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Hedgehog signaling is required for endometrial
remodeling and myometrial homeostasis
in the cycling mouse uterus

Elle C. Roberson,1,3,* Ngan Kim Tran,2 Anushka N. Godambe,2 Harrison Mark,2 Michelle Nguimtsop,2

Trinity Rust,2 Elizabeth Ung,1 LeCaine J. Barker,1 Rebecca D. Fitch,2 and John B. Wallingford2,*

SUMMARY

Decades of work demonstrate that the mammalian estrous cycle is controlled by cycling steroid hor-
mones. However, the signaling mechanisms that act downstream, linking hormonal action to the phys-
ical remodeling of the cycling uterus, remain unclear. To address this issue, we analyzed gene expres-
sion at all stages of the mouse estrous cycle. Strikingly, we found that several genetic programs
well-known to control tissue morphogenesis in developing embryos displayed cyclical patterns of
expression. We find that most of the genetic architectures of Hedgehog signaling (ligands, receptors,
effectors, and transcription factors) are transcribed cyclically in the uterus, and that conditional disrup-
tion of the Hedgehog receptor smoothened not only elicits a failure of normal cyclical thickening of the
endometrial lining but also induces aberrant deformation of the uterine smooth muscle. Together, our
data shed light on the mechanisms underlying normal uterine remodeling specifically and cyclical gene
expression generally.

INTRODUCTION

Repeated cycles of gene expression are central to diverse aspects of biology, from the Period and Cryptochrome (PER/CYC)-mediated cycles

that drive circadian rhythm1 to theNotch-mediated clock and wavefront that generates the blocks of embryonic somites.2 It is interesting then

that while decades of research have defined the crucial roles of steroid hormone cycles in control of the mammalian estrous cycle,3,4 far less is

known of the cyclical patterns of gene expression that link those hormones to cyclical changes in the structure of the reproductive tract.

Indeed, the uterus is unlike other adult tissues as it repeatedly undergoes extensive remodeling during the estrous cycle, implantation, and

pregnancy. In some mammals, such as humans, the uterine lining is cyclically shed in the process of menstruation. However, most mammals

do not menstruate and instead undergo a reiterative process of tissue remodeling across the estrous cycle. In the mouse, the endometrial

lining of the uterus thickens and elaborates when estrogen increases during the first half of the estrous cycle, and this lining dramatically thins

and simplifies in the second half, when progesterone increases.3,4 Over this time frame, new studies have shown that luminal epithelium turns

over5 and the ratio between stromal and epithelial cells shifts dramatically.6 However, the gene regulatory mechanisms that act downstream

of cycling hormone signals to drive the tissue behaviors underlying cyclical uterine remodeling are not known.

For example, endometrial Indian hedgehog (Ihh) is a direct target of progesterone and drives remodeling during pregnancy and implan-

tation in the rodent,7–10 and others have shown that Ihh is cyclically controlled during themenstrual11 and estrous cycle.12,13 But the function of

Hedgehog signaling in the non-pregnant, cycling uterus is unknown, and previous bulk RNA sequencing (RNA-seq) studies12,13 have focused

on only two stages. Moreover, while these genomic datasets of the cycling endometrium in humans14–18 and rodents6 have begun to illumi-

nate the transcriptome of the non-pregnant uterus, our knowledge of how downstream signaling pathways contribute to cyclical remodeling

and homeostasis is sparse. Given the power of mouse genetics to explore mammalian biology, this gap in knowledge presents a key hurdle.

Here, we fill that gap by determining the transcriptomic landscape of the cycling adult mouse uterus at every stage of the estrous cycle.

Interestingly, these data suggest that uterine remodeling requires robust re-use of genetic systems more commonly associated with embry-

onic development, includingHox family transcription factors andWnt, transforming growth factor b (TGF-b), andHedgehog signaling. For the

latter case, we show that the majority of the signaling pathway undergoes robust cyclical transcription and that loss of Hh signaling not only

severely perturbs normal cyclical remodeling of the uterus but also induces an aberrant remodeling of the smooth muscle tissue in the my-

ometrium.Our work on the normal estrous cyclemay shed light on other aspects of myometrial biology, like pregnancy and parturition, or the

progression of uterine smooth muscle tumors.
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RESULTS

Quantification of uterine remodeling across the mouse estrous cycle

We sought to understand the molecular/genetic changes that accompany the iterative remodeling of the normal mouse uterus, so we first

extended previous studies3,4 by developing a comprehensive set of morphometrics to quantify normal uterinemorphology across the estrous

cycle.We therefore visualized gross tissuemorphology of uteri at each estrous cycle stage usingH&E staining (Figures 1A–1D, n = 8 per stage)

and independently quantified diverse uterine compartments.

The total uterus area was thickest at proestrus and then steadily decreased until diestrus (Figure 1E), and the area of the lumen followed a

similar pattern (Figure 1F). The endometrium was also thickest at proestrus and thinnest at diestrus (Figure 1G). We also quantified the num-

ber of uterine glands and the luminal epithelial cell height in the endometrium across the estrous cycle; both were highest at proestrus and

lowest at diestrus (Figures 1I and 1J). By contrast, while the myometrium displays cyclical spontaneous contractile activity during the estrous

cycle,19 overall myometrial area was not significantly altered across the estrous cycle (Figure 1H). Thus, the normal cycling endometrium dis-

plays several cyclical changes in gross morphology across the estrous cycle while the myometrium does not.

The murine uterus is transcriptionally dynamic across the estrous cycle

We hypothesized that downstream of steroid hormones, a variety of signaling pathways might be utilized in the adult uterus to regulate

cyclical tissue remodeling. To test this hypothesis, we performed 30 TagSeq of the whole uterus at each stage of the estrous cycle (n = 3

per stage). Principal-component analysis (PCA) of three biological replicates per estrous cycle stage showed clear separation of estrous cycle

replicates, with PC1 and PC2 accounting for 49% and 22% of the variance, respectively (Figure 1K). While most samples within each stage

cluster well together, we noted that the metestrus samples (in yellow) do not, which we expect is due to either biological variability or inac-

curate estrous stage prediction. Regardless, the stages clearly form a cycle within the PCA, indicating that the stages are transcriptionally

distinct (Figure 1K).

For a more granular view, we examined differentially expressed genes (DEGs) between subsequent cycle stages—for example, from dies-

trus to proestrus; proestrus to estrus; estrus to metestrus; and metestrus to diestrus. At most cycle comparisons, we identified hundreds of

DEGs. Between diestrus-proestrus, 361 genes are downregulated and 506 are upregulated (Figure 1L). Between proestrus-estrus, 459 genes

are downregulated and 769 genes are upregulated (Figure 1M). Between estrus-metestrus, 438 genes are downregulated and 242 genes are

upregulated (Figure 1N). Finally, between metestrus-diestrus, 100 genes are downregulated and 45 genes are upregulated (Figure 1O).

To better visualize the cyclical changes in DEGs, we plotted the top 15 enrichedDEGs of each cycle stage in a heatmap, showing a cascade

of gene expression during the estrous cycle (Figure 1P). This highly dynamic transcriptional landscape of the cycling uterus provides a rich

dataset with which to explore the molecular mechanics that may link hormone cycles to cyclical morphogenesis in the uterus.

Genes associated with embryonic development are cyclically expressed in the adult mouse uterus during the estrous cycle

We were curious if the DEGs at each cycle transition were enriched in particular gene classes, so we performed Gene Ontology (GO) anal-

ysis.20 Curiously, developmental biology GO terms were prevalent at metestrus. The top GO terms included limb development; appendage

development; limb morphogenesis; appendage morphogenesis; tube development; and embryonic limb morphogenesis (Figure 2C). At

proestrus, the top GO terms included sensory perception of smell; sterol biosynthetic process; and epithelium development (Figure 2A).

At estrus, the top GO terms included response to external stimulus and response to other organism (Figure 2B).

Using the GO term analysis as a partial guide, we manually curated the developmental genes and signaling pathways that were differen-

tially expressed in the uterus across the estrous cycle and assembled heatmaps and a table (Table S2) showing differential gene expression.

For example, Hox family genes that have known roles in implantation21–24 such as Hoxa10, Hoxa11, Hoxd11, andMsx1 were all upregulated

when progesterone is high during metestrus and diestrus (Figure 2D; Table S2). Conversely, HoxB4 is known to be expressed in uterine glan-

dular epithelial cells,25 and we found Hoxb4 to be cyclically expressed with higher expression in early stages when gland numbers peak

(Figures 1I and 2D; Table S2).

Likewise, dynamic expression of Wnt ligands has been suggested during the estrous cycle,26 withWnt7b being required for uterine gland

development.27,28 Notably, we foundWnt7b also cycled with higher expression during the early stages (Figure 2E; Table S2), whileWnt11 and

several Wnt signaling transducers displayed the converse pattern, peaking late in the cycle (Figure 2E; Table S2). Finally, TGF-b signaling is

also required for implantation and uterine gland and myometrial development,29,30 but its role during the estrous cycle is unknown. In our

dataset, we identified differential expression of genes involved in TGF-b signaling: Tgfbi is enriched at metestrus and diestrus, while Lrg1

is enriched at estrus (Figure 2F; Table S2). Thus, the expression of many of genes required for either implantation or uterine development

are dynamically expressed across the estrous cycle, though the relationship between this cyclical expression and cyclical uterine remodeling

has yet to be determined.

Hedgehog signaling components are cyclically co-regulated across the estrous cycle

Our most striking finding was that the genes encoding nearly all members of Hedgehog signaling pathway (Figure 3A) were cyclically ex-

pressed together and enriched at diestrus (Figures 3B‒3M; Table S2). The major Hh ligand in the uterus, Ihh, and the known downstream

target genes of the pathway, such as Gli1 and Ptch1, are significantly enriched (denoted with an asterisk) (Figure 3B; Table S2). Given that

Ihh is a direct target of progesterone at implantation,8,10,31 enrichment of Ihh and downstream target genes Gli1 and Ptch1 at metestrus
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Figure 1. Cyclical mouse uterine remodeling occurs concomitant with transcriptional changes

(A‒J) H&E staining of mouse uterine sections at (A) proestrus, (B) estrus, (C) metestrus, and (D) diestrus where the dotted white line denotes boundary between

the endometrium andmyometrium. Scale bar = 250mm.Quantitation of (E) uterine area, (F) lumen area, (G) endometrial area, (H)myometrial area, (I) uterine gland

number, and (J) luminal epithelial height during those same time points. Each point on the graphs represents one uterus and is the mean quantification of 4 or

more sections; all error bars are standard deviation of the mean.

(K‒O) (K) Principal-component analysis (PCA) plot of 30 TagSeq dataset. Volcano plots showing differential gene expression between (L) diestrus and proestrus,

(M) proestrus and estrus, (N) estrus and metestrus, and (O) metestrus and diestrus.

(P) Heatmap of themost variable differentially expressed genes at each estrous cycle stage, where each column represents one sample. All heatmaps use z-scores

of the DESeq2 variance stabilized counts. t tests were performed, where * = p < 0.05; n.s. = not significant.

ll
OPEN ACCESS

iScience 26, 107993, October 20, 2023 3

iScience
Article



or diestrus when progesterone is high was expected.4 However, the remaining signaling components, includingGli2,Gli3, Ptch2, Smo, Sufu,

Gpr161, Kif7, Evc, and Evc2 are not typical downstream targets of Hh signaling, yet they also trend upward or are significantly enriched (de-

noted with an asterisk) at diestrus (Figure 3B; Table S2). We confirmed the significant enrichment of most of these genes by qPCR on an addi-

tional 5 animals for a total of n = 8 (Figures 3C‒3M). When evaluated with n = 8, some of the pathway components differ from the RNA-seq

dataset (Figures 3E‒G, 3I, and 3L). Thus, uterine expression of the genes encoding most of the Hh signaling are co-regulated across the

mouse estrous cycle.

Hedgehog signaling is required for iterative uterine remodeling across the estrous cycle

While Hedgehog signaling has been extensively studied at implantation, specifically in the endometrium, less is known about possible roles

for Hedgehog signaling in uterine remodeling or homeostasis across the normal estrous cycle. We therefore made a conditional knockout of

the major activator, smoothened (Smo), using the progesterone receptor cre (PR-Cre, Figure 4A) which is expressed throughout the adult

uterus.32,33 The controls (ctrl) were PR-Cre+/� or �/� Smofl/+ or +/+, and the conditional knockouts (Smo cKO) were PR-Cre+/� Smofl/fl. We

confirmed that Smo is indeed significantly decreased or absent in the cKOs compared to the controls by qPCR (Figure 4B). Smo is the major

activator of the Hh signaling pathway; therefore, the Smo cKOs should not be able to activate downstream Hh signaling target genes. We

confirmed this by checking for the expression ofGli1, a downstream target gene of the pathway. Indeed, whileGli1 is upregulated at diestrus

compared to estrus in our controls, that fails to occur in the cKOs (Figure 4C). In addition to looking at the expression of Smo andGli1, we also

looked at fertility because previous work has shown that Hedgehog signaling is required for implantation.10,31,34–36 To confirm that our cKO is

infertile, we performed breeding studies on the controls and Smo cKOs. The control mice had an average of 9 pups per litter, while the Smo

cKOs failed to ever have pups (Figure 4D). We also confirmed that the Smo cKO animals cycled normally compared to controls using three

methods. With vaginal cytology, we found that the cKOs progress through the estrous cycle relatively normally, albeit with a significantly

shorter diestrus stage (Figure 4E). We also looked at levels of progesterone in the serumwith the University of Virginia Ligand Assay and Anal-

ysis Core and showed no significant difference between controls and cKOs (Figure S1A). Finally, we show that both controls and Smo cKO

ovaries have corpus lutea at diestrus, suggesting that ovulation is occurring in all animals (Figure S1B).

Despite this relatively normal cycling, uteri lacking Smo displayed radically altered morphologies (Figures 4F–4I). Smo cKO uteri failed to

thicken during the estrogen-dominant early stages of the cycle (i.e., estrus). Measurement of both the total uterine area and the endometrial

area confirmed this result as both were significantly reduced in themutants (Figures 4F, 4G, 4J, and 4K). Thus, Hedgehog signaling is required

for normal morphogenetic changes in the uterine endometrium across the mouse estrus cycle.

Hedgehog signaling controls homeostasis of longitudinal smooth muscle in the uterus

In contrast to the obvious endometrial phenotype at estrus, Smo cKO mice displayed a more subtle but interesting phenotype during the

progesterone-dominant later stages (i.e., diestrus), when the endometrium is normally quite thin (see Figure 1). Specifically, the size of the

myometrium, composed of inner circular and outer longitudinal layers of muscle,37 was increased relative to the endometrium in Smo
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Figure 2. Development genes are cyclically expressed in the uterus during the estrous cycle

(A‒F) GO terms of differentially expressed genes enriched at (A) proestrus, (B) estrus, and (C) metestrus. Heatmaps of (D) Hox genes, (E) Wnt signaling, and (F)

TGF-b signaling. See also Table S2. Each column represents one sample, and all heatmaps use z-scores of the DESeq2 variance stabilized counts.
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cKOmice (Figure 4L). Moreover, the appearance of the tissue was altered, seemingly thrown into aberrant deformations not observed in con-

trol uteri (Figure 5). This stage-specific change in the myometrium was surprising as the myometrial area does not remodel across the cycle in

normal mice (see Figure 1).

This result prompted us to further quantify these myometrial phenotypes. We found that while the Smo cKO longitudinal smooth muscle

layer trended toward increased thickness at diestrus, it did not reach statistical significance (Figure 5A). However, when we quantified defor-

mation using ‘‘smoothness’’ (i.e., ratio of uterine perimeter length [Figure 5B’) to circumference of the best fit ellipse [Figure 5B’’]), we

observed a significant decrease specifically at diestrus in the Smo cKO (Figures 5C–5F). These data suggest that in the absence of Hh signaling

the mouse uterus undergoes aberrant deformation of the outer muscular layer.

Muscle fibers are larger in the absence of Smoothened

The aberrant tissue deformation observed in the myometrium of Smo cKO at diestrus is reminiscent of normal folding observed in some

developing organs, such as the exterior of some mammalian brains. There is evidence that such folding results from differential growth of

the outer gray matter and the inner white matter, resulting in mechanical buckling.38 The inverse is true in the developing vertebrate gut,

where the growing inner endoderm and mesenchyme are restrained by the outer layers of smooth muscle resulting in folding.39 We hypoth-

esized that the aberrant deformation of uterine smooth muscles in the Smo cKO at diestrus may be caused by an increase in longitudinal

muscle fiber number or size compared to the relatively unchanging endometrial area (Figure 4L).

We therefore quantified the size and number ofmuscle fibers usingMasson Trichromehistology, which stainsmuscle in red and collagen in

blue (histology in Figures 5 and 6). Given that uterine smooth muscle fibers are embedded in extracellular matrix,40 we were able to assess

smooth muscle fibers using Ilastik, which takes advantage of color and texture differences to differentiate structures,41 to produce masks of

A B

C D E F

G H I J

K L M

Figure 3. The Hedgehog signaling pathway is cyclically regulated across the estrous cycle

(A) The biochemical pathway of Hh signaling.

(B) Heatmap of the core components of Hh signaling across the estrous cycle, where the Z score of the DESeq2 variance stabilized counts is used. Each column

represents one sample. See also Table S2.

(C‒M) qPCR of the same core components of Hh signaling with n = 8 samples. See also Table S1. t tests were performed, where * = p < 0.05; n.s. = not significant.
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muscle fibers (Figures 6A–6D and 6A’’‒6D00). While the average number of muscle fibers was unchanged, we observed a striking and signif-

icant increase in the size of individual muscle fibers in Smo cKO uteri, specifically at diestrus (Figures 6E and 6F). A more granular view of the

data revealed a curious pattern to this effect.Whenwe binned fibers by area, we found that the Smo cKOphenotypewas driven by changes in

fibers at the extremes of size (Figure 6G). These data suggest that changes in muscle fiber size may underlie the aberrant deformation of the

uterine myometrium that accompanies loss of Hedgehog signaling in the cycling adult mouse uterus.

DISCUSSION

One of the first studies to show that the human uterus undergoes cyclical remodeling (rather than pathological changes) during themenstrual

cycle was published in 1908.42 Since then, a large body of literature has characterized this regenerative process and has focused on under-

standing menstruation as well as timing of re-epithelialization of the uterus.43–48 However, it would be nearly 100 years before a similar study

on mouse uterine remodeling relative to circulating steroid hormone levels was published,4 despite this animal’s power and widespread use

as a tractable genetic model for mammalian biology.
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Figure 4. Hedgehog signaling is required for cyclical uterine remodeling

(A) Experimental flow to determine role of Hh signaling in the adult uterus during the estrous cycle.

(B) qPCR for Smoothened in the controls and Smo cKOs.

(C) qPCR for Gli1 in the controls and Smo cKOs.

(D) Breeding trial of controls and Smo cKOs.

(E) Estrous cyclicity of controls and Smo cKOs.

(F‒I) H&E-stained uterine sections from control and Smo cKOs.

(J‒L) Quantitation of (J) total uterine area, (K) endometrial area, and (L) myometrial-to-endometrial area ratio. Each point on the graphs represents one uterus and

is the mean quantification of 4 or more sections. t tests were performed, where * = p < 0.05; n.s. = not significant. Scale in image = 250mm. All error bars are

standard deviation of the mean.
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In addition, mouse models have been used extensively to understand the impact of estrogen and progesterone on the uterus, but almost

exclusively by exogenously administered hormones to ovariectomized mice,49,50 genetically modified mice to examine loss of steroid hor-

mone signaling,7,51–53 or at implantation.10,54–58 By contrast, the normally cycling mouse uterus remains far less understood. Several studies

have assessed morphological changes across the estrous cycle,3,4 and others have compared the transcriptomes of two cycle stages.12,13

However, as Wood et al. remarked, several parameters in their study showed correlations with specific estrous cycle stages.4 Therefore,

we wanted to expand the transcriptional landscape of the cycling uterus.

We determined the cyclical transcriptome of the whole uterus across the four key stages of the estrous cycle. We found that hundreds of

genes are differentially expressed at each cycle stage comparison, demonstrating that the mouse uterus is highly transcriptionally dynamic

across the relative short span of 24 h, which roughly characterized each stage (Figure 1). This result contrasts sharply with the mouse oviduct,

which we recently showed undergoes minimal transcriptional change across the estrous cycle.59

Among the most interesting results of this analysis was that many developmental pathways are differentially expressed across the estrous

cycle, including Hox genes, Wnt signaling, and TGF-b signaling (Figure 2) and Indian Hedgehog signaling (Figure 3). Ihh is a direct target of

progesterone signaling at implantation8,10 and has also been identified as differentially expressed between proestrus and estrus,12 and estrus

and diestrus.13 Therefore, Ihh itself was a positive control in our dataset. However, it was striking to us that most of the system, including re-

ceptors and transducers, displayed a clear cycle of expression peaking at diestrus (Figure 3). And while Hh signaling is required for uterine

development60 and implantation,10 a role in the cycling uterus has not been described.

We took a conditional genetic approach, which revealed a key role for Hh signaling in uterine remodeling and homeostasis across the

normal estrous cycle. Conditional deletion of smoothened with the progesterone receptor Cre resulted in a failure of endometrial expansion

A F

B B’ C C’

B’’ C’’

D D’ E E’

D’’ E’’

Figure 5. The myometrium is significantly folded in the absence of Smoothened

(A‒E) (A) Quantitation of longitudinal muscle thickness. Each point on the graph represents one uterus and is the mean quantification of 4 or more sections. (B–E)

Masson Trichrome histology of the mouse uterus. (B0–E0) Outline of sections highlighting the ruffled nature of the Smo cKO. (B00–E00) Best fit ellipse of the outline.

(F) The smoothness of each sample was determined by taking the ratio of the true outline to the best fit ellipse. Each point on the graph represents one uterus and

is the mean quantification of 4 or more sections. t tests were performed, where * = p < 0.05; n.s. = not significant. Scale bar = 250mm. All error bars are standard

deviation of the mean.
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during estrus (Figure 4). We found it curious that the upregulation in gene expression was at diestrus and yet the endometrial phenotype was

at estrus.We speculate that progesterone-regulated Hh signaling primes the endometrium for the remodeling that occurs under estrogen. In

support of this speculation, it has recently been shown in human endometrial biopsies that the progesterone receptor binds the Ihh promoter

during the proliferative phase of themenstrual cycle, when estrogen is high.14 Finally, while the underlying basis for this phenotype remains to

be discovered, it is of special interest because Ihh signaling is required for endometrial stromal cell proliferation to support implantation in the

pregnant uterus.10

In addition to this failure of endometrial remodeling, loss of Smo also severely disrupted the homeostasis of the myometrium. This

muscular layer normally changes very little across the cycle (Figure 1), but in the absence of Hh signaling, we observed aberrant deformation

accompanied by an increase in muscle fiber size (Figures 5 and 6). Whether this increase in fiber size is due to hyperplasia or hypertrophy

remains to be determined, but the results are important because Hh signaling also governs smooth muscle differentiation during develop-

ment and homeostasis in other organs.61–67 Moreover, the deformed appearance of the myometrium of Smo cKOmice at diestrus is remark-

ably similar to that observed in H&E-stained post-partum mouse uteri which are undergoing involution, or the healing process after birth by

which themyometrium remodels to return to a non-pregnant state.68Our hypothesismoving forward is that Hh signaling in themyometrium is

downstream of progesterone signaling (similar to the endometrium at implantation) and is required for myometrial quiescence. This is
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Figure 6. Myometrial fibers are significantly bigger in the absence of Smoothened

(A‒D)Masks of the longitudinal muscle fibers were produced using Ilastik. (A0–D0) Masson Trichrome histology was used to identify the myometrial muscle fibers.

(A00–D00) Longitudinal fibers were identified throughout the entire section.

(E‒G) (E) Quantitation of the fiber number in each sample. Each point on the graph represents one uterus and is the mean quantification of 4 or more sections. (F)

Quantitation of the fiber area in each sample. Each point on the graph represents one uterus and is the mean quantification of 4 or more sections. (G) Fiber areas

were binned in 1000mm2 increments. t tests were performed, where * = p < 0.05 and n.s. = not significant. Scale in main image = 50mm. Scale in ‘and ‘‘images =

250mm. All error bars are standard deviation of the mean.
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supported in part by the role progesterone plays in myometrial quiescence during pregnancy.69–71 In the future, we will investigate the role of

Hh signaling in myometrial quiescence and remodeling that occurs during late pregnancy or involution.

Finally, our data provide another lens through which to view the general phenomenon of cyclical patterns of gene expression. Such cycles

are most well defined in the context of circadian rhythm1 but control diverse biological processes in adults and in embryos. Interestingly,

Hedgehog signaling has been implicated in the hair growth cycle in adult mammals72,73 and many Hh-related genes display long (seasonal)

cycles of gene expression.74,75 On shorter time scales, elements of the Hh signaling pathway also display daily cycles of expression in the adult

mouse liver that are linked to circadian rhythm.76 Our data therefore shed new light on important aspects of the reproductive cell biology of

uterine remodeling and also more generally on the issue of cyclical control of gene expression.

Limitations of the study

There are several caveats to the work presented here. The PGR-Cre line is expressed in additional tissues including the ovary, oviduct, hypo-

thalamus, and pituitary. While we cannot rule out their involvement in our phenotype, the smo cKOmice do cycle normally based on vaginal

cytology which indicates that estrogen and progesterone are being cyclically secreted, progesterone is secreted at concentrations similar to

controls, and the smo cKO ovary shows corpus lutea similar to controls demonstrating that ovulation is occuring. We performed transverse

sectioning instead of sagittal sectioning. This precludes us from assessing the entire length of the uterus. To overcome the limitations of this,

we quantified at least four sections from over 500 mmalong the length of the uterus. Finally, we performed bulk RNA-seq on the whole uterus.

The main limitation here is that we do not have single-cell resolution and havemissed potential gene expression changes (i.e., if one cell type

downregulates a signaling pathway, but another cell type upregulates it, we have likely not identified either change in our dataset).
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Elle Roberson (elle.

roberson@cuanschutz.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

3’ TagSeq results have been deposited to NCBI GEO, under accession number GSE216120, and are publicly available as of the date of pub-

lication. This paper does not report original code. Any additional information required for reanalyze the data reported in this paper is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

6-8-week-old Swiss Webster female mice were obtained from Charles River, while progesterone receptor cre (PR-Cre, Stock: 017915)32 and

smoothened floxed (Smofl/+, Stock: 004526)77 animals were obtained from Jackson Labs. Mice were group housed in individually ventilated

cages in a pathogen-free facility with continuous food andwater, with a controlled light cycle (light from 7am-7pm). Floxed females were bred

to PR-Cre+/-males to produce experimental (PR-Cre+/-; Smofl/fl, cKO) or littermate control females. 7-12-week-old females were estrous cycle

staged using standard vaginal cytology78 over the course of at least onemonth.Micewere humanely euthanizedwith extendedCO2 exposure

followed by cervical dislocation, and female reproductive tracts were dissected. All animal experiments were approved by the University of

Texas at Austin Institutional Animal Care and Use Committee.

METHOD DETAILS

Progesterone assay

Serum samples were collected by incubating mouse blood at room temperature for 60-90 minutes, then centrifuging at 2000 x g for 15min at

room temperature. The serum was then removed and stored in a fresh microcentrifuge tube and stored at -20�C. Samples were sent to the

University of Virginia Ligand Assay and Analysis Core for analysis in technical duplicate.

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Progesterone receptor Cre mice Jackson Labs Stock: 017915; RRID: IMSR_JAX:017915

Smoothened floxed mice Jackson Labs Stock: 004526; RRID: IMSR_JAX:004526

Oligonucleotides

See Table S1. Primers used for qPCR

Other

Masson Trichrome Stain kit StatLab Cat#: NC1052417

Hematoxylin and Eosin Stain kit StatLab Cat#: KTMTRLT

RNALater Storage Solution Sigma Cat#: R0901

QIAshredder column kit Qiagen Cat#: 79656

RNeasy mini kit Qiagen Cat#: 74106

iScript Reverse Transcription SuperMix BioRad Cat#: 1708841

MicroAmp Fast Optical 96 Well Reaction Plate Thermofisher Cat#: 43-469-06

SYBR Select Master Mix Thermofisher Cat#: 44-729-18
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Tissue processing, histology, and immunofluorescence

Dissected uteri were gently affixed to a strip of index card to keep the tissue straight and fixed in 4%paraformaldehyde for either 4-6hr at room

temperature (RT) or overnight at 4�C. Fixed uteri were washed in PBS, placed in 70% ethanol (EtOH) for at least 24hr, paraffin embedded, and

transversely sectioned to produce 5mm sections. Sections were allowed to dry overnight.

For Hematoxylin and Eosin (H&E) staining, slides were baked at 60�C for 20min. Slides were de-waxed with three 5min xylene incubations,

then rehydrated (100% EtOH, 3min x 2; 95% EtOH, 2min; and ddH2O, 4min). After rehydrating, slides were treated as follows: incubated in

hematoxylin (3min), running tap water (1min), differentiated (45sec), water (30sec), bluing reagent (1min), water (30sec), 80% EtOH (1min),

Eosin Y (3min), dehydrated (95% EtOH, 1min x 2; 100% EtOH, 3min x 2; xylene, 3min x 2), coverslipped with Cytoseal and allowed to cure

overnight. H&E stained sections were imaged using a Keyence (BZ-X 710) or Leica DM6b microscope.

For Masson Trichrome staining, we used a Statlab kit (catalog #: KTMTRLT) and followed their instructions with some exceptions. In brief,

slides were baked at 60�C for 20min, de-waxed in xylene (2x5min), and rinsed in 100% ethanol (3x1min) followed by running tap water (1min).

Slides were then incubated in Bouin’s Fluid (RT, overnight), rinsed in running tap water (3min), immersed in Hematoxylin (5min), rinsed in

running tap water (2min), immersed in Biebrich Scarlet-Acid Fusion (1min), rinsed in running tap water (45min), immersed in Phosphomolyb-

dic/ Phosphotungstic Acid (15min), then Aniline Blue stain (10min), rinsed in running tap water (1min), and then immersed in 1% Acetic Acid

(5min). Finally, slides were dehydrated in 100% ethanol (3x1min), cleared with xylene (3x1min), andmountedwith Cytoseal. Masson Trichrome

stained slides were also imaged with the Keyence microscope.

RNA isolation and cDNA synthesis

For 3’ TagSeq (see below) of WT tissue, uterus samples were collected in triplicate at all estrous cycle stages. For qPCR, WT samples were

collected (n=7) for each estrous cycle stage, and control and cKO samples (n=4) for estrus and diestrus. Following storage in RNALater Stor-

age Solution (Sigma, cat#: R0901) at -20�C, uterine tissue was physically lysed using a Beadbug 6 Microtube Homogenizer (Sigma-Aldrich,

cat#: Z742682) and the lysate was spun through a QIAshredder column (Qiagen, cat#: 79656) to fully homogenize. A Qiagen RNeasy mini

kit (Qiagen, cat#: 74106) was used to harvest RNA for RNAseq and qPCR. Total RNA was then either provided to the Genomic Sequencing

and Analysis Facility at the University of Texas at Austin for 3’ TagSeq, or cDNA was synthesized using the iScript Reverse Transcription

SuperMix (BioRad, cat#: 1708841) for qPCR.

qPCR

Most primers were designed from a database for mouse and human qPCR primers incorporated into the UCSC genome browser.79 See

Table S1 for primer details. We confirmed specificity of primers by ensuring that they BLAST to no more than 1 site in the genome and

we only used primers whose melting curve displayed a single peak.

Primer sets were diluted from a stock (100mm in TE buffer) to 1mM in distilled deionized water. 2mL of each primer set (in technical quadru-

plicate) was allowed to dry in the bottom of a well in aMicroAmp Fast Optical 96Well Reaction Plate (Thermofisher, cat#: 43-469-06). 10mL of a

master mix of cDNA (250pg/well), SYBR Select Master Mix (Thermofisher, cat#: 44-729-18), and distilled deionized water was added to each

well, the plates were sealedwithMicroAmpOptical Adhesive Film (Thermofisher, cat#: 43-119-71) and allowed to incubate at RT in the dark for

at least 15min to rehydrate primer. Plates were run on a ViiA-7 Real-Time PCR system (ThermoFisher), andCT values were auto-determined by

the ViiA-7 software. The standard 2�DDCt method was then used to determine fold change based on the geomean of three ‘housekeeping’

genes (Hprt, Dolk, and Sra1).80,81

TagSeq

Tissue samples were collected in triplicate for each of the four estrous stages, accounting for 12 samples in total, and total RNA was collected

as described above. Library preparation and sequencing for TagSeq,82,83 a form of 3’ RNA sequencing, were performed by the Genomic

Sequencing and Analysis Facility (GSAF) at The University of Texas at Austin. Total RNA was isolated from each sample by addition of Trizol

(Thermo Fisher) and the sample was transferred to a Phasemaker tube (Thermo Fisher). Total RNA was extracted following the protocol sup-

plied by the manufacturer and further cleaned up using a RNeasy MinElute Cleanup Kit (Qiagen). RNA integrity number (RIN) was measured

using an Agilent Bioanalyzer and 100ng of RNA was used for the TagSeq protocol. The fragmentation/RT mix was prepared and added to

each RNA sample, then heated to 95�C for 2.5 minutes on a Thermocycler and immediately put on ice for 2 minutes. After cooling and addi-

tion of the template switching oligo and SmartScribe RT, the fragmented RNA reaction was incubated at 42�C for 1hr, 65�C for 15min. Next an

AmPure bead clean-up was completed for the cDNA before it was amplified to incorporate the Illumina sequencing primer site, followed by

another cleanup. The remaining portions of the Illumina adapter (the i5 and i7 indices) were then added through an additional 4 cycles of PCR.

Final libraries were quantified with PicoGreen then pooled equally for size selection using the Blue Pippin from 355-550 bp. Resulting libraries

were sequenced using an Illumina HiSeq 2500 instrument (50-nt single reads).

Sequence data pre-processing

Sequencing data quality was evaluated using the FastQC tool (v0.11.9)48 and reports were aggregated with the MultiQC program (v1.0).84
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QUANTIFICATION AND STATISTICAL ANALYSIS

Image quantitation

At least four sections over 100mmapart were imaged and quantified in order to accurately assess tissuemorphology differences, and all quan-

titation was performed in FIJI. Keyence images were calibrated in FIJI based on the length of the scale bar. Uterine area was quantified in an

unbiased manner by thresholding for uterine tissue andmeasuring the thresholded area. The lumen area was calculated by tracing along the

apical edge of lumen epithelium. The stromal area was calculated by tracing along the stromal-myometrium junction and subtracting the

lumen area. Uterine glands were counted with the multipoint tool, as previously described.3 Longitudinal smoothmuscle thickness was quan-

tified by drawing a straight line from the outer edge of the circular muscle to the outer edge of the longitudinal muscle. Muscle fiber size and

number was quantified using only Masson Trichrome staining, and the analysis started in Ilastik using the Pixel Classificationmode.41 First, we

trained Ilastik on small images from each of our samples, classifying pixels as either muscle, collagen, or not-applicable. After training, Ilastik

analyzed whole images to specify pixels and produce masks of the classification. Using FIJI we were able to focus specifically on the muscle

mask and quantify both number and size using the Analyze Particles function. The statistical details of these experiments can be found in the

figure legends.

TagSeq data analysis

Single-end pseudo-alignment was performed against the mouse transcriptome (GENCODE M25 transcript sequences) using kallisto

(v0.45.0)85 with options -l 200 -s 50 –single-overhang –bias. Downstream analysis of transcript abundance data was performed in R following

protocols outlined in Bioconductor.86 The tximport package87 was used to roll up transcript-level counts into gene-level counts provided to

the DESeq2 package.88 Count data matrices were filtered to remove genes with fewer than 1 read across all included samples. We used

estrous stage as themodel to explore gene expression changes across the cycle, where the sampleswere pooledbased on cycle stage. Differ-

entially expressed gene (DEGs) results reported are those with maximum adjusted p-value 0.05 and log2 fold change greater than 1.0 or less

than -1.0. Heatmaps were made using z-scores based on the VSD and ComplexHeatmap89 in R. Volcano plots were made according to the

DESeq2 vignette. The statistical details of these experiments can be found in the figure legends.
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