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Abstract

At the body surface, skin’s stratified squamous epithelium is challenged by environmental 

extremes. The surface of the skin is composed of enucleated, flattened surface squames. They 

derive from underlying, transcriptionally active keratinocytes that display filaggrin-containing 

keratohyalin granules (KGs) whose function is unclear. Here, we found that filaggrin assembles 

KGs through liquid-liquid phase separation. The dynamics of phase separation governed terminal 

differentiation and were disrupted by human skin barrier disease–associated mutations. We used 

fluorescent sensors to investigate endogenous phase behavior in mice. Phase transitions during 

epidermal stratification crowded cellular spaces with liquid-like KGs whose coalescence was 

restricted by keratin filament bundles. We imaged cells as they neared the skin surface and found 

that environmentally regulated KG phase dynamics drive squame formation. Thus, epidermal 

structure and function are driven by phase-separation dynamics.

Abstract

INTRODUCTION: Liquid-liquid phase separation of biopolymers has emerged as a driving force 

for assembling membraneless biomolecular condensates. Despite substantial progress, studying 

cellular phase separation remains challenging. We became intrigued by enigmatic, membraneless 

protein granules (keratohyalin granules, KGs) within the terminally differentiating cell layers of 

mammalian epidermis. As basal progenitors cease to proliferate and begin their upward journey 
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toward the skin surface, they produce differentiation-specific proteins that accumulate within KGs. 

Upon approaching the surface layers, all cellular organelles and KGs are inexplicably lost, 

resulting in flattened, dead cellular ghosts (squames) that seal the skin as a tight barrier to the 

environment.

RATIONALE: In an unbiased proteome-wide in silico search for candidate phase-transition 

proteins, we previously identified a major KG constituent, filaggrin (FLG), whose truncating 

mutations are intriguingly linked to human skin barrier disorders. Using advanced tools to study 

phase-separation behavior in mammalian skin, we pursued the possibility that liquid-liquid phase 

separation might lie at the root of both epidermal differentiation and human disease.

RESULTS: We found that KGs are liquid-like condensates, which assemble as filaggrin proteins 

undergo liquid-liquid phase separation in the cytoplasm of epidermal keratinocytes. Disease-

associated FLG mutations specifically perturbed or abolished the critical concentration for phase 

separation–driven assembly of KGs. By developing sensitive, innocuous phase-separation sensors 

that enable visualization and interrogation of endogenous liquid-liquid phase-separation processes 

in mice, we found that filaggrin’s phase-separation dynamics crowd the cytoplasm with 

increasingly viscous KGs that physically affect organelle integrity. Liquid-like coalescence of KGs 

was restricted by surrounding bundles of differentiation-specific keratin filaments. Probing deeper, 

we found that as epidermal cells approached the acidic skin surface, phase-transition proteins 

experienced a rapid, naturally occurring pH shift and dynamically responded, causing the 

dissipation of their liquid-like KGs to drive squame formation.

CONCLUSION: Through the biophysical lens of liquid-liquid phase separation, our findings 

shed fresh light on the enigmatic process of skin barrier formation. Our design and deployment of 

phase-separatz.

Through engineering filaggrins, filaggrin disease–associated variants, and our phase-separation 

sensors, we unveiled KGs as abundant, liquid-like membraneless organelles. During terminal 

differentiation, filaggrin family proteins first fuel phase-separation–driven KG assembly and 

subsequently, KG disassembly. Their liquid-like and pH-sensitive properties ideally equip KGs to 

sense and respond to the natural environmental gradients that occur at the skin’s surface and to 

drive the adaptive process of barrier formation.

Liquid-phase condensates have typically been viewed as reaction centers where select components 

(clients) become enriched for processing or storage within cells. Analogously, KGs may store 

clients, possibly proteolytic enzymes and nucleases, that are temporally released in a pH-

dependent manner to contribute to the self-destructive phase of terminal differentiation. 

Additionally, however, we provide evidence for biophysical dynamics emerging from condensate 

assembly, as KGs interspersed by keratin filament bundles massively crowd the keratinocyte 

cytoplasm and physically distort adjacent organelles. This crowding precedes the ensuing 

environmental stimuli that trigger disassembly of KGs, enucleation, and possibly other cellular 

events linked to barrier formation. Overall, the dynamics of liquid-like KGs, actionable by the 

skin’s varied environmental exposures, expose the epidermis as a tissue driven by phase 

separation.

Finally, we discovered that filaggrin-truncating mutations and loss of KGs are rooted in 

maladapted phase-separation dynamics, illuminating why associated skin barrier disorders are 
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exacerbated by environmental extremes. These insights open the potential for targeting phase 

behavior to therapeutically treat disorders of the skin’s barrier.

Environmentally regulated liquid-phase dynamics drive skin barrier formation. (A) Using 

phase-separation sensors, we show that as basal progenitors flux toward the skin surface, they 

display phase-separation–driven assembly of liquid-like droplets. (B) In late-granular cells, these 

droplets crowd the cytoplasm and dissolve as cells (1) undergo chromatin compaction. (C) Near 

the skin surface, a sudden shift in intracellular pH regulates liquid-phase dynamics to drive 

squame formation.

Liquid-liquid phase separation of biopolymers has emerged as a major driving force for 

assembling membraneless bio-molecular condensates (1–3). Such condensates include 

nucleoli (4), receptor signaling complexes (3, 5), germline granules (1, 6), and stress 

granules (7). This focus on phase separation has also revealed unexpected insights into a 

range of biological processes, including genomic organization (8–10), RNA processing (11, 

12), mitosis (13, 14), cell adhesion (15), and carbon dioxide fixation in plants (16). 

However, the study of cellular phase separation remains challenging (17, 18), often relying 

upon truncated protein mutants, reconstituted systems in nonphysiological buffers, and 

overexpression or knockin of tagged fusions (17, 19) that can alter a protein’s phase-

separation behavior.

In mammalian epidermis, a self-renewing inner (basal) layer of progenitors fuels an upward 

flux of nondividing keratinocytes that stratify to form the skin’s surface barrier that excludes 

pathogens and retains body fluids (Fig. 1A) (20). In early spinous layers, terminally 

differentiating cells acquire an abundant network of K1- and K10-containing keratin 

filament bundles. When keratinocytes enter the granular layers, they acquire membraneless 

protein deposits (“keratohyalin granules,” KGs) of enigmatic function (21). As these cells 

approach the surface layers, global transcription suddenly ceases and both KGs and 

organelles are lost, giving rise to layers of flattened, dead cellular ghosts (squames) that seal 

the skin as a tight barrier to the environment.

Our prior proteome-wide in silico search for candidate phase-transition proteins identified a 

major constituent of KGs, filaggrin (FLG) (22), whose truncating mutations are intriguingly 
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linked to human skin barrier disorders (23) (Fig. 1B and fig. S1). Here, we asked whether 

liquid-liquid phase separation might lie at the root of both mammalian epidermal 

differentiation and human disease.

Phase-separation behavior of filaggrin and its paralogs in normal and 

disease states

Filaggrin and its less-studied (often less-abundant) paralogs are intrinsically disordered 

repeat proteins with a low-complexity (LC) sequence. Though their sequences are poorly 

conserved (24) (25, 26), mouse and human filaggrin and their paralogs share similar repeat 

architecture, LC biases, and localization in the cell within KG-like structures (Fig. 1, B and 

C; figs. S2 to S4; and table S1).

Like many proteins that drive phase separation, filaggrin family proteins across species 

exhibit a marked bias for arginine (over similarly charged lysine) to engage in aromatic type 

interactions (22) (Fig. 1D and fig. S3). They differ in that their only prominent aromatic 

residue is histidine, rather than tyrosine or phenylalanine (fig. S2). Our prior work showed 

that histidine-rich, intrinsically disordered proteins (IDPs) must be large to display phase-

separation behaviors (22). Notably, both human (~435 to 504 kDa) and mouse filaggrin are 

among the largest proteins across these proteomes (Fig. 1E). Humans whose filaggrin 

variants have the greatest repeat numbers exhibit reduced susceptibility to skin inflammation 

and allergy (23).

To directly examine filaggrin and its disease-associated variants for phase-separation 

behavior, we first engineered expression vectors driving 1 to 16 human filaggrin repeats 

(humans have up to 12), each tagged with a fluorescent protein [superfolder green 

fluorescent protein (sfGFP) or monomeric red fluorescent protein (mRFP)] with or without 

the non-repeat domains (fig. S5 and table S2). When transfected into immortalized human 

keratinocytes (HaCATs) under conditions in which filaggrin was not expressed, a single 

FLG repeat displayed only diffuse cytoplasmic localization (fig. S6A). By contrast, 

keratinocytes transfected with genes encoding variants of ≥4 repeats efficiently formed KG-

like structures. Moreover, proportional to the total repeat numbers, a monotonic increase in 

density within KG-like granules plateaued beyond the largest known human filaggrins, 

suggesting that nonphenotypic filaggrins (10 to 12 repeats) optimally define the material 

properties of KGs (fig. S6B).

Humans with early truncation mutations fail to generate KGs. Such mutations account for 

>80% of cases among northern Europeans (27). To quantitatively determine how disease-

associated mutations alter the critical concentration for phase separation, we incorporated a 

self-cleavable (p2a) sequence (28) to express equimolar amounts of mRFP-FLG variants and 

H2B-GFP (as a proxy for variant concentration) (fig. S7A and table S2). Live imaging of 

transfected HaCATs expressing comparable nuclear GFP revealed a relationship between the 

number of filaggrin repeats and phase-separation propensity (Fig. 2A). Over a wide range of 

expression levels, disease-associated mutations with ≤4 repeats exhibited a large increase 

(~130 to >1500 μM) in critical concentration required for phase separation (Fig. 2B and fig. 

S7, B to F). By contrast, wild-type filaggrin (n = 12) phase separated at ~2 μM. These 
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properties were confirmed by live imaging, exposing the rapid formation and growth of KG-

like structures as filaggrin reached its critical concentration for phase separation (Fig. 2C).

Filaggrin and its paralogs belong to the S100-fused type protein family that feature two short 

“EF hand” calcium-binding motifs (~2% of the protein), N-terminal to the IDP domain. The 

S100 domain is known to dimerize (29), and when fused to filaggrin variants, it reduced the 

critical concentration for phase separation (Fig. 2D). Despite these favorable interactions, 

S100 with mut-n2 FLG mutations still failed to phase separate appreciably even at high 

concentration (Fig. 2D and fig. S7, B to F). Overall, when compared with mRFP fusions, 

sfGFP lowered the critical concentrations for phase separation of tagged-FLG variants, 

although the results were consistent independent of the tag (fig. S7, G and H).

To further explore whether compromised phase separation might underlie disease se verity, 

we next performed fluorescence recovery after photobleaching (FRAP). As expected for a 

diffusive process, highly truncated, smaller FLG repeat variants exhibited more rapid 

recovery than wild-type (WT)–sized proteins (Fig. 3A). However, even the largest FLG 

variants (>430 KDa) recovered fully within a few seconds (Fig. 3A). The amino and carboxy 

domains flanking the repeats also affected recovery time. As predicted, the S100 dimerizing 

domain of FLG variants increased recovery half-life after photobleaching even further, while 

deletion of the carboxy tail, a small truncation mutation seen in some patients, accelerated 

recovery (Fig. 3B and fig. S7I). Overall, the dynamic FRAP behavior established filaggrin-

containing KGs as biomolecular condensates and distinguished them from mere aggregates 

in the cell. Moreover, because the S100 domain is cleaved during terminal differentiation, its 

function is likely to optimize phase separation at earlier stages when filaggrin amounts are 

low and KGs just begin to form.

Liquid-like behavior of filaggrin granules

Live-cell imaging revealed that HaCATs harboring our engineered filaggrins underwent 

granule rearrangements and fusion events that are hallmarks of liquid-like droplets (Fig. 3C 

and movie S1). Individual fusion events were complete within seconds (fig. S8 and movie 

S2).

To further probe their material properties, we used atomic-force microscopy (AFM). By 

applying pressure with an AFM probe directly on top of filaggrin granules, they deformed, 

creating liquid-like streaming around the cell’s nucleus (Fig. 3D, fig. S9, and movie S3). 

Even unprocessed (more viscous) S100-containing filaggrin granules underwent fusion 

when pushed into close proximity by the AFM probe (movie S4).

Our photobleaching data suggested that the material properties of KGs may change as a 

function of filaggrin processing and disease-associated mutations. To test this hypothesis, we 

performed serial force-indentation measurements across the granule length in HaCATs 

harboring different filaggrin variants (Fig. 3E and fig. S10). Consistent with a role for the 

tail domain in tuning the material properties of KGs, AFM revealed a stiffening of the 

cellular domain spanned by tail-containing granules as compared to filaggrin counterparts 

that mimicked tail-deficient mutants (Fig. 3F). As suspected from the photobleaching data, 
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unprocessed (S100-containing) filaggrin variants displayed pronounced stiffening (Fig. 3F 

and fig. S10). Thus, filaggrin granules are mechanically responsive, liquid-like condensates 

in cells.

Engineering phase separation sensors to interrogate endogenous KGs

Although our tagged filaggrin variants assembled de novo into KG-like structures, it was 

critical to address whether endogenous KGs in skin assemble through phase separation of 

filaggrin and if so, how their putative liquid-like properties contributed to epidermal 

differentiation. To do so, we could not use direct filaggrin tagging to label endogenous KGs, 

because it altered its biophysical properties (fig. S7G). Similarly, often used client proteins 

that directly bind to a phase-separating protein scaffold (2, 30, 31) were not suitable, 

because although they can be recruited to existing liquid-like condensates and be used as 

carriers of fluorescence, they report scaffold localization irrespective of phase separation. 

Moreover, with complex differentiation programs in tissues, where processing of the 

scaffold can occur, the caveats of conventional clients become all the more apparent (fig. 

S11 and supplementary text).

Thus, we sought to design different clients that would permit probing the phase-separation 

behavior of endogenous scaffold proteins as their concentration and processing change in 

living tissues. We aimed for soluble IDP clients that lack phase-separation behavior of their 

own but copartition efficiently and innocuously into nascent phase-separated condensates by 

engaging in ultraweak, phase-separation–specific (combinations of charge-charge, cation-pi, 

pi-pi, hydrogen-bonding, and hydrophobic) interactions with the scaffold (Fig. 4A and fig. 

S12A).

To engineer such “phase-separation sensors” for endogenous filaggrin, we exploited (i) the 

nonpathogenic behavior of human filaggrin repeat mutants that possess His:Tyr mutations 

(fig. S12, B and C) and (ii) the inability of a sole filaggrin repeat to drive phase separation. 

After documenting the tuned phase-separation characteristics of Tyr-high FLG repeat #8 (r8) 

variants (r8H1 and r8H2) (22), we then generated variants with related sequence patterns but 

low sequence identity (ir8H2 and pr8H2). We also engineered proteins smaller than a 

filaggrin repeat, but with similar compositional biases (eFlg1, ieFlg1, and eFlg2). These 

proteins displayed a range of phase-separation propensities (Fig. 4B; fig. S12, D to F; table 

S3; and supplementary text).

For live imaging, our sensors needed a fluorescent tag. Because surface charge of fusion 

proteins can affect IDP phase-separation behavior (32), we screened Tyr-high sensor variants 

fused to sfGFPs of varying net charges (33) for those that display high partition coefficients 

into KGs (figs. S12F and S13, A and B). We selected two +15GFP-based (sfGFP with net 

charge +15) sensor designs that shared little sequence identity among themselves or the 

native filaggrin repeat (Fig. 4C). On their own, these sensors showed no phase separation 

(fig. S13C), but when coexpressed with an mRFP-tagged filaggrin in HaCATs, they 

partitioned into the de novo assembled KGs (Fig. 4D). In particular, the relocalization of 

sensor A from the cytoplasm into filaggrin granules (partition coefficient P = 21) compared 

well to the behavior of filaggrin itself (P = 125) and remained stable over a wide range of 
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sensor A levels (fig. S14A). This enabled faithful reporting of steep concentration gradients 

across membraneless granule boundaries. Notably, and in contrast to a conventional client 

that bound stoichiometrically to a filaggrin domain (fig. S14, B to D), FRAP dynamics of 

mRFP-tagged filaggrin were unaffected by sensor A (Fig. 4E).

Because of FRAP’s size dependence, our studies in Fig. 3A were only suggestive that FLG 

truncating mutations accelerate liquid-like dynamics within KGs. With our designed sensors 

as internal controls, we could now accurately determine FRAP half-lives and evaluate the 

liquid-like behavior of KGs formed from different-sized filaggrin mutants. As predicted, 

KGs assembled from truncated filaggrins differed from their full-length counterparts in 

displaying sensor recovery dynamics indicative of a decrease in the relative viscosity of KGs 

(Fig. 4F). Moreover, KGs assembled from tail mutants behaved as less viscous liquids than 

their tail-containing counterparts. Thus, our phase-separation sensors can integrate into and 

innocuously report the material properties of liquid-like KGs. Furthermore, our data suggest 

that patient disease phenotypes are indeed linked to shifts in the liquid-like behavior of 

mutant KGs.

Crowding of liquid-like KGs within skin cells in tissue

Our ultimate goal was to interrogate the dynamics of these liquid-liquid phase transitions in 

vivo in the skin epidermis. To this end, we used a noninvasive in utero lentiviral delivery 

system to selectively, efficiently, and stably transduce the single layer of embryonic day 9.5 

(E9.5) mouse skin epithelium with doxycyclineinducible transgenes encoding our sensors 

(fig. S15). To induce expression during epidermal differentiation, we transduced embryos 

carrying a doxycycline-sensitive reverse tetracyclinetransactivator (rtTA) driven by the 

human Involucrin (Ivl) promoter (34).

Once the skin barrier was fully mature (E18.5), doxycycline-fed embryos were subjected to 

live imaging and/or immunofluorescence microscopy. Sagittal confocal views revealed that 

bright sensor signal was confined to filaggrin-expressing granular layers, while planar views 

showed a robust array of sensor-labeled KGs in these cells (Fig. 5A). Moreover, and in 

marked contrast to conventional antibodies against filaggrin (35), the sensors penetrated 

even the large granules of the most mature (late) granular layer (fig. S16).

The marked level of KG crowding seemed incompatible with liquid-like behavior. To gain 

further insights, we performed live imaging and monitored keratinocyte flux through the 

granular layers of skin (36). Early granular cells displayed only a few KGs, whose numbers 

appeared to increase through de novo granule formation (Fig. 5B). Over a half day of 

imaging, occasional fusions that resolved within minutes into a round granule pointed to 

liquid-like behavior (fig. S17 and movie S5). Moreover, for both sensor A or B, signal 

recovery was rapid after photobleaching KGs within the mid-granular layer, further 

underscoring the liquid-like behavior of these endogenous KGs (Fig. 5, C and D).

Despite these liquid-like features, most existing KGs grew robustly without undergoing 

fusion (Fig. 5E and movie S6). Even KGs within the earliest granular layers in skin tissue 

exhibited liquid-like properties distinct from those of KG-like condensates that formed in 
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HaCATs when transfected to express tagged filaggrin (Fig. 5F). Moreover, when the sensor’s 

nuclear export signal was removed and sensor FRAP half-life was measured within nucleoli, 

only filaggrin-containing KGs in tissue appeared to be relatively more viscous than the 

nucleolus in keratinocytes.

Probing deeper, we noticed that granular cells exhibited substantial morphological changes 

as they transited through the granular layers and became increasingly crowded with KGs 

(Fig. 5G). Correspondingly, photobleaching these KGs within early, middle, and late 

granular cells revealed a gradual reduction in sensor dynamics as cells moved toward the 

skin surface. This increase in relative viscosity of skin KGs was also seen in stratifying 

cultures of primary human epidermal keratinocytes, which, unlike immortalized 

keratinocytes, formed endogenous KGs that were of similar size and displayed liquid-like 

dynamics similar to those of KGs in the early- and midgranular layers of mouse epidermis 

(Fig. 5H). Thus, despite pronounced species-specific divergence in filaggrin sequence, the 

preservation of KG’s finely tuned liquid-like behavior pointed to an underlying 

physiological relevance.

Stabilization of liquid-like membraneless organelles

Although the rarity of fusion events among densely packed KGs might simply reflect their 

apparent viscosity, it was also possible that additional facets of terminal differentiation might 

be contributing to this puzzling behavior. Notably, the granular layer also displays an 

abundant network of terminal differentiation- specific keratins 1 and 10 (K1/K10) filaments. 

This prompted us to test whether keratin filaments might impede KGs from fusing and allow 

them to crowd the cytoplasm as stable organelles. When HaCATs were transduced with 

doxycycline-inducible human mRFP-K10 (table S4), hK10 incorporated into the 

endogenous network of basal K5/K14 filaments (37). Upon cotransfection with sfGFP-FLG 

to drive KG formation, many of the mRFP-tagged keratin bundles encased KGs (Fig. 6A). 

Live imaging showed that these KGs spent prolonged periods of seemingly inert activity. 

However, in regions where these KGs dislodged from filaments and became uncaged, KGs 

were mobile and frequently fused with other sfGFP-tagged KGs (Fig. 6B, fig. S18A, and 

movie S7). This may explain previous perplexing observations that unusually large KGs are 

produced after genetic ablation of Krt10 in mouse skin (38).

Keratins possess a central coiled-coil “rod” domain that initiates heterodimer formation and 

forms the backbone of the 10-nm intermediate filament (39). Whereas K5/K14 keratins of 

proliferative progenitors have short amino-and carboxy-LC domains, the large LC domains 

of K1/K10 keratins (40) are thought to protrude along the outer surface of the filament and 

bundle into cable-like filaments.

Intrigued by the packing of K10-containing filaments around filaggrin granules, we next 

asked whether their distinctive features might facilitate interactions with KGs. Examining 

the behaviors of mCherry fused to one, both, or neither of the hK10 LC domains (table S4), 

we found that each was diffuse in the cytoplasm of cultured keratinocytes in the absence of 

KGs (Fig. 6C and fig. S18). By contrast, when sfGFP-tagged filaggrin and its KGs were 

present, mCherry was excluded from KGs, while both mCherry constructs with hK10 LC 
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domains partially partitioned into KGs. Moreover, the critical concentration for phase 

separation of sfGFP-tagged filaggrin was reduced in the presence of the K10 keratin network 

without altering FLG density within KGs (Fig. 6, D and E). Thus, weak interactions between 

KGs and the LC domains of terminal differentiation–associated keratins may promote the 

caging and stabilization of KGs in skin.

To further explore this possibility, we transduced both our phase-separation sensor and 

suprabasal-inducible mRFP-hK10 constructs into E9.5 embryos and performed live imaging 

on E18.5 skin explants. Whereas early granular cells displayed small, relatively sparse KGs 

surrounded by a well-defined network of K10-containing filaments, mid-granular cells 

exhibited a denser keratin network interwoven among larger, more abundant KGs that 

remained caged and hence unable to fuse (Fig. 6, F and G). Our findings suggest a model 

whereby reciprocal density-dependent interactions between LC domains of terminal 

differentiation–specific keratins and KGs structure the cytoplasm to form an elaborate, 

interwoven network of stabilized liquid-like KGs and keratin filament bundles.

Liquid phase KG dynamics, enucleation, and environmental sensitivity

We posited that progressive crowding by keratin-stabilized KGs might distort the nucleus 

and other organelles in a fashion that could contribute to their destruction at the critical 

granular–to–stratum corneum transition. If so, this could explain why nuclei are often 

aberrantly retained in the outer skin layers of patients who also lack KGs (41).

Consistent with this notion, KGs assembled de novo in HaCATs from WT repeat filaggrins 

prominently deformed nuclei, whereas KGs assembled from disease-associated FLG 

mutants instead wetted the nuclear surface without deformation (Fig. 7A and fig. S19, A and 

B). Endogenous KGs in primary human keratinocytes also induced prominent nuclear 

deformation (fig. S19C). Similarly, when we transduced embryos with H2B-RFP and our 

sensors and monitored the maturation of granular cells by live imaging, we found that 

mature granular cell nuclei were markedly deformed as KG density increased in skin (Fig. 

7B and fig. S19D).

As granular cells move upward to complete their final stage of differentiation, they enucleate 

and lose their KGs to form flattened squames (Fig. 1A). These events were difficult to 

capture by live imaging, because the process was very rapid, occurring over 2 hours (fig. 

S20). However, when we captured enucleation events, they were always preceded by 

chromatin compaction and then chromatin loss and nuclear destruction (Fig. 7C and movie 

S8). Moreover, just as chromatin began to show signs of compaction, KGs began to dissolve, 

as revealed by a progressive shift in the phase sensor’s localization from a granular-like state 

to being diffuse in the cytoplasm (Fig. 7C and fig. S21). This rapid shift indicated a marked 

change in the liquid-like properties of KGs and suggested that these terminal events may 

also be rooted in liquid-phase dynamics.

Probing further, we found that Flg knockdown in skin not only depleted KGs but also 

delayed the nuclear degradation process (Fig. 7D). This was accompanied by increased 
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transepidermal water loss (TEWL) through the skin barrier. Thus, KGs accelerate loss of 

membrane-bound organelles, an essential feature of skin barrier formation.

Given the inherent environmental responsiveness of intrinsically disordered proteins (42, 

43), we wondered whether the marked shift in KG dynamics late in terminal differentiation 

might be fueled by the environmental changes that naturally occur near or at the skin 

surface. In particular, whereas prolifer ative basal progenitors experience physiological pH 

(7.4), the skin surface is acidic (pH ~5.5) (44). Because filaggrin is rich in histidine, whose 

physiological acid dissociation constant (pKa) is ~6.1 (45), we posited that this natural 

difference in extracellular pH may also reflect intracellularly and in part be triggering the 

KG changes that we had detected at the granular- to–stratum corneum transition.

To detect intracellular pH shifts, we first transduced HaCATs with either mNectarine or 

SEpHlourin reporters, which rapidly lose fluorescence upon shifting from pH 7.4 to pH 6.3 

(fig. S22). When the extracellular pH was decreased to elicit an intracellular pH shift from 

7.4 to ~6.2 to 6.5, de novo–assembled KGs in HaCATs changed profoundly. In live imaging, 

both filaggrin and the sensor (which by design, is also rich in histidine) displayed increased 

cytoplasmic and diminished KG-like localization concomitant with this intra-cellular pH 

shift (Fig. 7E and fig. S23). Similar changes were seen in endogenous KGs of differentiated 

primary human epidermal keratinocytes when they experienced this pH shift (fig. S24A).

Given the pH sensitivity of KGs, we then turned to investigating this process in vivo. We 

introduced our pH reporters into mice along with either our phase-separation sensor or 

H2BRFP and through live imaging, monitored the natural intracellular pH shifts that we 

surmised would occur as granular cells approached the acidic skin surface. Over time, as 

each granular cell progressed to the critical granular-to-corneum transition, it experienced a 

sudden shift in pH, as detected by our intracellular reporters (Fig. 7F). This rapid 

endogenous pH shift invariably coincided with the initiation of KG dissolution (top panels) 

and coincided with or immediately preceded an increase in chromatin compaction (bottom 

panels). Moreover, within 2 hours of KG dissolution and nuclear compaction, imaged 

granular cells within the epidermis had undergone morphological changes characteristic of 

enucleation and squame formation (fig. S24B and movie S6).

Finally, we took skin explants from embryos transduced with phase sensor, H2BRFP, and 

either scrambled or filaggrin short hairpin RNAs (shRNAs) and performed live imaging 

immediately after shifting the extracellular pH in the medium. When the natural intracellular 

pH transition was accelerated, granular cell KGs showed signs of disassembly, and 

chromatin compaction became pronounced (Fig. 7G, top panels). This pH shift did not 

trigger chromatin compaction in skin devoid of KGs (bottom panels). Thus, the pH shift 

appears to function specifically in altering the material properties of histidine-rich KGs, 

which in turn promote chromatin compaction, enucleation, and skin barrier establishment. 

Furthermore, enucleation events in skin are likely driven by a combination of nuclear 

deformation and pH-driven release of as yet undetermined KG components.
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Discussion

Our design and deployment of a class of innocuous client protein provides a general strategy 

to analyze endogenous liquid-liquid phase separation dynamics across biological systems in 

a nondisruptive manner. We envision that these in vivo phase-separation sensors may be 

further functionalized to incorporate enzymes evolved for proximity proteomics (46, 47), 

potentially enabling—without perturbing endogenous scaffold proteins—the molecular and 

biophysical interrogation of endogenous liquid-liquid phase separation in organoids, tissues, 

and living organisms.

We used this strategy to illuminate, through the lens of phase separation, the process of skin 

barrier formation, which entails the appearance of hitherto enigmatic KGs in the granular 

layer and then their sudden disappearance as epidermal cells undergo a poorly understood 

transition to the stratum corneum. These granules, long puzzling to skin biologists (48), had 

been viewed as inert, cytoplasmic aggregates of filaggrin, which eventually became cleaved 

into smaller fragments and amino acid derivatives to promote keratin filament bundling (21) 

and stratum corneum hydration (24). Despite decades of research and mutations linked to 

atopic dermatitis (23), no clear function had been established for KGs, filaggrin, or filaggrin 

paralogs that also accumulate as granular deposits in epithelial tissues (49, 50).

Through the engineering of filaggrins and filaggrin disease-associated variants and also 

phase-separation sensors, we have now shown that KGs are abundant, liquid-like 

membraneless organelles, which, through their phase-separation–driven assembly and then 

disassembly, function to structure the cytoplasm and drive an environmentally sensitive 

program of terminal differentiation in the epidermis. By virtue of their mechanical and pH-

sensitive properties, KGs are ideally equipped to confer environmental responsiveness to the 

rapid and adaptive process of skin barrier formation. The discovery that filaggrin-truncating 

mutations and loss of KGs are rooted in altered phase-separation dynamics begins to shed 

light on why associated skin barrier disorders are exacerbated by environmental extremes. 

These insights open the potential for targeting phase behavior to therapeutically treat 

disorders of the skin’s barrier.

Liquid-phase condensates have typically been viewed as reaction centers where select 

components (clients) become enriched for processing or storage within cells (2). 

Analogously, KGs may store clients, possibly proteolytic enzymes and nucleases, that are 

timely (in a pH-dependent fashion) and rapidly released to promote the self-destructive 

phase of forming the skin barrier. Additionally, squame formation likely exploits general 

biophysical consequences of KG assembly, because KGs interspersed by keratin filament 

bundles massively crowd the keratinocyte cytoplasm and physically distort adjacent 

organelles prior to the ensuing environmental stimuli that trigger KG disassembly. Overall, 

the environmentally sensitive dynamics of liquid-like KGs, actionable by the skin’s varied 

environmental exposures, expose the epidermis as a tissue driven by phase separation.
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Materials and methods

Sequence analysis of filaggrin and its paralogs

Proteomes were downloaded as FASTA files from UniProt (https://www.uniprot.org/). For 

the analysis of protein domains known to drive liquid-liquid phase separation (fig. S3), we 

downloaded the complete set (>100) of proteins from the PhaSEPro database (51). We 

implemented a script (available upon request) in MATLAB R2016a to extract protein size, 

amino acid abundance, and Arg-bias of all annotated proteins. Arg-bias was calculated as the 

total number of arginine residues relative to the total number of positively charged residues 

(R+K). To calculate relevant sequence parameters (length, amino acid composition, 

hydropathy, Arg-bias) in FLG and its paralogs across species, we implemented a script 

(available upon request) in MATLAB R2016a. Hydropathy was calculated as the average 

level across all residues in a protein, using Kyte-Doolittle’s scale (52). Except for human Flg 

(and its paralogs), most mammalian Flg and Flg paralogs in mammals remain poorly 

annotated or poorly sequenced in publically available genome and protein databases. Table 

S1 shows the sequences that we used as input material and details of their manual curation. 

To characterize nonsynonymous mutations in human filaggrin, we downloaded known 

single-nucleotide polymorphism (SNPs) in the human Flg gene (not annotated in ClinVar) 

from NIH’s dbSNP database (https://www.ncbi.nlm.nih.gov/snp/) and from the GnomAD 

browser (https://gnomad.broadinstitute.org/gene/ENSG00000143631). We used custom-

made MATLAB scripts (included in the supplementary text) to filter for unique SNPs 

corresponding to nonsynonymous mutations. This script also calculated the overall 

percentage of mutations assigned to each of the 20 naturally occurring amino acid residues. 

By generating 1000 unique Flg mutant genes through random single-nucleotide mutations in 

Flg cDNA (script available upon request), we also estimated the expected random 

mutational burden per residue. From the total SNPs, we identified 405 SNPs involving 

mutations of His codons. The script then identified the mutational landscape involving these 

SNPs and their corresponding nonsynonymous codons (encoding Asp, Leu, Asn, Pro, Gln, 

Arg, and Tyr).

Synthesis of repetitive DNAs encoding filaggrin and filaggrin variants

To assemble repetitive DNAs, we used recursive directional ligation by plasmid-

reconstruction (PRe-RDL) (53), with minor modifications. Specifically, we used a modified 

pET-24a(+) vector as published (53), but eliminated the terminal Tyr-stop-stop sequence to 

avoid altering the hydropathy of FLG sequences. Instead, the modified vector uses a 

terminal Gly-stop-stop-stop sequence. Synthetic gblocks were from IDT (Integrated DNA 

Technologies) and encoded the eight repeat in human FLG (repeat #8, here referred as r8), 

sfGFP, mRFP1, and the S100 domain of human FLG. We chose r8 as this repeat is often 

duplicated in humans, yielding FLG variants with 11 (this is the most common of all human 

FLG variants) or 12 repeats. The specific choice of a repeat (among human FLG repeats 1 to 

10), however, is otherwise trivial, as individual FLG repeats are nearly identical in sequence 

(with >90% sequence identity in humans and typically >99% in mice). We performed 

iterative rounds of PRe-RDL with the r8 gblock to build genes with up to 16 concatemers of 

r8. These genes were then modified to generate variants with the C-terminal tail domain of 

human FLG (table S2). DNA sequences were verified by Sanger sequencing (Genewiz, NJ) 
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whenever possible. For long repetitive DNAs beyond the reach of Sanger sequencing, to 

confirm proper concatamerization of sequence-verified domains, we relied on gene size 

(judged by conventional DNA gel electrophoresis) and subsequent validation of expected 

protein properties (size and diffusion properties) upon expression in Escherichia coli or 

mammalian cells. For mammalian expression, we subcloned fully-assembled repeat genes 

into a modified pMAX vector (Amaxa). See table S2 for protein sequences for all constructs. 

To build genes with nuclear reporters of FLG concentration in the cell, we further modified 

our pMAX-based genes encoding FLG repeats to replace the N-terminal fluorescent protein 

with genes fragments encoding H2BGFP-(p2a)-mRFP, H2BRFP-(p2a)-sfGFP or H2BGFP-

(p2a)-S100-mRFP (see table S2 for sequence details). (p2a) is a codon-optimized DNA 

sequence that self-cleaves during translation and so enables the synthesis of two proteins 

from a single transcript (28). We also built pMAX vectors encoding H2BRFP-(p2a)-

H2BGFP and H2BGFP-(p2a)-H2BRFP to validate the equimolar synthesis of individual 

(p2a)-linked proteins.

Synthesis of phase-separation sensors

Table S3 includes the sequence information for all sensor domains reported in Fig. 4B. The 

rationale for the generation of these proteins is explained in detail in the supplementary text. 

Corresponding genes were synthesized by IDT as gblocks and cloned into modified pMAX 

vectors as described above for genes encoding FLG variants. We purchased additional 

gblocks encoding previously published supercharged variants of sfGFP: +15GFP and 

−20GFP. All constructs, unless indicated, include an optimized short nuclear export signal 

(54) (LELLEDLTL) as linker between the N-terminal fluorescent proteins and the sensor 

domain. To test the intrinsic phase separation propensity of individual sensor domains, we 

artificially enhanced their phase-separation capacity by synthesizing variants with a C-

terminal trimerization domain. We generated constructs with one of two trimerization 

domains: NC1 domain from human COL18A1 (P39060, Isoform 1, residues1442–1496) 

(55) or a fibritin fragment from bacteriophage T4 (so-called foldon domain) (56).

Synthesis of genes encoding human K10 and its low-complexity domains

We used polymerase chain reaction (PCR) to amplify a fragment of the Krt10 gene spanning 

the N-terminal LC domain and the complete central coiled-coil rod domain (forward primer: 

TAATCATCGATCGGATGGCTCTGTTCGATACAGCTCAAGCAAGCACTACTCTT; 

reverse primer:TAAGCAGGGGATCCCTCTCCTTCTAGCAGGCTGCGGTAGGTTTG) 

using KRT10 cDNA (NM_000421.2; from Origene). These primers added restriction sites 

for Pvu I and Bam HI at the N and C terminus, respectively, for seamless restriction into a 

pMAX vector harboring an N-terminal mRFP sequence and the C-terminal LC domain. The 

C-terminal LC domain was synthesized by IDT as a gblock. Similarly, we also obtained a 

gblock encoding the N-terminal LC domain flanked by Nhe I and Xma I sites, which we 

inserted into our modified pMAX vector for building a gene encoding a fusion to mCherry. 

This vector was further modified between Bam HI and Eco RI sites to introduce the C-

terminal LC domain and generate mCherry fusions harboring both K10 LC domains. These 

constructs are listed in table S4. Because of Origene’s third-party restrictions, we regret that 

we are unable to distribute our full-length mRFP-K10 construct, which contain material 

Quiroz et al. Page 13

Science. Author manuscript; available in PMC 2020 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from Origene SC122561. However, mRFP-K10 may be reconstructed by following the 

protocol above and obtaining one of our LC constructs as well as Origene SC122561.

Characterization of filaggrin-like proteins and phase-separation sensors

To drive efficient expression of the relevant repetitive proteins, we transfected the 

corresponding pMAX plasmids into HaCATs (57). We routinely expanded HaCATs in low-

calcium (50 μM) epidermal cell culture media (58) and then transfected them in glass-

bottom 24-well plates containing CnT-PR media (CELLnTEC, Switzerland). Following the 

instructions of the manufacturer, we typically used lipofectamine 3000 (Invitrogen) to 

transfect cells with 0.5 to 3.5 mg of each plasmid. One day after transfection, we changed 

media to a prodifferentiation media, CnT-PR-D (CELLnTEC, Switzerland) supplemented 

with 1.5 mM CaCl2 and proceeded to use a spinning-disk confocal microscope to image 

cells 6 to 9 hours later. Live imaging was conducted with cells at 37°C and under a 

controlled CO2 environment. To calculate the phase-separation propensity of FLG repeat 

proteins, we operationally defined it as the percentage of total (background-corrected) 

fluorescent signal residing within phase-separated granules and based on maximum intensity 

projections of live imaging data using ImageJ. Concentration values for FLG variants were 

determined from the nuclear H2B reporter signal (adjusted by total cell area) in each cell to 

sensitively measure protein concentration even at low expression levels when FLG proteins 

are diffuse. Whenever we observed a concentration-dependent increase in phase separation 

propensity, we applied a logistic fit [y = (−100/(1 + (x/x0)^P)) + 100, as expected for a 

phase transition] using OriginPro software (OriginLab). Using these fits, we approximated 

the critical concentration for phase separation as the half-maximal effective concentration 

(EC50) of the logistic fit. The EC50 represents the concentration at which most cells reach a 

phase-separation propensity of 50% —wherein the total number of molecules in the dilute 

phase equals the number of molecules in the high-concentration density phase. Although 

phase separation happens with a given (low) probability below the EC50, the concentration 

fluctuations that potently drive phase separation near the true critical concentration of the 

system become dominant near the EC50, which justifies its definition as an experimental 

approximation to the critical value. To study protein dynamics within granules, we 

photobleached circular regions (0.54 mm in diameter) of interest at the center of granules 

and imaged the process of recovery at 200-ms intervals. For data analysis, we normalized the 

background-corrected fluorescence within the region of interest to the background-corrected 

average granule fluorescence prior to photobleaching and then corrected for loss of 

fluorescence in the granule area outside of the region of interest throughout the imaging 

process. To calculate recovery half-lives, we fitted the post-bleaching normalized data using 

OriginPro and a standard exponential growth curve: f = A(1 − ê(−xt)). Half-lives (time when 

f = 0.5) were estimated as Ln(0.5)/(−t). The approach to studying the behavior of phase-

separation sensors is similar to the approach described for FLG variants. In addition to 

vectors harboring tagged-FLG proteins, the transfection mixture included a second pMAX 

vector encoding sensor variants (table S3). For photobleaching measurements, we first 

obtained photobleaching data for the mRFP1-tagged FLG protein, followed by 

photobleaching data for (+15GFP-tagged) sensor A in the same granule. Sensor data were 

processed and analyzed as for tagged-FLG proteins.
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Atomic force microscopy (AFM) measurements

To enable access of the AFM probe to filaggrin granules within cells, we transfected 

HaCATs in 50-mm glass-bottom dishes (Fluorodish, FD5040, World Provision Instruments). 

The transfection mixture consisted of two pMAX vectors: one vector harbored a H2B-RFP 

gene and was common to all transfection reactions, whereas the second vector encoded one 

of the indicated FLG variants [sfGFP-(r8)8, sfGFP-(r8)8-Tail or S100-sfGFP-(r8)8-Tail; see 

table S2]. One day after transfection, we added pro-differentiation media (CnT-PR-D) 

supplemented to 1.5 mM CaCl2. Cells were transported (at 37°C) soon after or up to 24 

hours later to the Molecular Cytology core facility of Memorial Sloan Kettering Cancer 

Center (MSKCC) for AFM measurements using a microscope stage at 37°C. AFM force 

measurements and manual deformations of sfGFP-tagged FLG granules were performed 

using an MFP-3D AFM (Asylum Research) combined with an Axio Scope inverted optical 

microscope (Zeiss). We used silicon nitride probes with a 5-mm-diameter spherical tip 

(Novascan). Cantilever spring constants were measured before sample analysis using the 

thermal fluctuation method, with nominal values of ~100 pN/nm. 5 μm by 5 μm force maps 

were acquired with 10 force points per axial dimension (0.5 mm spacing) atop sfGFP-tagged 

FLG granules identified using the bright-field and GFP optical images. Measurements were 

made using a cantilever deflection set point of 10 nN and scan rate of 1 Hz. Bright-field 

(AFM probe), GFP (FLG variant), and H2B-RFP (nuclei) images were acquired for each 

cell and granule measured to enable force map and optical image co-registration. Live-video 

bright-field images were also taken during force map acquisition to observe granule and 

cellular deformations. Force-indentation curves were analyzed using a modified Hertz model 

for the contact mechanics of spherical elastic bodies. The sample Poisson’s ratio was 0.33, 

and a power law of 1.5 was used to model tip geometry. To observe granule displacement 

and flow following force application, the AFM tip was manually placed adjacent to sfGFP-

tagged FLG granules using a micrometer. During live video-rate (14 frames/s) image 

acquisition (bright-field and GFP), force was manually applied with the AFM probe in the 

absence of force set point feedback via micrometer manipulation.

Mice and lentiviral transduction

Mice were housed and cared for in an AAALAC-accredited facility, and all animal 

experiments were conducted in accordance with IACUC-approved protocols. We obtained 

hIVL-rtTA FVB mouse embryos from J. Segre at the National Institutes of Health (NIH). 

For rapid generation of mice with genetically modified skin, we used noninvasive, 

ultrasound-guided in utero lentiviral-mediated delivery of pLKO.1-based expression 

constructs and shRNAs (Sigma-Aldrich), which as previously published (59), results in 

selective transduction of single-layered surface ectoderm of living E9.5 mouse embryos. 

Lentiviral vectors with Scramble (not targeting) shRNAs and constitutive expression 

[phosphoglycerate kinase (PGK) promoter-driven] of H2B-RFP were previously reported 

(59). We modified these pLKO.1-based vectors to replace the PGK promoter with a newly 

assembled tetracycline regulatory enhancer (TRE) promoter sequence (based on TRE3G 

from Clontech). We cloned sensor and mRFP-K10 genes from pMAX vectors into pLKO.1-

based vectors, downstream of the TRE. Using these pLKO.1 vectors, we generated high-titer 

viruses in 293FT cells as previously described (59). To induce expression of TRE-controlled 

genes in vivo, we fed females fostering lentivirally transduced embryos with doxycycline. 
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For knockdown of mouse filaggrin, we identified hairpins with high intrinsic scores and no 

predicted off-targets using the GPP Web Portal (https://portals.broadinstitute.org/gpp/

public/). We modified our lentiviral vectors harboring H2B-RFP to substitute their Scramble 

shRNA with hairpins against (mouse) Flg (#01: with target sequence 

ATCAATCTCACAGCTATTATT localized to the C-terminal domain, and #02: with target 

sequence CTCCGGATTCTACCCAGTATA within the filaggrin repeats). We tested both 

hairpins in mouse skin and they efficiently depleted mFLG and its KGs (Fig. 7 shows data 

for hairpin #02). To transduce human primary keratinocytes with lentiviral vectors harboring 

H2B-RFP and phase-separation sensors, we used neonatal and adult human primary 

keratinocytes that we purchased from Life Technologies. We transduced them by exposing 

them briefly to the corresponding high titer lentiviruses diluted in supplemented Epilife 

media (Thermo Fisher Scientific). A similar lentiviral transduction approach was used to 

generate HaCATs with doxycycline-inducible expression of mRFP-K10. See supplementary 

materials and methods for detailed protocols.

Live imaging

For live imaging of mouse skin, we harvested head skin from E18.5 mouse embryos that 

were in utero transduced as explained above. After removing the skin from the embryos, we 

gently scraped off the fat leaving the dermis intact, cut out 1-cm2 pieces and placed them 

with the stratum corneum facing down on a glass-bottom 35-mm dish (MatTek) and on top 

of Phenol-red free growth-factor reduced matrigel (Corning). We pressed the tissue flat 

against the glass surface using a transparent porous membrane (Whatman Nuclepore Track-

Etched Membranes, 13-mm diameter, 5-μm pores) and a 12-mm cover glass (Fisherbrand). 

Once the tissue was flat, we removed the cover glass and allowed the matrigel to solidify at 

37°C for 15 min. We then added CnT-Prime Airlift, Full Thickness Skin Airlift Medium 

(from CELLnTEC), typically supplemented with 2 μg/ml doxycycline. We imaged these 

samples using a spinning-disk microscope equipped with a 40× oil objective and a live 

imaging chamber with a constant supply of CO2 and maintained at 37°C. We imaged with 

up to two lasers (488 and 561 nm, at 5.2 mW) and with exposure times of 200 ms per laser. 

We obtained full z stacks of the suprabasal epidermis every 20 min (to limit phototoxicity) 

for 16 to 20 hours. For photobleaching experiments of sensor-labeled KGs in mouse skin, 

we followed the procedure previously described for the analysis of sensor recovery half-lives 

in culture. For pH-shift experiments, we first isolated the epidermal skin layer by dispase 

treatment of E18.5 whole skin. The tissue was mounted with the stratum corneum facing 

upward in an otherwise identical manner to the approach described for imaging of whole 

skin. The tissue was initially imaged using CnT-Airlift media (pH 7.4) before adding an 

equal volume of acidic CnT-Airlift media (regular media but supplemented for buffering of 

intracellular pH by adding 280 mM KCl, 20 mM nigericin and HCl to reach a pH of ~3.3) to 

set the final media pH to ~6.2 to 6.4. Upon the pH shift, the tissue was imaged every 5 min 

for 50 min under usual live imaging conditions. For pH-shift experiments with primary 

human keratinocytes, we used the same approach as described for mouse epidermis. For 

HaCATs with engineered KGs, we performed the pH-shift experiments as before, but with 

acidic CnT-PR-D supplemented with 1.5 mM CaCl2. Live imaging data of the thick 

epidermis were typically presented and analyzed from 3D projections of the raw (without 

rendering) fluorescent data. These 3D views and additional surface renderings were built 
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using Imaris software (version 8.3.1). For live imaging of cells in culture, we typically 

presented (and indicated so in the legends) maximum intensity projections prepared with 

ImageJ.

Selection and synthesis of pH reporters

For the synthesis of genetically encoded pH reporters that sensitively respond with a pKa 

near 6.5, we chose two previously published and well-characterized pH reporters: 

SEpHLuorin (60) and mNectarine (61). We PCR-amplified genes encoding these proteins 

from Addgene plasmids (#58500 and #80151, respectively) and cloned them into pMAX 

vectors downstream of a cytomegalovirus (CMV) promoter. For expression of pH reporters 

in mouse skin throughout epidermal differentiation, we subcloned genes encoding pH 

reporters into our TRE3G-driven pLKO.1-based vectors and lentivirally transduced 

embryonic mouse skin as in our previous experiments. We note that these pH reporters are 

not ratiometric and do not report absolute pH but rather relative changes in pH. However, 

because we use them for live imaging, we can confidently identify relative changes in 

intracellular pH by comparing changes in reporter fluorescence within individual cells over 

time. This approach accounts for the intrinsic limitation of nonratiometric pH reporters—

namely, that the total fluorescent signal varies based on expression levels at the single-cell 

level. In our approach, rapid changes in fluorescent signal are interpreted as relative changes 

in pH by correcting for the intensity of the reporter within each cell in time points 

immediately before the event. Addgene plasmid # 58500 was a gift from A. Cohen. Addgene 

plasmid # 80151 was a gift from S. Di Pietro.

Design and synthesis of conventional client proteins for KGs

FLG variants that are uniquely bound (with low affinity) by conventional clients were 

synthesized as part of pMAX vectors and as previously described for other FLG repeat 

proteins ―see their full sequences in table S5. Briefly, these filaggrin scaffold proteins carry 

short unique domains recognized by the client (either the cleavage sequence for TEV 

protease or the murine S100 domain). Genes encoding clients were synthesized as IDT 

gblocks and cloned into pMAX vectors using the same cloning approach as previously 

described for phase separation sensors. The sequence details of each client, either a dead-

variant of Tobacco Etch Virus Protease (dTEVP) or a mS100 domain, are also included in 

table S5. Although the dTEVP client was exclusively studied in immortalized human 

keratinocytes (using transfection of corresponding pMAX vectors), for the mS100-based 

client, which has affinity for endogenous mouse filaggrin, we also subcloned genes encoding 

this client into our TRE3G-driven pLKO.1-based vectors for lentiviral transduction of the 

embryonic murine epidermis.

Immunofluorescence of fixed cells and tissues

To prepare HaCATs for immunostaining, we fixed cultures at 37°C for 10 min using 4% 

paraformaldehyde in Dulbecco’s phosphate-buffered saline (DPBS). Cultures were washed 

with DPBS and stored at 4°C before immunostaining. To prepare murine skin for 

wholemount immunostaining, we treated whole skin with dispase for 30 min at 37°C to 

isolate the epidermis. We fixed the epidermis at 37°C for 30 min in 4% paraformaldehyde. 

After subsequent washes in DPBS, we stored the tissue at 4°C in DPBS before 
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immunostaining. In all cases, we permeabilized the tissue with an antibody blocking buffer 

for 3 to 4 hours before overnight incubation with primary antibodies. The following primary 

antibodies were used: chicken anti-GFP (1:2000, Abcam), rabbit anti-RPTN (1:200, Sigma 

HPA030483), rabbit anti-mFLG (1:1000, Fuchs Lab), rabbit anti-mFLG (1:1000, Abcam 

ab24584), and goat anti-hFLG (1:200, Santa Cruz, sc-25897). After washing with DPBS, we 

added species-specific secondary antibodies conjugated to RRX or AF647 and incubated the 

cultures and tissues for 4 hours at room temperature. After washing with DAPI, the samples 

were mounted with ProLong Gold Antifade Mountant (Invitrogen) and cured overnight 

before imaging. For filaggrin immunostaining without secondary antibodies (i.e., direct 

detection) in mouse skin, we first conjugated anti-mFLG (abcam) to AF647 using an Alexa 

Fluor 647 Antibody Labeling Kit (ThermoFisher) and following the instructions of the 

manufacturer. Cultured cells and whole-mounted fixed tissues were imaged using a 

spinning-disk microscope equipped with a 40× oil objective. Images were analyzed using 

ImageJ and Imaris 8.3.1.

Skin barrier assay

To measure barrier quality, we obtained transepidermal water loss measurements (TEWL) 

using a Tewameter TM 300 (Courage + Khazaka electronic GmbH) on explanted neonatal 

back skin. Briefly, neonates were humanely sacrificed and their back skin was harvested and 

immediately spread over a clean surface. We collected four TEWL measurements per 

sample on fully acclimatized skin. The values reported by the instrument were not further 

processed and corresponded to grams of lost water per hour per m2 of skin. We measured 

two or three animals in three independent experiments.

Statistical analyses

Whenever we indicate statistical significance, these are cases where we reject, with a 

confidence greater than 0.05 (i.e., p < 0.05) the null hypothesis that the difference in the 

mean values between two datasets is equal to zero. To perform this hypothesis testing, we 

ran two-sample t tests using OriginPro. In all cases, we verified that the statistical 

differences did not depend on the assumption of equal variance (Welch-correction) between 

samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Filaggrin family proteins have phase-separation characteristics, and their mutations are 
linked to human skin barrier disorders.
(A) Ultrastructure and schematic of mouse skin at E17.5. Dotted lines delineate the 

basement membrane, where proliferative epidermal progenitors attach (basal layer). 

Periodically, progenitors initiate terminal differentiation, ceasing to divide, but transcribe the 

necessary genes for skin barrier formation as they flux upward through keratin filament 

bundle–rich spinous layers; keratohyalin granule (KGs, arrows)-rich granular layers; and 

dead, enucleated squames, which continually slough from the skin surface (corneum), 

replenished by differentiating cells from beneath. nu, nucleus. (B) Domain architecture of 

human FLG, the major known constituent of KGs, and location of nonsense FLG mutations 

(colored lines) associated with skin barrier disorders (fig. S1 shows mutants). Many 

mutations cluster to generate truncated variants in FLG repeat domains (labeled as mut-n0 to 

mut-n10). (C) Mouse and human FLG are histidine-rich, low-complexity (LC) proteins with 

identical biases in amino acid composition, but not sequence. Mean amino acid abundance 

across the human proteome is shown as a gray line (filled area is the standard deviation). 

Amino acid abbreviations: A, Ala; R, Arg; D, Asp; E, Glu; Q, Gln; H, His; S, Ser; G, Gly. 

(D) FLG and its paralogs (FLG2, RPTN, HRNR, and TCHH) share a strong preference for 

arginine over lysine residues [calculated as R/(R+K)], a major determinant of phase 

separation in LC proteins (22). The gray line marks the mean Arg bias across the mouse and 

human proteome (filled area is the standard deviation). See fig. S3 for details. (E) Proteome-

wide distribution of protein size (unit length 1000 amino acids), underscoring the enormous 

size of FLG (x marks the 99th percentile).
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Fig. 2. Filaggrin proteins undergo liquid-liquid phase transitions that are disrupted by disease-
associated filaggrin mutations.
(A) Transfection of synthesized FLG genes into HaCATs reveals that the propensity of FLG 

repeat proteins to undergo phase separation is governed by the number of FLG repeats. In 

these experiments, genes encoding tagged-FLG variants [mRFP-(r8)n, where r8 = repeat #8 

and n = 1 to 8 of these repeats] were fused C-terminal to a H2B-GFP-(p2a) construct. 

Cotranslationally, the self-cleavable (p2a) sequence (28) ensures that each construct 

generates one H2B-GFP molecule for each mRFP-(r8)n molecule. Panels show cells with 

the same total concentration of mRFP-(8)n. Quantitatively, phase-separation propensity was 

defined as the percentage of total mRFP signal within phase-separated granules. (B) Phase-

separation propensity for FLG variants spanning the repeat distribution of truncated FLG 

mutants (mut-n0 to mut-n8 in Fig. 1B; WT-size is n =12) and across a wide range of 

expression levels for each variant. Dashed lines are logistic fits to data with signs of a 

concentration-dependent phase transition. (C) Time-lapse imaging of HaCATs expressing 

increasing amounts of mRFP-(r8)8 [related to H2BGFP via (p2a)]. Shown are the initial 

stages of phase separation through the formation and growth of granules (marked as g1 to 

g3). (D) The S100 (dimerization) domain of human FLG enhances the phase-separation 

propensity of FLG repeat proteins but fails to rescue phase behavior in disease-associated 

variants with ≤2 FLG repeats (mut-n0-n2 in Fig. 1B). Construct design and quantifications 

are as in (B). Dashed lines are logistic fits to the data. Images are maximum intensity 

projections.
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Fig. 3. Filaggrin-processing and disease-associated mutations alter the liquid-like behavior and 
material properties of KG-like membraneless compartments.
(A) FRAP half-lives of granules formed de novo in immortalized human keratinocytes after 

transfection of indicated mRFP1-tagged FLGs with different FLG repeat truncations. Left: 

Representative images of a recovery event; middle: representative FRAP recovery plot 

(average ± SD from seven granules); right: quantifications. (B) FRAP half-lives after 

internal photobleaching of granules formed from a mRFP-FLG [WT(p), mRFP-(r8)8-Tail] in 

comparison to one that either lacks the 26–amino acid tail domain (Tail mut) or contains the 

amino (S100) domain of FLG [WT(up)]. Each symbol in (A) and (B) represents an 

individual FRAP half-life measurement of granules from multiple cells. Data are from ≥2 

experiments. (C) Tagged-FLG granules undergo liquid-like fusion events. Live imaging of a 

cell transfected with a cytoplasmic marker (mCherry) and a WT(p) FLG [sfGFP-r(8) 12-

Tail]. Arrows point to granule fusion events over time (movie S1). (D to F) Atomic force 

microscopy (AFM) reveals liquid-like behaviors of granules. (D) Snapshots of granule 

(arrows) before and with pressure application reveal liquid-like streaming behavior (movie 

S3). (E) Representative AFM map shows that even KGs composed of the FLG tail mutant 

appear to be stiffer than cytoplasm (see fig. S10 for WT-type KGs data). (F) Average 
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stiffness (Young’s modulus) per granule for KGs assembled from the FLG variants 

described in (B). Each dot corresponds to measurements of a different granule (average of 

all pixels within the granule domain in the stiffness map) in a different cell. nu, nucleus; 

asterisks, statistically significant (p < 0.05).
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Fig. 4. Phase-separation sensors efficiently enter and detect KGs and accurately report their 
liquid-like properties.
(A) Concept of a genetically encoded phase-separation sensor. (B) Amino acid composition 

of LC Tyr-high variants of a FLG repeat (repeat 8, r8), ordered at right according to phase-

separation propensity. Variants were generated according to nonpathogenic residues 

frequently altered in FLG repeats in humans. %I: percent sequence identity to WT FLG 

repeat. Asterisks denote the two Tyr-high variants used as phase sensors in this study. Y, Tyr. 

(C) Domain architecture of the two phase-separation sensors. %I: percent sequence identity 

to sensor A. (D) Sensor partitioning into KGs in HaCATs expressing sensor A and indicated 

mRFP1-FLG. Partition coefficients (P, ratio of background-corrected signal inside and 

outside granules) reveal robust ability of sensor A to recognize FLG in its phase-separated 

granules (bottom row is pseudocolored to reveal the range of fluorescent intensity values). 
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nu, nucleus. (E) Presence of sensor A does not alter FRAP half-life of FLG-assembled KGs 

in HaCATs. N.S., not statistically significant. (F) Sensor A recovery half-lives after 

photobleaching granules composed of the indicated mRFP1-tagged FLG variants that model 

patient mutations. Each symbol in (E) and (F) represents an individual FRAP half-life 

measurement of granules from multiple cells. Data are from ≥2 experiments. Asterisks, 

statistically significant (p < 0.05). See also related figs. S11 to S14.
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Fig. 5. Skin exhibits pronounced phase separation dynamics during barrier formation.
(A) (Left) Schematics of sagittal and planar views. (Right) Corresponding views of 

fluorescent sensor A in mouse skin. Planar skin views are through early, middle, and late 

granular layers. nu, nucleus. Dotted lines denote cell boundaries. (B) Live imaging of an 

early granular cell over 800 min. (C) Example of photobleaching the sensor A signal within 

a KG of a granular cell in mouse skin. (D) Sensor recovery half-lives after photobleaching 

KGs across cells within mid-granular layer of transduced mouse skin (each point is from a 

different cell; two animals analyzed per sensor). (E) Quantification of changes in KG 

volume over time in cells as they reach the upper granular layer (related to movie S6). (F) 
Sensor A reveals distinct liquid phase properties within different biomolecular condensates 

and contexts [in vivo KGs versus granules generated de novo from S100-mRFP-(r8)8-Tail, 

expressed in cultured keratinocytes]. For nucleolar measurements, a sensor A variant lacking 

a nuclear export signal was used. In vivo and in vitro data from ≥2 experiments. (G) Sensor 

Quiroz et al. Page 29

Science. Author manuscript; available in PMC 2020 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A detects an increase in relative KG viscosity that occurs during granular layer maturation. 

Shown are FRAP half-lives in KGs within different granular layers (morphological 

differences at left; data from three animals). (H) Sensor A reveals conserved liquid-like KG 

properties despite divergence in amino acid sequence of granule-forming proteins. Mouse 

KG data in (H) are same as in (G). Human KG data are from three skin equivalents and two 

sources of primary human keratinocytes. Asterisks, statistically significant (p < 0.05). N.S., 

not significant.
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Fig. 6. Keratin-FLG interactions stabilize KGs and structure the cytoplasm in skin.
(A) HaCATs were induced to express mRFP1-K10, which integrates into the endogenous 

K5/K14 filaments. Cells were then transfected with sfGFP-FLG*, which formed liquid-like 

KGs (arrows) interspersed within the keratin network. Top: 3D projections of GFP/RFP; 

bottom: surface rendering of mRFP-K10. (B) Live imaging of cell in (A), showing surface 

rendering of three different types of keratin-KG interactions (see fig. S18A for maximum 

intensity projections). Uncaged KGs fuse rapidly; caged KGs fuse rarely or slowly; fenced 

KGs are impeded from fusing. Double arrows depict temporal fusion events; single arrow 

denotes keratin cable preventing fusion. (C) When mCherry harbors hK10 LC domains, it 

partially partitions into KGs (P = 1.6). (D) Phase separation of sfGFP-(r8)4 FLG is 

promoted in HaCATs displaying mRFP1-K10 fibers. Critical concentrations for phase 

separation were estimated as in fig. S7C (data from three experiments). (E) FLG density 
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within KGs assembled in (D) is similar ± an hK10 network. (F) Planar 3D view of E18.5 

granular layer from skin of an embryo transduced in utero with a suprabasal-specific driver 

of mRFP1-K10 and sensor A. Accompanying cartoon depicts protein localization patterns 

seen in early and mature (late) granular cells. (G) Optical sections through mature granular 

cells show prominent granules encased by thick keratin bundles. Single magenta channel 

reveals voids where KGs reside, indicative of caged KGs. Asterisks, statistically significant 

(p < 0.05). N.S., not significant.
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Fig. 7. Environmentally regulated KG dynamics drive skin barrier formation.
(A) Nucleus-KG interactions in HaCATs transfected with FLG variants. (B) Nucleus-KG 

interactions in a granular cell from live imaging of E18.5 mouse skin with resolution of 

nuclei (H2B-RFP) and KGs (sensor A). Arrows point to KG-associated nuclear 

deformations. (C) Granular cell–to–squame transition, as depicted by live imaging (3D 

view) of E18.5 mouse skin (movie S8). Early signs include chromatin compaction (arrows) 

and diminished partitioning of sensor within KGs. Late signs include KG disassembly and 

enucleation. (D) In utero Flg knockdown depletes KGs, causes a delay in enucleation, and 
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partially compromises the skin barrier. Enucleation speeds were determined by live imaging 

of chromatin degradation. Barrier quality was measured as transepidermal water loss 

(TEWL). Asterisks, statistically significant (p < 0.05). (E) Effects of shifting the 

intracellular pH on KG dynamics of mRFP1-tagged FLG* and sensor A, as monitored by 

live imaging of HaCATs (maximum intensity projections). Note the rapid (t = 5 min) pH-

triggered dissolution of KG components. g1 and g2 show individual granules. Sensor A 

mirrored the pH-triggered drop in the phase-separation capacity of FLG, which became 

increasingly cytoplasmic, reflected by a decrease in its partition coefficient (P = 26 at pH 7.4 

to P = 3.6 at pH 6.2). nu, nucleus. (F) Live imaging (3D view) of enucleation and 

cornification in skin of embryos transduced to express an organelle marker (top: sensorA/

KGs; bottom: H2BRFP/nuclei) and a pH reporter whose fluorescence is lost below pH 6.5. 

mNectarine (top) shows that when the intracellular pH of granular cells drops below pH 6.5, 

KGs begin to disassemble. SEpHLuorin reports a similar pH drop and shows that it precedes 

chromatin compaction. (G) Effects of pH-induced KG dynamics in sensor A+ skin explants 

transduced with H2B-RFP and either Scr-shRNA (top) or Flg-shRNA (bottom). Note that 

chromatin compaction is not pH-triggered if KGs are missing altogether. See also figs. S19 

to S24.
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