-old Dot1lAC mice. Arrows: Cells with abolished m2K79 are
amplified in the inserts. Scale bar: 100 mM and 25 mM for insert.
For developing kidneys of Dot1lf/f mice, see Supplemental Figure
S4. (D). Percentages of B1B2+m2K792 cells in total of B1B2+ cells
were estimated and graphed.
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the related double IF experiments. Except 3-day-old pups, 5–10 fields

were taken from the whole kidney in each mouse. Cell counting was

restricted to tubules consisting of at least one PC. In the experiments

involving Aqp2 staining, these tubules were identified by the presence

of at least one Aqp2+ cells. In the experiments without Aqp2 labeling,

these tubules were located by the coexistence of cells with some pos-

itive and others negative for IC marker labeling or for m2K79 stain-

ing. For the experiments evaluating coexpression of V-ATPase B1B2

and m2K79 in the 3-day-old kidneys, all of the cells strongly stained

with the anti–V-ATPase B1B2 were included in counting except those

without a clear DAPI-stained nucleus. This exception was also ap-

plied to all other experiments involving evaluation of m2K79 status.

The percentage of derived ICs was defined as the number of X+

m2K792 cells divided by the sum of the number of X+m2K79+ cells

and the number of X+m2K792 cells, where X indicates an IC marker.

We could not determineDot1a protein expression on a cell-by-cell

basis. The Dot1a antibodies tested did not recognize mouse Dot1a in

IHCand IF experiments. This is a limitation in thefield.Dot1aprotein

was not examined by IF or IHC in the Dot1l-deficient embryos,19 in

the heart of the cardiac-specific Dot1l knockout mice39 or in the

peripheral blood nucleated cells of Dot1lf/f Vav-Cre mice.40 Instead,

IF and/or IB with the anti-H3m2K79 assessed inactivation of Dot1l

function and thus disrupted Dot1l expression.19,39,40

Metabolic Balance Studies
After acclimation for 3 days to Tecniplast metabolic cages (Exton, PA)

with free access to water and the normal Na+ (0.4%) pellet diet (the

regular laboratory chow), BP measurement with CODA tail-cuff BP

system (Kent Scientific, Torrington, CT) and 24-hour urine collecting

were carried out as we recently reported.41

All animal studies were performed in accordance with National

Institutes ofHealthGuide for the Care andUse of LaboratoryAnimals

andwere approved by theUniversity of TexasHealth ScienceCenter at

Houston Animal Welfare Committee.

Blood and Urine Measurements
Urinary [Na+], [K+], and [creatinine] were measured with an ana-

lyzer (Roche Cobas Integra 400 plus) in the Clinical Pathology Lab-

oratory, Department of Veterinary Medicine and Surgery, University

of Texas MD Anderson Cancer Center as described.41 Urine osmo-

larity was determined by vapor pressure (Wescor Vapro Vapor Pres-

sure Osmometer 5520, Scimetrics, Houston, TX).41 Blood measures

Figure 9. Dot1lAC mice have impaired urine concentration ability
without severely impaired electrolyte and acid-base balance. (A–
F) Twenty-four-hour urine analyses of Dot1lf/f (f/f), Dot1lAC (AC),
and Dot1l+/+ Aqp2Cre (++ AC) mice (n=8 mice per group) were
conducted to measure the parameters as indicated. (G and H).
Blood analyses (n=6 mice/group) for the parameters as indicated.
For additional measurements, see Supplemental Figures S5 and
-S6. *P,0.05 versus Dot1lf/f.

Figure 10. A hypothetical differentiation model for principal and
intercalated cells. Epithelial precursor cells differentiate into
irreversibly “locked” PCs and ICs as well as “plastic” PCs. Al-
though the locked PCs and ICs eventually mature into the ca-
nonical PCs and ICs, respectively, the plastic PCs can give rise to
PCs or ICs. Inactivation of Dot1l favors derivation of ICs from the
plastic PCs. The phenotype of each cell type in terms of Aqp2, IC
markers, and H3m2K79 is also shown.
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were assessed using VetScan i-STAT 1 (ABAXIS) according to the

manufacturer’s instruction.

Statistical Analyses
Quantitative data are presented asmean6 SEM. A t test was usedwith

the statistical significance set at P,0.05.
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