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Abstract

The transition zones (TZ) between squamous and columnar epithelium constitute hotspots for
the emergence of cancers. Carcinogenesis at these sites is often preceded by the development
of metaplasia, where one epithelial type invades the neighboring one. It remains unclear how
these niches are restrained at the boundary between the two epithelial types and what factors
contribute to metaplasia. Here we show that the cervical squamo-columnar junction derives from
two distinct stem cell lineages that meet at the TZ. In contrast to the prevailing notion, our
analysis of cervical tissue showed that the TZ is devoid of any locally restricted, specialized stem
cell population, which has been implicated as precursor of both cervical squamous cell carcinoma
and adenocarcinoma. Instead, we reveal that these cancers originate from two separate stem
cell lineages. We show that the switch in the underlying Wnt signaling milieu of the stroma is a
key determinant of proliferation or quiescence of epithelial stem cell lineages at the TZ. Strikingly,
while the columnar lineage of the endocervix is driven by Wnt signaling, the maintenance of
squamous stratified epithelium of the ectocervix and emergence of squamous metaplasia
requires inhibition of Wnt signaling via expression of Dickkopf2 (Dkk2) in the underlying stroma.
Moreover, Notch signaling is required for squamous cell stratification. Thus, our results indicate
that homeostasis at the TZ is not maintained by a transition from one epithelial type to another
but rather results from alternative signals from the stromal compartment driving the differential

proliferation of the respective cell lineages at the squamo-columnar junction.
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Introduction

Recent years have seen rapid progress in our understanding of how adult epithelial tissues are
maintained by dedicated stem cell niches. In many cases, Wnt signaling initiated from the
underlying stroma plays decisive roles. What is entirely unclear so far is how these niches are
restrained at the boundary between two different types of epithelia, e.g. columnar and stratified
ones. Such transition zones are found in several organs in the human body, e.g. the gastro-
esophageal junction, as well as the cervix. These sites almost invariably show a predisposition
towards transformation, which is preceded by metaplasia, where one epithelium type invades

another.

Cervical cancer predominantly occurs at the TZ, where the stratified squamous epithelium of the
ectocervix and the simple columnar epithelium of the endocervix meet 2. It is one of the most
common and deadly cancers in women and occurs as two histologically distinct types:
adenocarcinomas (ADC) and squamous cell carcinomas (SCC) 3. Both ADC and SCC are proposed
to originate from a common precursor stem cell population with a unique immunophenotype
that is localized exclusively at the TZ. This precursor cell population is proposed to consist either
of residual embryonic cytokeratin 7 (KRT7) positive cells 4, p63+/KRT7+/KRT5+ transitional basal
cells >, or reserve cells ©. As a result, prophylactic ablation of residual embryonic cytokeratin 7
(KRT7) positive cells has been proposed as a method to prevent cervical cancers 78, However,
how this population gives rise to two epithelial types and the molecular mechanisms that govern
maintenance of the TZ and define the distinct epithelial compartments has not been studied. In
addition, the changes that contribute to metaplasia at the TZ of the cervix (or indeed other

tissues) also remain unclear.
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Here, using in vivo lineage tracing, cervical organoid models, single molecule RNA in situ
hybridization (RNA-ISH) and a mouse model of squamous metaplasia, we show that endo- and
ectocervical epithelia are derived from two separate lineage-specific stem cell populations that
meet at the TZ. Using bioinformatic analysis as well as immunohistochemistry of cancer tissue,
we find that the transcriptional signatures of these lineages correspond to those of SCC and ADC,
indicating that these two histologically distinct cancer types also arise from the two different
lineages rather than from a common precursor. We show that two distinct active or inhibitory
Whnt signaling milieus are established in the endo- and ectocervical region by Wnt-pathway
agonists and antagonists, respectively, which are differentially expressed in the epithelium and
sub-epithelial stroma on either side of the TZ in vivo. Organoids derived from these two distinct
stem cell lineages show a strong divergence in their requirement for Wnt signaling. Strikingly, we
demonstrate that endocervix also harbors squamous stem cells, which are kept in a quiescent
state by the Wnt signaling microenvironment that promotes proliferation of the columnar
lineage. In vitro, these quiescent stem cells can give rise to squamous epithelium in the absence
of Wnt. This is the first time that the presence of two stem cell lineages with opposing signaling
requirements within the same niche has been observed. In addition, using an in vivo mouse
model of cervical metaplasia, we show that loss of Wnt signals by induction of Wnt inhibitory
signaling molecules in the endocervical region leads to the outgrowth of the pre-existing
ectocervical stem cells within the transition zone and the endocervix. These findings provide the
first mechanistic underpinning of how homeostasis is maintained at the transition zone and how

development of metaplasia is initiated.
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92 Results

93  Distinct cellular origins of squamous and columnar epithelium

94 To obtain deeper insight into the cellular composition and molecular determinants of TZ
95  maintenance, we carried out a detailed analysis of marker profiles in human and mouse cervical
96  epithelium. Strikingly, our comprehensive, unbiased analysis including the entire endo- and
97  ectocervix regions failed to detect any specific cell type that was restricted exclusively to the TZ
98  -in contrast to the prevailing concept. Instead, we observed two distinct epithelial lineages, with
99  KRT5 expressed throughout the squamous stratified epithelium and KRT7/KRT8 expressed
100 throughout the columnar epithelium. At the TZ there is an overlap of both lineages, where KRT5+
101  basal cells appear to displace overlying KRT7+/KRT8+ columnar cells to form squamous stratified
102  epithelium (Fig. 1 A-D and Fig. S1 A-D). RNA-ISH confirmed that KRT8 and KRT5 expression was
103  restricted to the columnar epithelium and basal/parabasal cells of squamous epithelium,
104  respectively (Fig. 1 E-F, and Fig. S2 A-B). In contrast to previous reports describing a discrete KRT7
105  population, restricted to the TZ #°, we observed KRT7 expression at high levels throughout the
106  endocervical epithelium and sparse expression in the ectocervical epithelium (Fig. 1 G and Fig. S2
107  C). We also observed that patches of subcolumnar KRT5+ cells occurred sporadically beneath
108  KRT7+/KRT8+ cells within the endocervix (Fig. S1A). These islands of KRT5+ cells may correlate
109  with foci of squamous metaplasia that are frequently observed within the endocervix and

110  account for 10% of premalignant squamous intraepithelial lesions (SIL) >,

111  Further, using KRT5CreErt2/Rosa26-tdTomato and KRT8CreErt2/Rosa26-tdTomato mice for
112 genetic lineage tracing we confirmed the presence of two distinct epithelial lineages in the cervix

113  (Fig. 1 H-landJ). In these mice, Cre was induced by tamoxifen injection 4 weeks after birth. At 16
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114  weeks of age, KRT5+ cells exclusively populated the stratified epithelium, including all

115  differentiated cells, while KRT8+ cells exclusively generated endocervical epithelium.

116  Wnt agonists and antagonists in epithelia and stroma orchestrate TZ

117  Togaininsight into the factors that regulate the two lineages and maintain the TZ, we established
118 and defined conditions that facilitate long-term in vitro propagation of ecto- and endocervical
119  epithelial stem cells as 3D organoids. Wnt signaling was described to be essential for generation
120 and long-term maintenance of adult epithelial stem cell-derived organoids from the various
121  tissues so far described, as shown by the requirement of Wnt3a and R-spondin 1 in the tissue-
122  specific organoid culture media 1. In contrast to this, the presence of Wnt3a and R-spondin 1
123 (RSPO1) in the culture medium was detrimental for the formation and expansion of human and
124  mouse squamous stratified organoids derived from single ectocervical stem cells (Fig. 2A and Fig.
125  S3A-C). The presence of epidermal growth factor (EGF), fibroblast growth factor 10 (FGF-10), and
126  theinhibition of transforming growth factor beta (TGF-B) and bone morphogenetic protein (BMP)
127  signaling, on the other hand, was essential for long-term maintenance of these organoids.
128  Squamous stratified organoid growth was further increased in the presence of the cAMP pathway
129  agonist forskolin (FSK) (Fig. 2A and Fig. S3D-E). These organoids are KRT5+/KRT7- and fully
130 recapitulate the in vivo tissue architecture, with stratified epithelial layers decorated with the
131 adhesion molecule E-cadherin (CDH1) (Fig. S3F and H). The outer layer consists of p63+ basal
132 cells, which differentiate into parabasal cells with p63 staining fading out towards the lumen.
133  Also, typical of ectocervical tissue, only basal cells express the proliferation marker Ki67 (Fig.

134  S3QG).
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135 In contrast to the ectocervix, stem cells derived from both proximal and distal endocervix give
136  rise to organoids consisting of a simple columnar epithelial layer when cultured in the presence
137  of Wnt proficient medium containing Wnt3a and RSPO1 (Fig. 2B-C). These organoids faithfully
138  resemble the in vivo endocervical epithelium, are KRT7+/KRT5- and exhibit sporadic Ki67 staining
139  (Fig. S4A and S3I). Their self-renewal capacity in culture can be maintained for more than seven
140  months (Fig. S4B). Further, transcriptional profiling of organoids derived from human ecto- and

141  endocervix revealed distinct keratin expression patterns (Fig. S3J).

142  Strikingly, if cells derived from endocervix tissue were cultured in Wnt deficient medium (FSK+
143  medium without Wnt3a or RSPO1), they gave rise to p63+ stratified organoids, resembling those
144  derived from ectocervix (Fig. 2B-C, S4C). Since the formation of columnar rather than squamous
145  organoids from endocervical stem cells was dependent on supplementation with Wnt agonists,
146 we investigated the source of Wnt signaling in the cervix. Microarray analysis of organoids and
147  RNA-ISH showed that the transcriptional regulation of Wnt in the endocervix diverges from that
148 in the ectocervix: Wnt agonists are upregulated in columnar epithelium, while the Wnt
149  antagonists Dickkopf WNT signaling pathway inhibitor 3 (DKK3), DKK1 and KREMEN1 are

150 upregulated in squamous epithelium (Fig. 2D, E, G).

151  Further, we observed that the spatial distribution of extrinsic Wnt agonists and antagonists in the
152  underlying stroma defines the borders between the two epithelial types. Both the Wnt agonist
153  RSPO1 and its downstream target Axin2 are highly expressed in the lamina propria (stroma)
154  beneath the columnar epithelium and RSPO3 in the muscularis of the endocervix (Fig. 2E, S4D-
155  F). Notably, the Wnt antagonist DKK2 is specifically expressed in stroma proximal to the basal

156  cells of the ectocervical squamous epithelium, which express high levels of DKK3 (Fig. 2F-H, S4G-


https://doi.org/10.1101/443770
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/443770; this version posted October 16, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-ND 4.0 International license.

157  H). In contrast to the ectocervix, high levels of DKK3 expression were observed in the
158  endocervical stroma, while expression of DKK1 was negligible in either region of the cervix (Fig.
159  SS5A). Expression levels of DKK4, RSPO2 and RSPO4 also did not show notable regional variation
160  (Fig. S5B-D). Thus, the epithelium of the cervix is maintained by two distinct stem cell populations
161  whose fate is determined by opposing Wnt signaling microenvironments, which are established
162  through the interplay of the epithelial and stromal compartments of the endo- and ectocervix

163  respectively, with a defined switch at the TZ.

164  Wnt antagonists, Notch and EGFR signaling maintain ectocervical stemness and differentiation

165  Next, we sought to identify the cellular pathways that control self-renewal and differentiation in
166  human ectocervical tissue. Microarray analysis showed that squamous ectocervical organoids
167  have a higher expression of Notch-related genes than organoids derived from the endocervical
168  columnar epithelium (Fig 3A). We thus carried out a comparative analysis of 2D cells (2D-ecto),
169  three-day-old early organoids (EO-ecto), and two-week-old, mature differentiated organoids
170  (DO-ecto). 2D cultures were enriched for CDH1+ and p63+ cells, with >60% and >30% of cells
171  showing organoid-forming potential at passage 1 and 8, respectively (Fig. 3B, Fig. S6A). Early
172  organoids consist of 8-16 cells that are undifferentiated and positive for Ki67 and p63 (Fig. 3C and
173  Fig. S6B). Mature organoids consist of several stratified differentiated layers with more than two-
174  thirds of cells differentiated and less than one-third of cells proliferating (Fig. 3D and Fig. S6B).
175  Gene expression patterns of cells from 2D cultures and early organoids show high similarity and
176  display a distinct set of differentially expressed genes compared to mature organoids (Fig. 3E,
177  Table S1-2). Recent studies reported that stem cells from diverse tissue types show similar

178  transcriptional signatures compared to the large divergence observed in the ensuing
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179  differentiated tissues 2. Comparative analysis of the ectocervical cells (either 2D or EO) and
180  differentiated cell expression profiles to that of frequently upregulated genes in stem cells from
181  diverse tissue types confirmed a high similarity shared with the ectocervical 2D cells and EO in
182  contrast to DO-ecto cells (Fig. 3F, Table S1). This is further supported by the expression profile of
183  genes that are concordantly up- or downregulated in ectocervical 2D-ecto and EO-ecto vs. DO-
184  ecto cells with those of ground state stem cells derived from different tissue types vs. their
185 respective differentiated cells (Fig. S6C, Table S1). Thus 2D-ecto and EO-ecto define

186  characteristics of ectocervical stem cells.

187  Asurvey of genes that are upregulated in ectocervical stem cells compared to differentiated cells
188  revealed high expression of the Notch ligands Delta-Like Ligand 3 (DLL3) and Manic Fringe
189  (MFNG), the latter facilitating binding of DLL to the Notch receptor (Fig. 3G). In contrast,
190 differentiated cells expressed higher levels of Notch 2 and Notch 3 receptors as well as their
191  targets, including the transcription factor HES1 and Presenilin 1 (PSEN1), a core component of y-
192  secretase (Fig. 3G). Ectocervical stem cells also showed highly upregulated expression of the WNT
193  antagonists DKK1, DKK3 and the DKK receptor KREMEN2 (Fig. 3G). Concordantly, inhibition of
194  Notch activation using the y-secretase inhibitor DBZ reduced organoid growth (Fig. 3H, Fig. S6D),
195  asthese organoids failed to differentiate and stratify (Fig. 31). Thus the ectocervical stem cells act
196  as Notch signal-sending cells, while the differentiated cells show the signature of Notch signal-
197 receiving cells, leading to the trans-activating interaction that facilitates differentiation and

198  ultimately epithelial stratification.

199  Further, gene set enrichment analysis (GSEA) revealed that genes regulated by several

200 transcription factors downstream of Notch ligand and EGF receptor (EGFR)-RAS-MAPK signaling

10
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201  were highly enriched among genes upregulated in ectocervical stem cells, including AP1 314,
202  CREB, ETS, new ETS-related factor (NERF), ELK1, E2F, SRF, MYC and YY1 '>!8 (Fig. 3J). The two
203  pathways function together to regulate proliferation and differentiation, with the EGFR pathway
204  promoting the expression of Notch DLL ligands °. On the other hand, genes belonging to the RAS
205 antagonistic NF1 pathway 2° were enriched in genes highly expressed in differentiated cells.
206  Together, these observations indicate that the Wnt antagonists together with EGFR and Notch-

207 inducing pathways regulate ectocervical stemness and differentiation.

208

209 The emergence of squamous metaplasia from quiescent KRT5+ stem cells in the endocervix

210  We next performed in vitro and in vivo analysis to determine the cellular origin and mechanism
211 of squamous metaplasia. Primary endocervix-derived cells showed a clear enrichment of KRT5+
212 and p63+ cells if cultured in 2D in Wnt deficient medium. After transfer to organoid culture
213  conditions, these cells produced only organoids of the squamous type, even in the presence of
214  Wnt3a /RSPO1 (Fig. 4A). However, if primary endocervix-derived cells were grown in 2D in a Wnt
215  proficient medium such cultures contained only a few KRT5+ or p63+ cells and gave rise to
216 columnar organoids in the presence of Wnt. Yet, the absence of Wnt favored the growth of
217  squamous organoids, including the characteristic basal and parabasal p63+ cells (Fig. 4A).
218  Importantly though, endocervical organoids derived from single cells remained columnar even
219  when transferred to Wnt deficient medium, thus excluding the possibility that columnar cells
220 transdifferentiate to the squamous lineage (Fig. 4B). In contrast, primary ectocervical cells grown
221 in 2D with either Wnt proficient or deficient medium give rise only to stratified organoids in Wnt

222  deficient medium (Fig. 4C).

11
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223  Although the expression of HOX genes, a family of decisive regulators during embryonic
224  development, is largely unknown for the cervix, HOXA11 has previously been associated with
225  cervix development 2! and deregulation of HOXB2, HOXB4, and HOXB13 have been implicated in
226  cervical carcinogenesis 2. Here we analyzed the pattern of HOX gene expression in the ecto- vs.
227  endocervical organoids (Fig. S7A). Strikingly, we observed substantial differences between the
228  two cultures, supporting the notion that the two tissue types represent different biological

229  lineages in the cervix.

230 Tofurther consolidate the lineage properties of stratified and columnar epithelial cells and spatial
231  changes in the microenvironment, we performed lineage tracing, single cell RNA-ISH and IHC in
232 a mouse model of squamous metaplasia induced by retinoid depletion 23. These retinoid-
233  depleted mice showed an upregulation of DKK2 gene expression in the stroma of the endocervix
234 and uterine horns (here also referred to as endocervix), and the emergence of subcolumnar
235  quiescent KRT5+ cells that eventually developed into metaplastic squamous stratified epithelium
236  (Fig. 4D-F, S7B, compare to Fig. 2F and S4H). However, production of the Wnt target Axin2, which
237  is normally expressed in the endocervix, remained unaltered in these mice, while KRT8 and KRT7
238  expression were restricted to the columnar epithelium (Fig. 4E, Fig. S7C-E). Further, by
239  performing lineage tracing analysis in retinoid-depleted KRT5CreErt2/Rosa26-tdTomato and
240  KRT8CreErt2/Rosa26-tdTomato mice, we confirmed that KRT8+ cells give rise to columnar
241  epithelium while KRT5+ cells give rise to squamous metaplasia in the endocervix (Fig. 4G-H).
242  Together, these data demonstrate that the endocervix harbors two distinct, unipotent stem cell
243  populations with the potential to develop columnar or stratified lineages, respectively. Which

244  oneis activated thus appears to depend on the microenvironment and the opposing Wnt-related

12
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245  signalsin particular. While Wnt agonists support the formation of columnar epithelium, the local
246 upregulation of Wnt antagonist in the stroma drives the proliferation of quiescent KRT5+ reserve

247  cells to cause squamous metaplasia.

248

249  Cellular origins of cervical squamous and adenocarcinomas

250 A number of studies have shown that adult stem cells are susceptible to transformation and often
251  constitute the cells of origin for a variety of cancers ?*. The origin of ADC and SCC is controversial
252  and uncertain. Here we assessed the expression signatures of squamous and columnar cervical
253  organoids to determine the cells of origin of cervical cancers. We retrieved publically available
254  mRNA expression data for 302 cervical cancers from The Cancer Genome Atlas (TCGA,
255  http://cancergenome.nih.gov/). We used the similarity of differential gene expression profiles
256  between ectocervical squamous and endocervical columnar organoids to those between cancer
257  samples to classify the latter into squamous-like, columnar-like or undetermined cases (Fig.5A,
258 Table S1 and S3, Methods). We found that cancers classified as squamous-like matched a
259  histological diagnosis of SCC in all cases (n=111) while for those classified as columnar-like we
260 found 48/77 matching a histological diagnosis of ADC (Fig. 5B). For 111 cases histologically
261  diagnosed as SCC and 3 ADC, we could not determine a clear classification and 29 SCC were
262  assigned to the columnar-like group by our classifier. Importantly, cancer samples classified as
263  columnar-like were mainly KRT5'°%, KRT7"&"and p63'°", while samples in the squamous-like and
264  undetermined group were mainly KRT5"8" and p63Meh with mixed KRT7 status (Fig. 5A),

265  suggesting that the undetermined group could consist of SCCs within or outgrown into columnar

13
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266  endocervix, leading to the presence of contaminating endocervical columnar KRT7+ cells in the

267  samples.

268  Tovalidate these results, we also obtained clustering results based on genome-wide methylation,
269  global mMRNA and microRNA expression data for the same cancer samples from TCGA. The TCGA
270  cluster containing most ADCs in each of the clustering analyses from those three levels of cellular
271  regulation showed strong overlap with our columnar-like class. Using the majority vote among
272 mRNA, miRNA and DNA methylation clusters (Fig. 5B) we find that 69/77 samples from the
273 columnar-like group are also in the TCGA clusters enriched for ADC, while all other TCGA clusters
274  together contain mainly squamous-like and undetermined samples (228/231) (Fig. 5B and S8).
275 Interestingly, 21/29 cancers defined as columnar-like based on our classifier, but histologically
276  classified as SCC, showed strong similarity to ADC according to TCGA molecular profiles and might

277  therefore be misdiagnosed.

278 A recent study suggested that only a small population of cells located in the TZ (the so-called
279  squamo-columnar junction (SCJ) cells) express KRT7 and that these are the precursors of both
280 SCCand ADC* We further investigated the mRNA expression levels in organoids and 302 cervical
281  cancer samples from TCGA with regard to SCJ markers proposed in that study 4, as well as KRT5.
282  In contrast to KRT5, expression of the proposed SCJ markers is significantly higher in healthy
283  endocervical organoids as compared to healthy ectocervical organoids and the same trend is seen
284  in ADC vs. SCC (Fig. 5D-E). This indicates that the reported SCJ cells are not distinct from the

285  endocervical columnar lineage and are not the cells of origin for SCC.

286  Our study also revealed a set of genes that are differentially expressed between squamous and

287  columnar organoids and show a strong correlation with columnar-like and squamous-like

14
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288  cancers, including MUC5B, KRT5, CSTA, while the proposed SCJ markers KRT7, AGR2 and GDA
289  specifically labeled ADC but not SCC sections (Figure 5C and S9). Thus, the majority of cervical
290 cancers can be divided into two subgroups based on molecular signatures that correlate with
291  signatures of KRT5+ stem cells for squamous or KRT7+/KRT8+ stem cells for columnar cervical
292  epithelia. Together, these results indicate that the cervix harbors two distinct stem cell lineages,

293  reflecting the cells of origin for SCC and ADC, respectively.

294

295 Discussion

296  The TZs of the mucosal epithelium constitute critical zones of enhanced disposition to infections
297  and carcinogenesis 2>2°. Revealing the principles of cellular regulation and homeostasis of these
298  tissue regions is key to understanding the impact of intrinsic and extrinsic disturbances, as well

299  asfor prospective and therapeutic disease prevention.

300 We show that distinct microenvironmental conditions and molecular signals from the epithelial
301 and stromal tissues drive the dominance of specific epithelial lineages of the TZ. We reveal Wnt
302 signaling as a key determinant in regulating the homeostasis at borders between two epithelial
303 types. Wnt signaling has been shown to be indispensable for the maintenance and homeostasis
304 of adult stem cells in several mammalian tissues 123°. However, here we show that in the cervix,
305 Whnt signaling stimulated by the underlying stroma drives the columnar lineage while imposing
306 quiescence of squamous lineage-specific stem cells that exist in the same milieu. With the
307 transition to a Wnt repressive microenvironment, these quiescent squamous lineage stem cells

308 are activated and replace the columnar epithelia at the TZ or as an island of metaplasia within
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309 theendocervix. Further, the fact that ADC or SCC arise from two distinct stem cell lineages rather
310 than a common cellular origin has important clinical implications for choice of therapy and
311  suggests that preventive ablation of the SCJ alone may not fully eliminate potential cervical

312  cancer precursor cells 78,

313  Ourdata constitute a major conceptual progress in our understanding of how epithelial junctions
314  are maintained in our body. Accordingly, homeostasis at these sites is not maintained by the
315 transition from one epithelial type to another but rather that the adult tissue is composed of
316 different stem cell populations that are retrieved upon extrinsic signals to generate respective
317  cell lineages, forming the adult tissue. This novel concept of homeostasis of the mucosal TZs fits
318  well with other recent observations on the mucosal stem cell identity and may stimulate future

319 investigations with therapeutic relevance.
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437  Figure legends

438  Figure 1. Cervix consists of two distinct KRT5+ stratified and KRT7+/8+ columnar epithelial

439  lineages.

440  Transition zone (TZ) including stratified and columnar epithelium from human (A,C) and mouse
441 (B, D) cervix tissue sections immunolabeled with antibodies against KRT5, KRT7, and KRT8; nuclei
442  are shown in blue. (E-G) Single molecule RNA ISH brightfield images of mouse cervix TZ for KRTS,
443  KRT5 and KRT7; nuclei are shown in blue. (H-I1) Tiled images of tissue sections from the genital
444  system of 16 week-old KRT5CreErt2/Rosa26-tdTomato and KRT8CreErt2/Rosa26-tdTomato mice
445  after tamoxifen induction at the age of 4 weeks. (J) Schematic of the stratified and columnar
446  lineages and the TZ of the cervix. Tiled images were acquired with AxioScan imager and are
447  representative of n = 3 biological replicates. Arrows indicate squamous epithelium (Sqg) and

448  columnar epithelium (Co).

449

450  Figure 2. Wnt signaling pathway agonists and antagonists play a key role in ecto and

451  enodcervical development.

452  (A) Bright-field images of human ectocervical organoids. Efficient organoid formation depends
453  on absence of Wnt3a and RSPO1 and presence of FSK. (B) Cells isolated from endocervical tissue
454  grown in Matrigel with different factors. Wnt signaling is essential for columnar organoid
455  formation, while absence of Wnt drives formation of squamous stratified organoids. (C)
456  Columnar and stratified organoids derived from endocervix, containing p63” (columnar) and p63*

457  (stratified) cells. Both express the epithelial marker E-cadherin (CDH1). n = 5 biological replicates.
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458 (D) Expression analysis of differentially regulated genes in human ecto- vs endocervical
459  organoids. Wnt-related genes are expressed at higher levels in endocervical, Wnt inhibitors at
460 higherlevelsin ectocervical organoids. Columns = biological replicates. (E-G) Single molecule RNA
461  ISH of mouse TZ for (E) AXIN2, (F) DKK2, (G) DKK3, nuclei are shown in blue. Tiled images were
462  acquired with AxioScan imager and are representative of n = 3 biological replicates. (H) A
463  schematic representation of the distinct epithelial lineages and the underlying tissue

464  microenvironment at the TZ. Arrows indicate squamous (Sq) and columnar (Co) epithelium.

465

466  Figure 3. Stemness and differentiation of ectocervix depend on Wnt antagonist, Notch and

467  EGFR signaling.

468 (A) Expression analysis of differentially regulated genes in human ecto- vs endocervical
469  organoids. Notch-related genes are expressed at higher levels in ectocervix. Columns = biological
470 replicates. (B) Confocal images of 2D human ectocervical stem cell cultures immunolabeled for
471  progenitor cell marker p63 and epithelial cadherin (CDH1). (C, D) 3D reconstruction of whole-
472  mount confocal images of 3 day-old early ectocervical organoids labeled for p63 and Ki67 (C) and
473  a two-week-old differentiated ectocervical organoid labeled for Ki67 and actin (phalloidin) (D).
474  (E, F) Heatmaps of differentially regulated genes in 2D as well as early and corresponding
475  differentiated ectocervical organoid cultures (E) and genes frequently upregulated in stem cells
476  (F) (details see Methods section). (G) Heatmap of selected differentially expressed genes showing
477  increased Wnt inhibitors and Notch inducers in 2D cultures and early organoids from ectocervix,
478  in contrast to Notch activation-associated genes in differentiated organoids; columns = biological

479  replicates.(H) Quantification of the area of human ectocervical organoids grown in the presence
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480  or absence of y-secretase inhibitor (DBZ), n = number of organoids, representative of 3 biological
481  replicates; data represent mean + s.e.m. (I) Confocal images of human ectocervical organoids
482  immunolabeled for CDH1, Ki67 or p63. Inhibition of Notch activation by DBZ prevents
483  differentiation and reduces proliferation. n = 3 biological replicates. (J) Heatmap showing GSEA
484  enrichment —log10(p-value) of GSEA revealing enrichment of genes upregulated in stem cells
485  regulated by transcription factors downstream of Notch, EGFR-RAS-MAPK target genes signaling
486  among genes upregulated in 2D and EO ectocervical organoids, while the RAS antagonistic NF1

487  pathway is enriched among genes highly expressed in differentiated ectocervical organoids.

488

489  Figure 4. Two distinct stem cells from the endocervix give rise to columnar or squamous

490 stratified lineages depending on the microenvironment.

491  (A) Wnt deficient medium enriches for p63*/KRT5" endocervical stem cells that only give rise to
492  stratified organoids, while Wnt proficient medium supports both KRT7* and p63*/KRT5" cells,
493  which can give rise to columnar or stratified organoids, depending on culture conditions (B)
494  Endocervical stem cells that give rise to columnar epithelium are unipotent and fail to
495 transdifferentiate into stratified organoids. Single endocervical organoids were grown in Wnt
496  proficient medium, dissociated into single cells and transferred to Wnt proficient or deficient
497  medium. (C) Confocal images of ectocervical epithelial cells grown in 2D. p63* cells are present
498 in Wnt proficient and Wnt deficient media but organoids are formed only in Wnt deficient
499  medium. (D) Treatment scheme of Vitamin A deficient diet study in WT and lineage tracing mice.
500 (E) Tissue sections from the genital system of C57BL6 mice fed a vitamin A deficient diet for 15

501  weeks were labeled with antibodies against KRT7 and KRT5. Zoom: outgrowth of subcolumnar
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502  KRT5+ stem cells that give rise to squamous metaplastic epithelium in the endocervix. (F) Single
503 molecule RNA ISH of tissue from a mouse fed with a vitamin A deficient diet. Expression of DKK2
504 is enhanced in endocervical stroma. Boxed areas in panel F are magnified on right. (G, H) Lineage
505 tracing in KRT8CreErt2/Rosa26-tdTomato (G) and KRT5CreErt2/Rosa26-tdTomato (H) mice fed a
506 vitamin A deficient diet reveals that squamous metaplasia arising in the endocervix is negative
507 for KRT8-tdTomato (G) and positive for KRT5-TdTomato (H) lineage markers. Fluorescent and
508 brightfield tiled images were acquired with AxioScan imager. Data representative of n = 3

509 Dbiological replicates.

510

511  Figure 5. Cervical squamous carcinomas originate from KRT5* and adenocarcinomas from

512 KRT7* stem cells.

513  (A) Expression profiles of SCC and ADC correlate well with genes differentially expressed between
514  ecto- and endocervical organoids. (B) Classification of cancer samples based on majority voting
515  from hierarchical mMRNA and miRNA or methylation status clustering suggests that 29 samples
516  are histologically incorrectly diagnosed as squamous carcinoma. (C) Heatmap showing the mean-
517  substracted expression for selected bimodal genes in cancer samples that are differentially
518 expressed in squamous and columnar organoids. Colour denotes fold-change from mean gene
519  expression across all samples. (D, E) Expression profiles of proposed squamocolumnar junction
520 markers together with KRT5 in 302 cervical cancer samples (D) and in cervical organoids (E).
521  Expression of these markers is higher in endocervical organoids (n=6) and ADCs (n=51) compared

522  to ectocervical organoids (n=10) and SCCs (n=251), in contrast to KRT5 expression; * = p<0.05. (F)
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523  Model depicting the KRT5* and KRT7* stem cell organization and Wnt/Notch microenvironment

524  in TZ and during squamous metaplasia.

525
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526 Materials and Methods

527 Antibodies and Chemicals

528 The following antibodies and chemicals were used: mouse-anti-p63 (Abcam, # ab375), rabbit-
529  anti-p63 (Abcam, # ab53039), mouse-anti-E-Cadherin (BD Biosciences, # 610181), rabbit-anti-
530 Ki67 (Abcam, # ab16667), mouse/rat-anti-Ki67-FITC (eBioscience, # 11-5698), mouse-anti-KRT5
531  (Sigma, # C-7785), rabbit-anti-KRT5 (Abcam, # ab52635), rabbit-anti-cytokeratin 5-Alexa488
532  (Abcam, # ab193894), mouse-anti-KRT7 (Santa Cruz, # sc-23876), rabbit-anti-cytokeratin 7
533  (Abcam, #ab181598), rabbit-anti-cytokeratin 7-Alexa555 (Abcam, # ab209601), rabbit-anti-CSTA
534  (Cystatin A) (Sigma # HPA001031), rabbit-anti-AGR2 (Proteintech, # 12275-1-AP), mouse-anti-
535 MUC5B (Abcam, # ab77995), rabbit-anti-GDA (Sigma # HPA019352), Hoechst (Sigma, #B2261),
536  Draqg5 (Cell Signaling, #4085), y-secretase inhibitor XX (DBZ) (Calbiochem # 565789) and p38
537 inhibitor SB202190 (Sigma, # S7067). Secondary antibodies labeled with the fluorochromes Cy2,

538  Cy3 or Cy5 were obtained from Jackson ImmunoResearch Laboratories.

539  Mouse experiments

540  All procedures involving animals were approved by the national legal as well as institutional and
541 local authorities at the Max Planck Institute for Infection Biology. Wild-type C56BL6, KRT5CreErt2
542 3! and KRT8CreErt2 32 mice were obtained from the Jackson Laboratory. These strains were bred
543  to Rosa-tdTomato 33 mice in order to generate mice expressing a fluorophore in Cre-expressing
544  cells. For lineage analysis for the cell of origin of Krt5+ or KRT8+ cells, Cre recombinase was

545 induced in female mice by administering tamoxifen (Sigma) intraperitoneally at 0.25 mg g™ body
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546  weight in 50 pl corn oil at week 4 on three consecutive days. Mice were euthanized at 14-20

547  weeks and the genital tracts removed for further analysis.

548

549  Depletion of retinoid signaling in mice using Vitamin A-deficient diet

550 At birth experimental mice and their mothers were placed on a vitamin A-deficient test diet
551  (SAFE, U8978P-0074) or control diet with added Vitamin A at physiological levels of 6 IU/g (SAFE,
552  U8978P-0075) following a protocol developed for BALB/c mice 23. Littermates were weaned at 3
553  weeks of age and maintained on the deficient or control diet for a period of 14-20 weeks before

554  being euthanized for further analysis.

555 Mouse cervical medium

556  Cervical cells were cultured in ADF medium (Invitrogen, # 12634) supplemented with 12 mM
557  HEPES (Invitrogen, # 15630-056), 1% GlutaMax (Invitrogen, # 35050-038), 1% B27 (Invitrogen, #
558  17504-044), 1% N2 (Invitrogen, # 17502048), 50 ng/ml mouse epidermal growth factor (EGF)
559  (Invitrogen, # PMG8043), 100 ng/ml mouse noggin (Peprotech, # 250-38-100), 100 ng/ml human
560 fibroblast growth factor (FGF)-10 (Peprotech, # 100-26-25), 1.25 mM N-acetyl-L-cysteine (Sigma,
561 # A9165-5G), 10 mM nicotinamide, (Sigma, # N0636), 2 uM TGF-B R Kinase Inhibitor IV
562  (Calbiochem, # 616454), 10 puM ROCK inhibitor (Y-27632) (Sigma, # YO0503), 1%
563  penicillin/streptomycin (Gibco, # 15140-122) with or without 25% Wnt3A- and 25% R-spondin1-

564  conditioned medium, as described in Willert et al 3* and Farin et al 3°.

565

566  Human ectocervical (Wnt deficient) medium
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567 Consisted of ADF, 12 mM HEPES and 1% GlutaMax, supplemented with 1% B27, 1% N2, 0.5 pg/ml
568  hydrocortisone (Sigma, # H0888-1G), 10 ng/ml human EGF (Invitrogen, # PHG0311), 100 ng/ml
569  human noggin (Peprotech; # 120-10C), 100 ng/ml human FGF-10 (Peprotech, # 100-26-25), 1.25
570 mM N-acetyl-L-cysteine, 10 mM nicotinamide, 2 uM TGF-B R kinase Inhibitor IV, 10 uM ROCK

571  inhibitor (Y-27632), 10 uM forskolin (Sigma, F6886) and 1% penicillin/streptomycin.

572

573  Human endocervical (Wnt proficient) medium

574  Consisted of ADF, 12 mM HEPES, 1% GlutaMax, supplemented with 1% B27, 1% N2, 10 ng/ml
575  human EGF, 100 ng/ml human noggin, 100 ng/ml human FGF-10, 1.25 mM N-acetyl-L-cystein, 10
576  mM nicotinamide, 2 mM TGF-B R kinase Inhibitor IV and 10 uM ROCK inhibitor (Y-27632) with

577  25% Wnt3A- and 25% R-spondin1 conditioned medium.

578

579  Epithelial stem cell isolation from human and mouse cervix

580 Human ecto- and endocervix samples were provided by the Department of Gynecology, Charité
581  University Hospital, Berlin, Germany. Scientific usage of the samples was approved by the ethics
582 committee of the Charité University Hospital, Berlin (EA1/059/15); informed consent to use their
583  tissue for scientific research was obtained from all subjects. Only anatomically normal tissues
584  were used, within 2-3 h after of removal. Mouse cervix was removed from euthanized 4-8 week
585 old healthy female wild type BALB/c mice (from Charles River) immediately preceding the
586 isolation of the cells. Tissue samples were washed thoroughly in sterile PBS (Gibco, # 14190-094)

587 and minced with surgical scissors. Minced tissue was incubated in 0.5 mg/ml collagenase type Il
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588  (Calbiochem, #234155) for 2.5 h at 37 °C in a shaker incubator. Tissue and dissociated cells were
589 pelleted by centrifugation (5 min at 1000 g, 4 °C), supernatant discarded, cells resuspended in
590  TrypLE express (Gibco, # 12604021) and incubated for 15 min at 37 °Cin a shaker incubator. After
591 dissociation, the cell and tissue pellet was resuspended in ADF (Invitrogen) medium and passed
592  through a 40 uM cell strainer (BD Falc, # 352340) to separate the single dissociated cells from
593 tissue pieces. Cells were pelleted by centrifugation (5 min at 1000xg, 40 °C), resuspended in either
594  human ecto- or endocervical or mouse cervical medium and cultured either directly as organoids

595 orin 2D.

596

597  Human epithelial stem cell culture and maintenance in 2D

598 Human epithelial stem cells isolated from the tissue were resuspended in either ecto- or
599  endocervical medium and plated in collagen-coated tissue culture flasks. Cells were incubated at
600 37 °C, 5% CO2 in a humidified incubator. Once they reached 70-80% confluence, cells were
601  detached using TrypLE Express, and centrifuged at 1000xg for 5 mins at 40 °C. The cells were then
602  used for culturing organoids or for maintenance of 2D stem cells. 2D stem cells were maintained
603 by seeding the 2D cells from P1 into tissue culture flasks containing lethally irradiated J2-3T3
604  fibroblast feeder cells in ecto- or endocervical medium. Medium was replaced and irradiated
605 fibroblasts added every 4 days until the colonies reached a confluence of 60-70%, at which stage
606 they were detached and reseeded onto freshly irradiated feeders at a 1:5 ratio or cryopreserved

607 for later use.

608
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609  Organoid culture and maintenance

610  Cells isolated from tissue or the stem cells grown in 2D culture were mixed with 50 pul of ice-cold
611  Matrigel (BD, # 356231) at a density of 20,000 cells, and the Matrigel droplet was placed in a pre-
612  warmed 24-well plate and allowed to polymerize for 10 min at 37 °C. The Matrigel droplet was
613  then overlaid with 500 pul of pre-warmed human ecto- or endocervical medium. Cultures were
614  kept at 37 °C, 5% CO2 in a humidified incubator for 2-3 weeks and medium replaced every four
615  days. For passaging the organoids, Matrigel was first dissolved by adding 1 ml of ice-cold ADF and
616  pipetting up and down 5 times. Organoids were collected in a 15 ml Falcon tube and a further 4
617  ml of ice-cold ADF medium was added and organoids resuspended well to completely dissolve
618 the Matrigel, followed by centrifugation at 300xg for 5 mins at 4°C. Medium was discarded and
619  the ectocervical and mouse organoids were incubated with 1 ml of TrypLE Express for 30 min at
620 37 °C followed by mechanical fragmentation using a fire-polished glass Pasteur pipette by
621  vigorous pipetting (8—10 times) to generate single cells. The single cells were then seeded at a
622  1:10 ratio back into Matrigel for expanding and culturing. For the endocervical organoids, after
623  centrifugation organoids were subjected to mechanical fragmentation as described above to
624  generate fragments that were seeded back into Matrigel at 1:5 ratio. Matrigel was allowed to
625  polymerize for 10 min at 37°C, overlaid with pre-warmed medium and cultured as described

626 above.

627

628  Organoid forming ability
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629  Stem cells were counted and a defined number resuspended in 50 ul Matrigel to generate
630 organoids as described above. Between 2-3 weeks after plating images were taken of the whole
631  well and the number and area of organoids formed were determined using ImageJ to calculate

632  organoid forming efficiency.

633

634  Immunofluorescent histochemistry

635 Organoids were washed five times with cold PBS to remove Matrigel before fixing with 4%
636 paraformaldehyde for 1 h at room temperature (RT) followed by washing with PBS twice.
637 Organoids were then subjected to dehydration in an ascending ethanol series followed by
638  isopropanol and acetone for 20 min each. The dehydrated organoids were paraffin-embedded
639 and 5 uM sections cut on a Microm HM 315 microtome. Mouse and human tissues were
640  extensively washed with PBS and fixed using 4% PFA overnight at RT. Samples were subjected to
641  dehydration in an ascending ethanol series followed by isopropanol and xylene (60 min each)
642  followed by paraffinization using a Leica TP1020 tissue processor. The tissue was embedded and
643 5 uM sections cut on a microtome. For immunostaining, paraffin sections were deparaffinized
644  and rehydrated, followed by treatment with antigen retrieval solution (Dako, # $1699). Sections
645  were blocked using blocking buffer (1% BSA and 2% FCS in PBS) for 1 h at RT. Primary antibodies
646  were diluted in blocking buffer and incubated for 90 mins at RT followed by five PSB washes
647  before 1 h incubation with secondary antibodies diluted in blocking buffer along with Hoechst or
648  Draqg5. Sections were washed with PBS five times and mounted using Mowiol. Images were

649  acquired with a Leica TCS SP8 confocal microscope.
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650 Fresh epithelial isolates were grown on collagen-coated coverslips in 2D and fixed with 4%
651  paraformaldehyde for 30 min at RT. Cells were permeabilized and blocked with 0.5% Triton X-
652 100 and 1% BSA in PBS. Primary antibodies were diluted in 1% BSA in PBS and incubated for 1 h
653  at RT followed by three washes in PSB-T (0.1% Tween 20 in PBS), followed by 1 h incubation with
654  secondary antibodies diluted in 1% BSA in PBS along with Hoechst or Drag5. Coverslips were
655 washed three times with PBS-T and once with PBS and mounted using Mowiol. Images were
656 acquired on a Leica TCS SP8 confocal microscope. Images were processed with Adobe Photoshop;

657 3D reconstruction was done with the Volocity 6.3 software package (Perkin Elmer).

658

659  Whole mount staining

660  Matrigel was removed from the organoids by extensive washing with ice-cold PBS prior to fixation
661  (4x 45 min) and allowed to settle by gravity to maintain the 3D structure. Organoids were then
662  fixed using pre-warmed (37 °C) 3.7% PFA for 1 h at RT followed by three PBST washes.
663  Permeabilization and blocking was performed overnight at 40 °C using 5% donkey serum, 1% FCS,
664  0.05% Tween20, 2% Triton X- 100, 0.02% sodium azide in PBS. Organoids were incubated with
665  primary antibodies diluted in blocking buffer (5% donkey serum, 1% FCS, 0.25% Triton X- 100,
666  0.02% sodium azide in PBS) at 4°C for 3-5 days followed by three PBST washes for 45 min each at
667  RT. Next, organoids were incubated with secondary antibodies diluted in blocking buffer for two
668  days at 4°C followed by one PBST wash for 45 min and three washes with PBS containing 5%
669  glycerol for 45 min each. Organoids were then carefully transferred to an ibidi p-slide (# 81822)
670 together with some PBS and glycerol solution and Z stack images were acquired with a confocal

671  microscope and image processing and 3D reconstructions were done using Volocity 6.3 software.
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672

673  Single-molecule RNA in situ hybridization (RNA-ISH).

674  For single molecule RNA in situ labelling, paraffin embedded 10 uM tissue sections were used
675 with RNAscope 2.5 HD Red Reagent kit (Advanced Cell Diagnostics). Hybridizations were
676  performed according to the manufacturer’s protocol. In each experiment, positive (PPIB) and
677 negative (DapB) control probes were used as per the manufacturer’s guidelines. Tiled bright field
678 images were obtained with Axio Scan.Z1 tissue imager (Zeiss). Images were further processed

679  with Zen 2.3 (Blue edition) image analysis software and further compiled using Adobe illustrator.

680

681  RNA isolation and quality control

682  Microarrays were hybridized for human ectocervical cells cultured in 2D in Wnt-deficient medium
683  (n=3 biological replicates from 2 human donors) or as organoids (EO: n=3 biological replicates
684  from 3 human donors, DO: n=4 biological replicates for 4 human donors), human endocervical
685  cells cultured in 2D Wnt-proficient medium (n=3 biological replicates from 3 human donors) or
686  as DO organoids (n=3 biological replicates from 3 human donors), as well as mouse cervical EO
687 and DO organoids cultured in Wnt-proficient or -deficient medium, respectively (n=2 biological
688 replicates per condition). In the absence of any pre-existing knowledge on expected effect sizes
689  sample sizes were selected based on available samples. Cells and organoids were pelleted and
690 resuspended in 1 ml Trizol (Life Technologies) and RNA was isolated according to the

691  manufacturer’s protocol. Quantity of RNA was measured using a NanoDrop 1000 UV-Vis
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692  spectrophotometer (Kisker) and quality was assessed by Agilent 2100 Bioanalyzer with an RNA

693  Nano 6000 microfluidics kit (Agilent Technologies).

694

695  Microarray expression profiling and Data analysis

696  Microarray experiments were performed as single-color hybridizations on custom whole genome
697  human 8x60k Agilent arrays (Design ID 048908) and Agilent Feature Extraction software was used
698 to obtain probe intensities. The extracted single-color raw data files were background corrected,
699  quantile normalized and further analyzed for differential gene expression using R 3¢ and the
700  associated BioConductor package LIMMA 37 (Table S2). Microarray gene expression comparisons
701  between groups were performed using unpaired tests for all human comparisons. R was also
702  used for all statistical analyses unless stated otherwise. Mann-Whitney-U test was used for
703  comparisons of gene expression in SCJ marker genes with a threshold of p<0.05. Microarray data

704  have been deposited in the Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/geo/) of the

705  National Center for Biotechnology Information and can be accessed with the GEO accession

706 number GSE87076.

707  The signature of differentially expressed genes between ectocervical 2D/EO vs DO organoids was
708  selected from all genes with a false discovery rate (FDR) < 0.05 and log2 fold change < -1.5 or >
709  1.5in any of the two comparisons (2D vs. DO or EO vs. DO) and the largest absolute fold change

710 from both comparisons and possible replicate probes was taken for each gene.

711

712 Analysis of stem cell related genes
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713  Raw data from different microarray data sets obtained from adult tissue stem cells (SC) cultured
714  on feeder cells and corresponding differentiated cells from air-liquid interface (ALI), Matrigel or
715  self-assembly sphere (SAS) were downloaded from GEO (GSE57584, GSE66115, GSE69453,
716  GSE65013, GSE32606, GSE69429, GSE49292) and normalized together using method ‘RMA-
717  sketch’ with Affymetrix Power Tools. We assessed differentially expressed genes between SC and
718  corresponding differentiated cell cultures for normal esophagus, Barrett's esophagus, gastric
719  cardia, duodenum, jejunum, ileum, colon ascendens, colon transversum, colon descendens,
720 KRT5+ and KRT7+ fetal esophageal cells, fallopian tube, nasal turbinated epithelium,
721  tracheobronchial epithelium and distal airway epithelium. We selected stem cell-related genes
722  as those genes with significant (adjusted p-value < 0.05) up- or down-regulation (abs(logFC) > 1)

723  inatleast 5 out of 18 comparisons (Table S1).

724

725  Gene Set Enrichment Analysis (GSEA)

726  We performed a pre-ranked GSEA analysis using GSEA software v2.1.0 383° obtained from

727  http://software.broadinstitute.org/gsea. The t-statistics from comparisons of ectocervical

728  organoids (2D vs. Differentiated organoids or Early organoids vs. Differentiated organoids) were
729 used to rank probes and enrichment of MSigDB  Motif gene  sets

730  [http://software.broadinstitute.org/gsea/msigdb] (c3.all.v5.1.symbols.gmt) was computed using

731  standard settings, collapsing probe sets within genes using the Max_probe method and using
732 1000 permutations. For further analysis we kept only motif gene sets that were significant in at

733  least one of the up or down regulated genes in the two comparisons mentioned above at FDR <
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734  5%. For the heatmap visualization, we chose the smallest p-value for motif gene sets referring to

735  the same transcription factor use the negative log10 of this value for visualization.

736

737 Cervical cancer data

738  Expression data (Level 3 processed RNASeq v2) was obtained for 302 unique samples with
739  available histological diagnosis from The Cancer Genome Atlas (TCGA) data portal (https://gdc-

740  portal.nci.nih.gov/). This data was generated within the Cervical Squamous Cell Carcinoma and

741  Endocervical Adenocarcinoma project (TCGA-CESC) and is a superset of the published cohort 4°.
742  Per gene expression levels were extracted from "*.rsem.genes.normalized_results" files using
743  custom scripts. Public clinical sample annotations for tOhose samples were also obtained from
744  the same source. Aggregated features including clustering results based on DNA methylation,
745  mRNA and microRNA expression was obtained from the Cervical and Endocervical Cancer (CESC)
746  project Firehose site of TCGA L. For the details on the majority vote see Fig. S8. To classify
747  samples into squamous-like and columnar-like classes, the gene expression levels were log2
748  transformed and Z-score was applied to make genes comparable. A squamous vs columnar
749  organoid signature was defined based on the fold changes between ectocervical squamous and
750  endocervical columnar differentiated organoids for 2,834 genes with FDR < 0.05 and absolute
751  log2 fold change > 1, selecting the probe with the lowest p-value for each gene. Spearman
752  correlation coefficients (referred to as Co-Sq Score) were computed between Z-scored gene
753  expression values from each cancer sample and the corresponding fold change for the same gene
754  from the squamous vs columnar organoid signature. We defined samples with Co-Sq Score > 0.2

755  as squamous-like, those with < -0.2 as columnar like and all other as ‘undetermined’ (Fig S8).
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756  Applying the same procedure to 1,000 random sets of genes of the same size with the same fold
757  changes produced sample correlation coefficients generally lower than |0.06]|. Thresholds for
758 classification of samples into KRT5-high/low and KRT7-high/low as well as TP63 high/low classes
759  were selected manually to separate the highest cluster from all other samples (Fig. S8). For
760  simplicity, we combined all diagnoses with an adenoma component (Endocervical
761  Adenocarcinoma, Endometrioid Adenocarcinoma, Mucinous Adenocarcinoma and

762  Adenosquamous Carcinoma) into Cervical Adenocarcinoma (Tables S1 and S3).

763

764  Code Availability

765  All R code used for generating analyses used in this publication is available from the authors on

766  request.

767

768
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